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Chapter 1 Organization and Procedures

1.1 Introduction
The Ninth International Pyrheliometer Comparison (IPC-IX) was held, for the �rst time together with
Regional Pyrheliometer Comparisons (RPCs) of all WMO Regional Associations (RA I to RA IV), from
25 September to 13 October 2000 at the Physikalisch-Meteorologisches Observatorium Davos/World
Radiation Center (PMOD/WRC) in Davos/Switzerland. This combination slightly extended the prac-
tice already introduced at previous IPCs and was considered highly e�ective in coping best with the
urgent needs for carrying out RPCs of most Regions and most e�ciently using the limited �nancial
resources available in WMO for supporting these events. This led to the largest number of experts'
and instruments' participation compared with all previous IPCs.

The results presented in this report are based on the measurements carried out during the 3 weeks
assigned to the IPC-IX. However, due to unfavorable weather conditions prevailing for the whole
period, measurements could be carried out on 6 days only, while suitable sky conditions were available
on 2 days only. The measurements obtained during these 2 days were the main basis for the evaluation
and calculation of the calibration factors for the participating pyrheliometers. Time on other days was
used for technical preparations and training of participants as well as for a course on meteorological
radiometry and the traditionally organized Scienti�c Symposium. Additional measurements recorded
on 2 other days were also used for the analysis of some instruments which stayed at the WRC after
the o�cial end of the comparison. Finally, the evaluation of the World Standard Group (WSG) was
done using data recorded on 6 days (2 of them during the o�cial IPC and 4 after) in order to ensure
a good transfer of the World Radiometric Reference (WRR) into the future.

1.2 Participation
65 participants took part in the comparison and operated a total number of 82 pyrheliometers (includ-
ing the WSG instruments). They originated from 18 out of the 21 Regional Radiation Centers (RRCs)
and from 22 National Radiation Centers (NRCs) as well as from 11 institutions, manufacturers, etc.
which are not linked to WMO. From these instruments 47 had already participated in IPC-VIII.

Tables 1.1 and 1.2 list the participants and their instruments according to the WMO regions and
other participating institutions respectively. A complete list of participants with addresses can be
found in Chapter 4. The second column of Table 1.1 indicates the type of radiation center: World
Radiation Center (WRC), World Radiation Data Center (WRDC), Regional Radiation Center (RRC)
or National Radiation Center (NRC).1 The WSG instruments are printed bold in the table.

1Note, this classi�cation corresponds to the nomination given by the Regional Associations but does unfortunately
not imply that all of these centers fully comply with the speci�cations for World, Regional and National Radiation
Centers as speci�ed in the WMO Guide to Meteorological Instruments and Methods of Observation (WMO-No. 8,
1996).
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Table 1.1: IPC-IX Participation: World, Regional and National
Radiation Centers

Country Type Institution Participant(s) Instrument(s)

World Radiation Center
Switzerland WRC Physikalisch-Meteorologisches

Observatorium Davos/ World
Radiation Center, Davos

I. Rüedi
HJ. Roth
M. Roveretto
R. Venturi
S. Degli Esposti
C. Fröhlich
K. Kruse
R. Philipona
W. Schmutz
Ch. Wehrli
J. Wyss

PMO2
PMO5
CROM2L
CROM3R
PAC3
HF 18748
TMI 67814
EPAC 11402
PMO609
PMO611
PMO6-0101
PMO6-SOVIM

RA I
Algeria RRC O�ce National de Météorologie,

Alger
B. Ouchene HF 29225

Egypt RRC Egyptian Meteorol. Authority,
Cairo

T. N. El-Hosary HF 31103

Ethiopia NRC National Meteorol. Services
Agency, Addis Ababa

H. K. Gedamu N-18653

Nigeria RRC Dep. of Meteor. Services, Lagos I. D. Nnodu Å 576

Uganda NRC Ministry of Lands, Water and
Environment, Dept. of meteo-
rology, Kampala

E. Bagarukayo Å 6549

RA II
China NRC Academy of Meteorological

Sciences, Beijing
W. Lu
Y. Yang

HF 19743
PMO6-850406

India RRC Meteorological Dept., Pune Ch. Rahalkar EPAC-13219

Japan RRC Meteorol. Agency, Regional
Radiation Center, Tokyo

K. Honda PMO6-811107
HF 32446

Philippines NRC Philippine Atmospheric, Geo-
phys. and Astron. Services
PAGASA, Quezon City

V. S. Esquivel Å 12578

Thailand NRC Meteorological Department,
Bangkok

N. Suppjaroen
A. Ying-Ariyakul

HF 27796
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Table 1.1: (continued)

Country Type Institution Participant(s) Instrument(s)

RA III
Argentina RRC Servicio Meterológico Nacional,

Buenos Aires
F. Giménez HF 30112

Chile RRC Direction Meteorol., Santiago G. Lara Azocar PMO6-850410

Colombia NRC IDEAM, Bogota O. Simbaqueva PMO6-79-123

Peru NRC National Meteorological & Hy-
drological Service, SENAMHI,
Lima

I. Trebejo Verillas Å 18020

RA IV
Canada RRC National Atmosph. Radiation

Centre, Downsview
B. McArthur HF 18747

HF 20406

Cuba NRC Inst. de Meteorol., Habana F. A. Vigón del
Busto

Å 18587

Mexico RRC Inst. de Geo�sica, México A. Muhlia
Velázquez

HF 29223

Mexico NRC Universidad de Colima, Colima J. Fonseca
I. Galindo
G. Rios

HF 28965

USA RRC NOAA, Boulder D. W. Nelson HF 28553
HF 32448
TMI 67502

RA V
Australia RRC Bureau of Meteorology, Mel-

bourne
B. Forgan
P. Novotny

Å 578
HF 27160
TMI 69137

RA VI
Austria NRC Zentralanstalt für Meteorologie

und Geodynamik, Wien
E. Wessely Å 15192

TMI 68025

Belgium RRC Inst. Royal de Météorologie,
Bruxelles

A. Chevalier
Ch. Conscience
S. Dewitte
S. Ginion
P. Malcorps

CROM05R
CROM06R
CROM09L

Czech Repub-
lic

NRC Czech. Hydrometeor. Institute,
Solar and Ozone Observatory,
Hradec Kralove

J. Pokorny HF 30497
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Table 1.1: (continued)

Country Type Institution Participant(s) Instrument(s)

Estonia NRC Meteorological & Hydrological
Inst., Toravere

A. Kallis PMO6-850405

France RRC Centre Radiométrique,
Carpentras-Serres

J. Oliviéri TMI 68016

Germany RRC Deutscher Wetterdienst, Pots-
dam

K. Behrens HF 27157
PMO6-5
PMO6-811103

Hungary RRC Hungarian Meteorological Ser-
vice, Div. f. Methodol-
ogy/Quality Control, Budapest

Z. Nagy HF 19746

Israel NRC Meteorological Service, Bet-
Dagan

A. Baskis HF 27162

Lithuania NRC Lithuanian Hydrometeor. Ser-
vice, Vilnius

D. Mikalajunas Å 567

Norway NRC Norwegian University of Science
and Technology, Dept. of
Physics, Trondheim

M. Dhavraj HF 31117

Poland NRC Institute of Meteorology and
Water Management, Warsaw

B. Bogdanska HF 30716

Portugal NRC Instituto de Meteorologia, Lis-
boa

F. Carvalho HF 23737

Romania NRC National Institute of Meteor.
Atmosph. Physic Laboratory,
Bucaresti

C. Oprea Å 702

Russian Fed-
eration

WRDC Main Geophysical Observatory,
World Radiation Data Center,
St. Petersburg

A. Pavlov Å212

Slovakia NRC Slovak Hydrometeorol. Insti-
tute, Bratislava

V. Horecká Å 13439

Sweden RRC Meteorol. and Hydrol. Institute,
Norrköping

Th. Persson Å 171
HF 15744

Switzerland NRC MeteoSwiss, Payerne � PMO6-79-121

Ukraine NRC Central Geophysical Observa-
tory, Kyiv

O. Pakhaljuk Å 538

United King-
dom

NRC Meteorological O�ce, Berkshire P. Fishwick
S. Goldstraw
D. Shearn

TMI 67604
HF 31110
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Table 1.2: IPC-IX Participation: Various Institutions, Manufac-
turers, ...

Country Institution Participant(s) Instrument(s)

China Institute of Optics, Fine Me-
chanics and Physics, Changchun

W. Fang
G. Wang
H. Yao
B. Yu

SIAR-1

Israel National Physical Laboratory of
Israel

� HF 30492

Italy European Commission DG-JRC,
Environment Institute, Ispra

T. Sample
W. J. Zaaiman

PMO6-81109
PMO6-911204

Japan EKO Instruments Trading CO.,
Ltd.

� PMO6-850408

Russia VNIIO, All-Russian Research
Inst., Moscow

S. Morozova
M. Pavlovitch

MAR-1-1

Sweden Swedish National Testing and
Research Institute, Boras

L. Liedquist PMO6-811108

USA AS & M, NASA Langley, Hamp-
ton

F. Denn
B. Fabbri
K. Larman

HF 31041

USA DSET Lab., Phoenix � HF 17142

USA Eppley Lab., Newport J. R. Hickey HF 14915
HF 27798
HF 32449

USA Nat. Renewable Energy Lab.,
Golden

T. Sto�el
I. Reda

HF 28968
HF 29220
HF 30713
HF 68018

USA SUNY Albany Battelle, Rich-
land

J. Michalsky TMI 68023

1.3 Data Acquisition and Evaluation
The WSG instruments and additional radiometers of the WRC as well as auxiliary parameters were
measured by an analog data acquisition system based on eight HP3478A voltmeters with relay scanners
that are controlled by a Dell computer.

All the participating instruments were operated with their standard equipment in order to avoid
electrical interface problems and mutual interferences. The data from the participating instruments
were acquired via a number of micro-terminals operated by the participants and controlled by the Dell
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computer. Each terminal could accept at the most 3 di�erent values from two instruments. After
each series, a summary of the values entered by micro-terminal was printed and distributed to be
checked by the participants. If necessary, the raw data could be edited to correct typing errors.

The participants having their own computer controlled systems (synchronized to the timing of the
IPC's measurement series) had the possibility to deliver their data on diskettes at the end of each day.
These were converted and incorporated into the data �les residing on the Dell computer for further
processing.

Data from 82 pyrheliometers were acquired: 14 by the analog data acquisition system of PMOD/
WRC, 28 through micro-terminals and 40 via diskettes.

1.3.1 Timing of the Measurements

The measurements were taken in runs (series) lasting 21 minutes with a basic cadence of 90 seconds.
Voice announcements ending in a buzzer signal were used to inform the participants about the sequence
of operations. The timing for the di�erent instrument types was as follows:

• Ångström pyrheliometers: Before the start and after the end of the run the zero of the instrument
was established. Alternating right and left strip readings were performed, starting with the right
hand strip exposed to the sun. The following readings were paired as L-R, R-L, etc., yielding a
total of 12 irradiance values per run.

• PACRAD: the run started with the shutter closed, after 60 s the heater was turned on for 40 s
(this was introduced after IPC-III in order to have a well de�ned thermal state of the instrument
independent of the operation sequence before the run). At 270 s the zero of the thermopile was
read and the heater switched on again. At 450 s the heater voltage, current and thermopile was
read, the heater turned o� and the shutter opened. From 540 s on readings were taken every
90 s yielding 8 irradiance values per run. After the last reading the shutter was closed.

• HF type pyrheliometers: the run started with the shutter closed, after 90 s the zero was read
and the heater turned on until at 180 s the voltage, current and thermopile were read. The
heater was then turned o� and the shutter opened. From 270 s onward the instrument was read
every 90 s yielding 11 irradiance values per run. Some instruments which were providing their
data with diskettes performed the calibration between the series and consequently measured 13
irradiance values per run.

• TMI type pyrheliometers: the run started with the shutter closed and the calibration procedure
was performed until the end of the �rst 90 s. Starting at 180 s readings were taken every 90 s
yielding 12 irradiance values per run.

• Active cavity type pyrheliometers: the run started with a reference phase (shutter closed) of
90 s, followed by a measurement phase (shutter open) of 90 s. This was repeated for the next
18 minutes. A total of 6 open and 7 closed readings were taken yielding a total of 6 irradiance
values during a run. PMO2 was read at twice that pace, with a reference phase of 32 s and a
measurement phase of 58 s, producing 13 irradiance values per run so that for all readings of
the basic sequence a PMO2 irradiance was available.

• Normal Incidence Pyrheliometers (NIP): it took 12 irradiance values every 90 s after an initial
zero reading at 90 seconds.

1.3.2 Data Evaluation

For each instrument the irradiance was obtained with the appropriate evaluation procedure as listed
below. After each day a summary of the computed irradiances was printed and distributed to be
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checked by the participants. As indication the mean and standard deviation of the ratios to PMO2
were also given for each series. PMO2 was used as the local reference during the time of the
comparison since it delivers an irrdiance value every 90 seconds. If necessary, the raw data could be
edited for gross errors. A general daily summary with the means and standard deviations of the ratios
to PMO2 for each series and each instrument was put up for comparison purposes.

The procedure used to calculate the irradianceS of each instrument type is described below. The
notations are:
Vth output of the thermopile
Uh, Ui voltage across the heater (h) or across the standard resistor (i)
Rn standard resistor
C calibration factor
C2 correction factor for lead heating
P electrical power in the active cavities

• Å-pyrheliometers: the current through the right or left strip was measured as voltage drop
across a standard resistor and the irradiance was obtained as:

S = C
Ui(left)Ui(right)

R2
n

This corresponds to the geometric mean of the irradiances at the time of right and left readings.
Thus, the ratio to WRR was calculated using the geometric mean of the WSG irradiances at
the corresponding instances.

• PACRAD and HF type pyrheliometers: the irradiance was calculated from the thermopile output
Vth(irrad) when the receiver was irradiated. The sensitivity was determined by the calibration
during which the cavity was shaded and electrically heated and Uh and Ui were measured
together with the corresponding thermopile output Vth(cal). Furthermore, the zero of the
thermopile Vth(zero) was measured and subtracted.

S = C
Vth(irrad)− Vth(zero)
Vth(cal)− Vth(zero)

Ui

Rn

(
Uh − Ui

Rn
C2

)

• TMI type pyrheliometers: most were operated in the �normal� way, that is by calibrating the
readout directly in units of mW cm−2. The values were entered in Wm−2 and no irradiance
calculation was needed. Others were operated and evaluated like HF pyrheliometers.

• Active cavity pyrheliometers: the irradiance was obtained fromP(closed) averaged from the
closed values before and after the open readingP(open).

S = C(P(closed)− P(open))

The power calculation was done according to the prescription of the instrument type with

P = U2
h or P = UhUi or P = Uh

Ui

Rn

• Normal Incidence Pyrheliometer (NIP): the thermopile reading was divided by the calibration
factor after subtraction of the zero point reading.

• PMO2: As during preceding IPCs, PMO2 was used as the local reference instrument because
it can be operated fast enough to provide an irradiance value every 90 seconds. The values
of PMO2 were obtained with the algorithm for active cavity radiometers. At the end of the
open phase, 8 readings were taken in rapid succession. For the on-line calculations the �rst
value was used as reference for the values entered by the terminals. The standard deviation of
the 8 readings was used during the �nal evaluation as a quality control parameter to judge the
stability of the radiation during each acquisition sequence (see Sect. 2.1).
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1.3.3 Auxiliary Data

The meteorological parameters (air temperature, relative humidity and atmospheric pressure) were
obtained from the automatic weather station ASTA of MeteoSwiss located at PMOD/WRC. The
ASTA values are 10-minute averages. The direct solar radiation was taken from PMO2 and the
di�use radiation from the PMOD/WRC shaded pyranometer. The global radiation was computed
from the 2 previous values. The values allocated to each measurement run are averages over the
period and the results are plotted in Figures 3.2.1 and 3.2.2.
Sunphotometer measurements were used to determine the vertical aerosol optical depth at 368, 500
and 778 nm. Daily total Ozone values measured at Arosa (about 15 km south-west of Davos) were
used for the evaluation of the 500 nm channel. The total amount was: 269.8, 287.2, 268.3, 267.9,
319.8 and 265.1 mcm (Dobson units) on 27 September, 2, 22 and 23 October, 1 November and 5
December 2000, respectively. The optical depth results are plotted in Figure 3.2.3.

1.4 Approvement and Dissemination of the Results
According to Resolution 1 of CIMO-XI an Ad-hoc Group was established to discuss the preliminary
results of the IPC-IX, based upon criteria de�ned by the WRC, evaluate the above reference and
recommend the updating of the calibration factors of the participating instruments. It was chaired by
the CIMO-Rapporteur on Meteorological Radiation Measurements Mr Klaus Behrens, Germany, and
composed as follows: T.N. El-Hosary (Egypt, RA I), K. Honda (Japan, RA II), O. Simbaqueva and
F. Giménez (Columbia and Argentina, both RA III), B. McArthur and A. Muhlia Velázquez (Canada
and Mexico, both RA IV), B. Forgan (Australia, RA V) and J. Olivieri (France, RA VI). The WRC
was represented by I. Rüedi and W. Schmutz.

The procedures used to compute the new WRR factors of the WSG and participating instruments
have been approved by the Ad-hoc Group and the �nal results of IPC-IX were calculated accordingly.

Besides its o�cial duties, the Ad-hoc Group also discussed the future of the IPCs and the most
e�cient way of transferring the WRR worldwide. The results of these discussions are summarized in
the Appendix.
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Chapter 2 Measurements and Results
Since the weather conditions were unfortunate throughout the IPC-IX. Measurements were taken on
6 days only. Two days (September 27 and October 9) had acceptable sky conditions that satis�ed
the minimal conditions as stated in Sect. 2.1. and have been selected for the �nal evaluation.

The Ad-hoc Group found that it would be desirable to use more data for the determination of
the WRR-factors of the WSG instruments in order to transfer the WRR with more reliability into the
future. Consequently, more data were used for the evaluation of the WSG (September 27, October
9, 22, 23, November 1 and December 5).

One participant and some instruments stayed after the end of the comparison until two clear-
sky days took place. Those 2 days (October 22 and 23) were also used for the evaluation of the
instruments which were present at that time. These instruments can be recognized on the graphics
of Sect. 3.

2.1 Data Selection Criteria for the Final Evaluation
At the beginning of the IPC, the Ad-hoc Group responsible for the approval of the �nal evaluation
procedure (c.f. Sect. 1.4) met and set the following criteria for the acceptance of IPC data:

1. Only observations falling within the appropriate measurement periods be accepted and that the
last series for any group of instruments stop before the end of the period is reached (based on
calculations associated with the instrument �eld-of-view).

2. That no measurements be used for the comparison of Ångstrom pyrheliometers if a cloud is
within ±15◦ of the sun. No measurements will be used for the absolute cavity radiometers
(�eld-of-view = 5◦) if a cloud is within ±8◦ of the sun.

3. That no measurements be used if the measured wind speed is greater than2.5ms−1.

4. That no data be used if the 500 nm AOD is greater than 0.12.

5. That an individual point be excluded from a series if the variation of the 8 fast PMO2 mea-
surements is greater than 0.5Wm−2.

6. That an entire series be removed from consideration if more than two (out of 13) individual
observations do not meet criterion (5).

7. That the minimum number of acceptable data points be 150 for the PMO2 taken over a
minimum of three days during the comparison period.

Unfortunately criterion (7) could not be ful�lled due to the adverse weather conditions. Criterion
(2) could only be applied quantitatively on October 9 when a cloud detector was installed on the
WSG tracker. On the other days, it was estimated using the WSG observer's notes. The same is
true for criterion (3) since wind speed values at the measurement site were not available for that
period. Otherwise, the runs and measurements which have been selected for the �nal evaluation are
in conformity with the above criteria.

The start times of the runs from the IPC period which were �nally used for the evaluation
are: 09:30, 10:00, 10:30, 11:00, 11:30, 12:30, 13:00, 13:30, 14:30, 15:00 on September 27 for all
instruments and 14:15 on October 9 for the absolute cavities. Note that all the times given in this
report are given in Mean European Times (MET = UTC+1).
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For the instruments which were still present after the end of the IPC, the following series are
also taken into account: 09:00, 09:30, 10:00, 11:00, 11:30, 12:00, 12:30, 13:00, 13:30, 14:00, 14:30,
15:00, 15:30 on October 22 and 09:30, 10:00, 10:30, 11:00, 11:30, 13:00, 13:30, 14:00, 14:30, 15:00
on October 23.

Finally, the additional series which were used for the evaluation of the WSG instruments started
at: 09:31, 09:55, 10:20, 10:43 on November 1 and 10:31, 11:41, 12:18, 12:44, 13:09 on December 5.

From the chosen series, individual points were rejected when the standard deviation of the 8 fast
PMO2 readings was larger than 0.5Wm−2, indicating a radiation instability (criterion 5).

2.2 Status of the WSG
The main objective of the periodic International Pyrheliometer Comparisons is the dissemination of
the World Radiometric Reference (WRR) in order to ensure worldwide homogeneity of meteorological
radiation measurements. The WRR is realized by the World Standard Group (WSG) which is frequently
inter-compared at PMOD/WRC to detect possible deviations of individual members of the group and
to ensure the stability of the WRR. Independently, the stability of the WRR can be checked by
instruments that have participated in previous IPC's.

Since the last comparison (IPC-VIII which was held in 1995), some instruments of the World
Standard Group exhibited problems. CROM3R was very unstable during the whole period due to
malfunctioning of the instrument's electronics. PMO5 presented a drift which was also due to an
electronic problem caused by the drift of the heater's current ampli�er, as was found just after IPC-
IX. PAC3 measurements were o� and unstable over a long time period which happened to be due
to the presence of an insect in its cavity. It was found in summer 2000 prior to the IPC-IX. Since
the insect was removed and the cavity cleaned, the instrument has gone back to its past (IPC-VII)
performances. Finally, a new electronic was built for TMI67814 and was fully operational only in
summer 2000, shortly before IPC-IX.

2.3 Transfer of the WRR
Taking the problems mentioned in Sect. 2.2 into account, only PMO2, CROM2L, HF18748 and
TMI67814 could be used for the transfer of the WRR from IPC-VIII to IPC-IX. Though the electronic
of TMI67814 was replaced this instrument may be used for the transfer of the WRR since it was
shown that the change did not a�ect it.

In a �rst step the irradiances of all WSG radiometers were scaled to WRR using their WRR
factors from IPC-VIII. These factors are listed in the 2nd column of Table 2.1. For the sequences
where PMO2, CROM2L, HF18748 and TMI67814 had valid irradiance values their median value was
determined. The sequences for which one (or more) of the four instruments did not lie within 0.3% of
the median were discarded. For the remaining sequences, the mean of the 4 instruments' irradiances
were used as the WRR for that time. Those values were then used to determine the ratios to WRR
of all the WSG instruments. First the ratios and their median value are determined. The ratios
lying more than 0.3% away from the median of the instrument's ratios are discarded and �nally the
mean of the remaining ratios is the new "ratio to WRR" for the instrument under consideration. The
WRR-factors are 1/"ratio to WRR". Their means, standard deviations and the numbers of points
used are listed in column 3 to 5 of Table 2.1 for the WSG pyrheliometers.
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Table 2.1: New WRR-factors for the WSG instruments computed
using PMO2, CROM2L, HF18748 and TMI67814 and the IPC-
VIII WRR-factors.

Instrument WRR factors
IPC-VIII

WRR factors
IPC-IX

Standard.
Deviation

N Change [ppm]
IPC-IX - IPC-VIII

PMO2 0.99936 0.999548 0.00050 160 188
CROM2L 1.00290 1.00301 0.00093 160 107
TMI67814 1.00068 1.00066 0.00043 160 -18
HF18748 0.99595 0.995675 0.00047 160 -275

PAC3 1.00186 1.00065 0.00056 132 -1214
PMO5 1.00091 0.998974 0.00071 44 -1936

CROM3R 0.99897 0.997669 0.00167 52 -1301

The changes exhibited by the radiometers used to transfer the WRR are similar to those observed
at other IPCs and thus, demonstrates its stability. Note that PMO5 has only few data points because
its electronics suddenly became very unstable and there are no measurements after October 9. The
small number of points for CROM3R is due to the large continuous scatter of its value so that many
points do not satisfy the 0.3% criterion.

2.4 Computation of the New WRR-Factors
For the �nal evaluation of the instruments participating in IPC-IX the factors of Table 2.1 were used
to calculate the WRR for each sequence as the mean of at least 3 instruments from the WSG with
the exception of PMO5 and CROM3R.

For each sequence the median of the available irradiances of PMO2, CROM2L, HF18748, TMI67814
and PAC3 was computed (the new WRR-factors determined above were used to compute these irra-
diances). The median value of those irradiances was computed. If at least 3 instruments' irradiances
lie within 0.3% of the median, then the mean of those values is the WRR for that sequence. For the
Ångström pyrheliometers, the actual Ångström-WRR is the average of the WRR at the times when
they had their left/right slit illuminated.

For each instrument the ratios WRR/instrument irradiance were computed for all the points for
which there was a valid WRR value. The median of the ratios was determined. The ratios which do
not lie within 0.3% of the median were discarded. Finally the mean of the remaining ratios is the new
WRR-factor of the instrument.

Table 2.2 shows the performances of each individual instrument: column 2 gives the �nal ratios
to WRR of the instruments and column 3 their corresponding standard deviations. Column 5, 6 and 7
give the minimum, maximum ratios and number of points used to determine the mean while column
7 gives the total number of points available for the evaluation (i.e. before points were removed by
using the 0.3% criterion).

A graphical representation of the results of each instrument is also provided in Section 3.
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Table 2.2: General performances of the instruments

Instrument Ratio to
WRR

Standard
Deviation

Min
Ratio

Max
Ratio

N
used

N
tot

Country/
Owner

Å 171 0.99701 0.00140 0.99427 1.00002 81 93 Sweden
Å 212 0.99935 0.00101 0.99721 1.00147 48 49 Russia
Å 538 1.00093 0.00132 0.99847 1.00359 38 39 Ukraine
Å 567 1.00086 0.00155 0.99823 1.00402 83 94 Lithuania
Å 576 1.00264 0.00169 0.99935 1.00529 56 94 Nigeria
Å 578 0.99432 0.00111 0.99180 0.99691 83 89 Australia
Å 702 0.99607 0.00157 0.99309 0.99872 60 81 Romania
Å 6549 0.95987 0.00125 0.95877 0.96145 6 82 Uganda
Å 12578 0.99405 0.00195 0.99148 0.99735 44 93 Philippines
Å 13439 0.99763 0.00122 0.99541 1.00018 92 92 Slovakia
Å 15192 0.99843 0.00142 0.99573 1.00162 83 94 Austria
Å 18020 0.99081 0.00155 0.98777 0.99362 74 88 Peru
Å 18587 0.99791 0.00116 0.99506 1.00049 93 94 Cuba
CROM5R 1.00181 0.00102 0.99924 1.00307 13 13 Belgium
CROM6R 1.00170 0.00142 0.99999 1.00339 9 12 Belgium
CROM9L 1.00143 0.00051 1.00069 1.00213 10 10 Belgium
EPAC 11402 1.00075 0.00081 0.99827 1.00272 206 228 WRC
EPAC 13219 1.00295 0.00156 0.99985 1.00554 32 71 India
HF 14915 0.99974 0.00077 0.99813 1.00124 102 102 USA/EPLAB
HF 15744 1.00085 0.00064 0.99926 1.00252 113 113 Sweden
HF 17142 1.00107 0.00062 0.99929 1.00263 93 93 USA/DSET
HF 18747 0.99787 0.00067 0.99572 0.99940 73 73 Canada
HF 19743 0.99851 0.00157 0.99535 1.00118 83 113 China
HF 19746 1.00034 0.00058 0.99896 1.00164 113 113 Hungary
HF 20406 0.99630 0.00058 0.99492 0.99803 72 72 Canada
HF 23737 1.00271 0.00087 1.00012 1.00562 91 98 Portugal
HF 27157 1.00099 0.00131 0.99844 1.00370 104 104 Germany
HF 27160 1.00324 0.00051 1.00141 1.00425 113 113 Australia
HF 27162 0.99918 0.00079 0.99746 1.00147 90 101 Israel
HF 27796 1.00310 0.00081 1.00108 1.00555 113 113 Thailand
HF 27798 1.00012 0.00091 0.99789 1.00209 101 102 USA/EPLAB
HF 28553 1.00268 0.00049 1.00045 1.00383 211 212 USA/NOAA
HF 28965 1.00177 0.00043 1.00068 1.00288 78 88 Mexico
HF 28968 1.00135 0.00062 0.99954 1.00337 113 113 USA/NREL
HF 29220 1.00154 0.00063 0.99977 1.00323 113 113 USA/NREL
HF 29223 1.00254 0.00082 1.00074 1.00435 93 113 Mexico
HF 29225 1.00292 0.00064 1.00162 1.00478 77 77 Algeria
HF 30112 1.00313 0.00065 1.00157 1.00477 112 112 Argentina
HF 30492 1.00396 0.00088 1.00179 1.00599 102 102 Israel
HF 30497 1.00226 0.00050 1.00069 1.00349 113 113 Czech Rep.
HF 30713 1.00140 0.00059 0.99989 1.00289 113 113 USA/NREL
HF 30716 1.00256 0.00114 0.99970 1.00526 102 104 Poland
HF 31041 1.00188 0.00070 1.00006 1.00342 94 94 USA/NASA
HF 31103 1.00101 0.00059 0.99928 1.00236 113 113 Egypt
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Table 2.2: (continued)

Instrument Ratio to
WRR

Standard
Deviation

Min
Ratio

Max
Ratio

N
used

N
tot

Country/
Owner

HF 31110 1.00212 0.00065 1.00020 1.00464 106 113 United K.
HF 31117 1.00035 0.00058 0.99890 1.00237 81 91 Norway
HF 32446 1.00025 0.00064 0.99864 1.00183 113 113 Japan
HF 32448 0.99962 0.00042 0.99850 1.00069 135 135 USA/NOAA
HF 32449 1.00290 0.00078 1.00049 1.00513 101 101 USA/EPLAB
MAR-1-1 1.00058 0.00075 0.99913 1.00268 47 47 Russia/VNIIO
PMO6-5 0.99947 0.00078 0.99807 1.00130 47 47 Germany
PMO609 0.99568 0.00050 0.99405 0.99700 122 124 WRC
PMO611 0.99450 0.00068 0.99281 0.99735 161 161 WRC
PMO6 79-121 1.00014 0.00053 0.99860 1.00161 161 161 Switzerland
PMO6 79-123 0.99661 0.00133 0.99359 0.99936 98 114 Colombia
PMO6 81109 1.00054 0.00060 0.99923 1.00244 113 113 Italy
PMO6 811103 1.00002 0.00073 0.99850 1.00157 42 47 Germany
PMO6 811107 0.99991 0.00098 0.99737 1.00195 36 37 Japan
PMO6 811108 1.00003 0.00053 0.99862 1.00136 47 47 Sweden
PMO6 850405 1.00071 0.00065 0.99964 1.00244 47 52 Estonia
PMO6 850406 0.99968 0.00060 0.99843 1.00089 52 52 China
PMO6 850408 0.99171 0.00057 0.99031 0.99384 124 124 Japan/EKO
PMO6 850410 0.98495 0.00076 0.98329 0.98662 45 52 Chile
PMO6 911204 0.99919 0.00079 0.99664 1.00206 112 113 Italy
PMO6 0101 0.99987 0.00091 0.99814 1.00237 52 63 WRC
PMO6 SOVIM 0.99480 0.00084 0.99279 0.99711 160 161 WRC
SIAR-1 1.00078 0.00114 0.99960 1.00216 5 5 China
TMI 67502 1.00034 0.00066 0.99847 1.00200 219 221 USA/NOAA
TMI 67604 1.00072 0.00084 0.99833 1.00282 104 104 United K.
TMI 68016 1.00222 0.00148 0.99987 1.00472 102 104 France
TMI 68018 1.00152 0.00053 1.00035 1.00293 113 113 USA/NREL
TMI 68023 1.00134 0.00091 0.99953 1.00341 101 102 USA/SUNY
TMI 68025 0.99994 0.00115 0.99711 1.00229 111 111 Austria
TMI 69137 0.99771 0.00070 0.99540 0.99907 113 113 Australia
N-18653 1.03431 0.00139 1.03067 1.03667 63 113 Ethiopia

2.5 Recommended Calibration- and WRR-Factors
Tables 2.3 to 2.4 list the �nal results of the comparison, i.e. the recommended calibration- and WRR-
factors. Column 2 to 4 give the constants which were used to compute the irradiances at the IPC-IX.
Column 5 gives the calibration factors derived at IPC-VIII. The ratios to WRR, new WRR-factors and
recommended calibration factors derived from the IPC-IX analysis are listed in columns 6 to 8. Finally,
column 9 gives the changes of the recommended calibration factors between IPC-IX and IPC-VIII.
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Table 2.3: Recommended WRR- and calibration factors for the
WSG instruments

Instrument C used
at

IPC-IX

C2 C3 C from
IPC-VIII

Ratio
to

WRR

New
WRR

New
C

Change
[ppm]

Owner

PMO2 24.1800 24.1645 1.00045 0.99955 24.1691 188 WRC
CROM2L 127.687 128.057 0.99700 1.00301 128.071 107 WRC
HF 18748 19989.0 0.07 75 19908.0 1.00434 0.99568 19902.5 -275 WRC
TMI 67814 10007.0 90 10013.8 0.99934 1.00066 10013.6 -18 WRC
PAC3 9962.60 0.07 75 9981.17 0.99936 1.00065 9969.03 -1214 WRC
PMO5 31.6150 31.6438 1.00103 0.99897 31.5826 -1936 WRC
CROM3R 127.549 127.416 1.00234 0.99767 127.933 -1301 WRC

Table 2.4: Recommended WRR and calibration factors for the
participating instruments

Instrument C used
at

IPC-IX

C2 C3 C from
IPC-VIII

Ratio
to

WRR

New
WRR

New
C

Change
[ppm]

Country/
Owner

Å 171 5717.00 1 5715.34 0.99701 1.00300 5734.15 3280 Sweden
Å 212 10535.0 500 10554.6 0.99935 1.00065 10541.8 -1210 Russia
Å 538 2480.00 200 1.00093 0.99907 2477.70 Ukraine
Å 567 5782.00 200 1.00086 0.99914 5777.02 Lithuania
Å 576 5885.13 1000 5885.13 1.00264 0.99737 5869.65 -2637 Nigeria
Å 578 6241.00 1 6251.58 0.99432 1.00571 6276.65 3994 Australia
Å 702 6141.14 200 6141.14 0.99607 1.00394 6165.35 3927 Romania
Å 65491 4418.60 2000 0.95987 1.04181 4603.34 Uganda
Å 12578 4439.33 1000 4439.33 0.99405 1.00599 4465.90 5950 Philippines
Å 13439 4411.80 1000 4411.80 0.99763 1.00237 4422.28 2369 Slovakia
Å 15192 4487.89 1000 4487.89 0.99843 1.00157 4494.93 1566 Austria
Å 18020 4582.00 1000 0.99081 1.00927 4624.49 Peru
Å 18587 4567.19 1000 4567.19 0.99791 1.00210 4576.77 2094 Cuba
CROM5R 19680.4 1.00181 0.99819 19644.9 Belgium
CROM6R 19750.9 1.00170 0.99831 19717.5 Belgium
CROM9L 12780.9 1.00143 0.99857 12762.6 Belgium
EPAC 11402 10024.0 0.07 90 1.00075 0.99925 10016.5 WRC
EPAC 13219 10079.0 0.06 10071.1 1.00295 0.99706 10049.3 -2165 India
HF 14915 20010.0 0.07 20019.2 0.99974 1.00026 20015.2 -199 USA/EPLAB
HF 15744 20020.0 0.07 20009.4 1.00085 0.99916 20003.1 -315 Sweden
HF 17142 19982.0 0.07 19959.2 1.00107 0.99893 19960.6 69 USA/DSET
HF 18747 20014.0 0.07 20033.0 0.99787 1.00214 20056.8 1186 Canada
HF 19743 20012.0 0.07 10000 0.99851 1.00149 20041.8 China
HF 19746 20013.8 0.07 10000 20013.8 1.00034 0.99966 20007.1 -336 Hungary
HF 20406 20038.0 0.07 20065.5 0.99630 1.00371 20112.4 2333 Canada
HF 23737 20030.0 0.07 1000 1.00271 0.99730 19975.9 Portugal
HF 27157 20037.6 0.07 10000 20037.6 1.00099 0.99902 20017.9 -985 Germany
HF 27160 20030.0 0.07 10 19971.7 1.00324 0.99677 19965.3 -321 Australia

1All the irradiance values available for this instrument are the same. This shows that Å6549 was not operated
properly. Consequently, the derived factor does not represent the instrument's factor and should not be applied to it!
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Table 2.4: (continued)

Instrument C used
at

IPC-IX

C2 C3 C from
IPC-VIII

Ratio
to

WRR

New
WRR

New
C

Change
[ppm]

Country/
Owner

HF 27162 20020.0 0.07 1000 20039.2 0.99918 1.00082 20036.4 -142 Israel
HF 27796 19986.1 0.07 1000 1.00310 0.99691 19924.3 Thailand
HF 27798 20020.0 0.07 19999.6 1.00012 0.99988 20017.5 896 USA/EPLAB
HF 28553 19986.0 0.07 19937.2 1.00268 0.99733 19932.6 -230 USA/NOAA
HF 28965 19986.0 0.07 19957.7 1.00177 0.99823 19950.7 -350 Mexico
HF 28968 19980.2 0.07 19945.7 1.00135 0.99866 19953.3 382 USA/NREL
HF 29220 19999.0 0.07 19971.4 1.00154 0.99846 19968.2 -160 USA/NREL
HF 29223 19998.0 0.07 19946.9 1.00254 0.99747 19947.4 26 Mexico
HF 29225 20004.2 0.07 1.00292 0.99709 19946.0 Algeria
HF 30112 19999.0 0.07 1.00313 0.99688 19936.7 Argentina
HF 30492 19989.0 0.07 10 1.00396 0.99605 19910.1 Israel
HF 30497 19989.0 0.07 1.00226 0.99774 19943.8 Czech Rep.
HF 30713 19989.0 0.07 1.00140 0.99861 19961.1 USA/NREL
HF 30716 20009.2 0.07 10000 1.00256 0.99745 19958.1 Poland
HF 31041 19999.2 0.07 1.00188 0.99813 19961.7 USA/NASA
HF 31103 20009.2 0.07 10000 1.00101 0.99899 19989.0 Egypt
HF 31110 19989.0 0.07 19944.4 1.00212 0.99789 19946.8 118 United K.
HF 31117 19989.2 0.07 1.00035 0.99965 19982.3 Norway
HF 32446 19992.0 0.07 1.00025 0.99975 19986.9 Japan
HF 32448 19992.0 0.07 0.99969 1.00031 19998.2 USA/NOAA
HF 32449 20009.0 0.07 1.00290 0.99711 19951.2 USA/EPLAB
MAR-1-1 35568.0 35568.3 1.00058 0.99943 35547.6 -583 Russia/VNIIO
PMO6-5 23.6812 23.6812 0.99947 1.00053 23.6938 533 Germany
PMO609 24.0392 24.1154 0.99568 1.00434 24.1435 1165 WRC
PMO611 23.9442 24.0232 0.99450 1.00553 24.0766 2219 WRC
PMO6 79-121 23.8800 1.00014 0.99986 23.8767 Switzerland
PMO6 79-123 24.0000 0.99661 1.00340 24.0817 Columbia
PMO6 81109 23.9995 1.00054 0.99946 23.9865 Italy
PMO6 811103 23.9400 23.9400 1.00002 0.99998 23.9395 -22 Germany
PMO6 811107 24.0300 24.0315 0.99991 1.00009 24.0323 31 Japan
PMO6 811108 24.0887 24.0907 1.00003 0.99997 24.0880 -112 Sweden
PMO6 850405 24.1940 24.1940 1.00071 0.99929 24.1768 -713 Estonia
PMO6 850406 23.9930 0.99968 1.00032 24.0008 China
PMO6 850408 24.0000 0.99171 1.00836 24.2006 Japan/EKO
PMO6 850410 600.000 0.98495 1.01528 609.171 Chile
PMO6 911204 24.1040 0.99919 1.00081 24.1234 Italy
PMO6 0101 22.9450 0.99987 1.00013 22.9479 WRC
PMO6 SOVIM 127.500 0.99480 1.00522 128.166 WRC
SIAR-1 23.6498 1.00078 0.99922 23.6313 China
TMI 67502 1.00390 1.00256 1.00034 0.99966 1.00355 990 USA/NOAA
TMI 67604 1.00520 1.00519 1.00072 0.99928 1.00448 -709 United K.
TMI 680162 10036.4 90 10050.0 1.00222 0.99779 10014.2 -3572 France
TMI 68018 1.00460 1.00348 1.00152 0.99848 1.00308 -402 USA/NREL

2TMI68016 was not functioning properly during the IPC. Consequently, the derived factor should not be applied to
this instrument!
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Table 2.4: (continued)

Instrument C used
at

IPC-IX

C2 C3 C from
IPC-VIII

Ratio
to

WRR

New
WRR

New
C

Change
[ppm]

Country/
Owner

TMI 68023 1.00000 1.00134 0.99866 0.99865 USA/SUNY
TMI 68025 1.00200 1.00186 0.99994 1.00006 1.00206 195 Austria
TMI 69137 10020.0 10 10047.9 0.99771 1.00230 10043.0 -487 Australia
N-18653 9260.31 1.03431 0.96683 9578.01 Ethiopia

2.6 Stability of the WRR and Recommendations for the WSG
The stability of the WRR could be further checked by calculating the average change of all pyrhe-
liometers that had participated in IPC-VIII. Taking all instruments (43, including the WSG but ex-
cluding instruments known to have had problems: PMO5, PAC3, CROM3R (all 3 from the WSG)
and TMI68016 (France)) the average change amounts to 494 ppm with a 1-σ standard deviation
of 1629 ppm. If instruments with changes larger than 0.3% (0.2%) are excluded the mean changes
are 105±1076 ppm (-4±622 ppm) with 39 (33) instruments remaining. Doing the same analysis
without the Ångstrom pyrheliometers, the results are the following 56±842 ppm for 34 instruments
and excluding the instruments with changes larger than 0.3% (0.2%) the changes are 56±842 ppm
(-15±531 ppm) with 34 (31) instruments remaining. These results are certainly con�rming the sta-
bility of the WRR derived by the results of the WSG alone. The observed changes are also very well
in agreement with results from previous IPCs. This suggests that in spite of the unfortunate weather
conditions, the strict rules used for the analysis enabled a reliable transfer of the WRR.

All the radiometers belonging to the WSG are at least 20 years old. Instruments of that age may
of course be subject to failures. In order to be able to coping with such an eventuality potential
replacement instruments (and/or additional instruments) should be found. Such instruments should
be operated together with the WSG for as long as possible in order to gain some history so that their
stability and ratio to WRR be well known.

Finally, the following statement was made by the Ad-hoc Group: "The Ad-hoc Group to re-
quests that the World Radiation Center removes CROM3R from the World Standard Group because
of its erratic behavior over the last inter-comparison period. The WRC is instructed to return the
instrument to the manufacturer. A replacement instrument from the manufacturer, including a re-
furbished CROM3R, would be welcomed, but would have to be operational for a minimum of one
inter-comparison period before being reintegrated into the WSG."
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Chapter 3 Graphics

3.1 Graphical Representation of the Results
The following �gures show the performances of the instruments. The deviation from WRR (i.e. "ratio
to WRR"−1) is plotted. All the points which may be used for the analysis (i.e. the points ful�lling
the selection criterion mentioned in Sect. 2.1) have been plotted with a corresponding histogram on
the side. The horizontal solid line represents the derived ratio to WRR and the dashed lines its 1-σ
standard deviation. The values of the ratio to WRR and its standard deviation is printed on top of the
plot with the number of points used to determine this value. The number in parentheses corresponds
to the total number of points available for the analysis. For the instruments of the WSG points are
plotted only if the irradiance values of PMO2, CROM2L, HF18748 and TMI67814 all lied within 0.3%
of their median value (c.f. Sect. 2.3).
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Graphical Representation of the Results Graphics

3.1.1 PMO2, PMO5, CROM2L
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Graphics Graphical Representation of the Results

3.1.2 CROM3R, PAC3, HF18748
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Graphical Representation of the Results Graphics

3.1.3 TMI67814
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Graphics Graphical Representation of the Results

3.1.4 Å171, Å212, Å538
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Graphical Representation of the Results Graphics

3.1.5 Å567, Å576, Å578
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Graphics Graphical Representation of the Results

3.1.6 Å702, Å6549, Å12578
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Graphical Representation of the Results Graphics

3.1.7 Å13439, Å15192, Å18020
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Graphics Graphical Representation of the Results

3.1.8 Å18587, CROM5R, CROM6R

IPC-IX 31



Graphical Representation of the Results Graphics

3.1.9 CROM9L, EPAC-11402, EPAC-13219
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Graphics Graphical Representation of the Results

3.1.10 HF14915, HF15744, HF17142

IPC-IX 33



Graphical Representation of the Results Graphics

3.1.11 HF18747, HF19743, HF19746
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Graphics Graphical Representation of the Results

3.1.12 HF20406, HF23737, HF27157
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Graphical Representation of the Results Graphics

3.1.13 HF27160, HF27162, HF27796
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Graphics Graphical Representation of the Results

3.1.14 HF27798, HF28553, HF28965
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Graphical Representation of the Results Graphics

3.1.15 HF28968, HF29220, HF29223
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Graphics Graphical Representation of the Results

3.1.16 HF29225, HF30112, HF30492
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Graphical Representation of the Results Graphics

3.1.17 HF30497, HF30713, HF30716
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Graphics Graphical Representation of the Results

3.1.18 HF31041, HF31103, HF31110
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Graphical Representation of the Results Graphics

3.1.19 HF31117, HF32446, HF32448
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Graphics Graphical Representation of the Results

3.1.20 HF32449, MAR-1-1, PMO6-5
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Graphical Representation of the Results Graphics

3.1.21 PMO609, PMO611, PMO6-79-121
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Graphics Graphical Representation of the Results

3.1.22 PMO6-79-123, PMO6-81109, PMO6-811103
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Graphical Representation of the Results Graphics

3.1.23 PMO6-811107, PMO6-811108, PMO6-850405
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Graphics Graphical Representation of the Results

3.1.24 PMO6-850406, PMO6-850408, PMO6-850410
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Graphical Representation of the Results Graphics

3.1.25 PMO6-911204,PMO6-0101, PMO6-SOVIM
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Graphics Graphical Representation of the Results

3.1.26 SIAR-1, TMI67502, TMI67604
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Graphical Representation of the Results Graphics

3.1.27 TMI68016, TMI68018, TMI68023
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Graphics Graphical Representation of the Results

3.1.28 TMI68025, TMI69137, N-18653
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Auxiliary Data Graphics

3.2 Auxiliary Data
3.2.1 Direct, Global and Di�use Irradiance
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Graphics Auxiliary Data

3.2.2 Meteorological Data
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Auxiliary Data Graphics

3.2.3 Airmass and Aerosol Optical Depth at 367, 500 and 776 nm
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Chapter 4 Supplementary Information

4.1 View Limiting Geometry

Table 4.1: View limiting geometries of absolute radiometers (R:
radius of front aperture, r: radius of receiver aperture, l: distance
between apertures)

Radiometer Type R r l
WSG
PMO2 3.6 2.5 85.0
PMO5 3.7 2.5 95.4
CROM 2L 6.29 4.999 144.05
CROM 3R 6.25 5.0 144.0
PAC 3 8.18 5.64 190.5
HF 18748 5.81 3.99 134.7
TMI 67814 8.2 5.65 187.6
Other instruments
CROM5R 5.225 4.0245 141.0
CROM6R 5.225 4.0172 141.0
CROM9L 7.5 4.994 141.0
EPAC generic 8.32 5.64 190.5
HF generic 5.81 3.99 134.7
MAR-1-1 6.0 3.0 137.4
P13219 8.37 5.64 191.7
PMO6 generic 4.1 2.5 94.0
PMO6-5 3.6 2.5 84.2
SIAR-1 8.365 3.9905 100.0
TMI generic 8.2 5.65 187.6
TMI-68016 8.18 5.64 190.5
NIP18653 10.3 4.0 111.0

Table 4.2: View limiting geometries of Ångström Pyrheliometers
(v: vertical dimension of aperture, w: horizontal dimension of
aperture, l: distance between aperture and detector, x: vertical
dimension of detector, y: horizontal dimension of detector)

Ångström Type l v w x y
Å-171 72.2 10.25 2.4 9.5 1.0
Å-212 50.0 11.8 2.5 9.5 1.0
Å-564 75.1 10.3 2.5 9.6 1.0
Å-578 70.5 10.3 2.5 9.6 0.8
Å-7636 111.0 10.3 4.2
Å-13439 111.0 10.3 4.2
Å-18020 111.0 10.3 4.2
Å-Eppley 111.0 10.3 4.0
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Chapter 5 Investigations of night-time zero o�sets at
short-wave broadband radiometers

Klaus Behrens and Dr. Klaus Dehne
Deutscher Wetterdienst

GB Forschung und Entwicklung
Meteorologisches Observatorium
Potsdam Postfach 60 05 52
D-14405 Potsdam, Germany
Tel.: +49 331 88893 20
Fax: +49 331 88893 36

E-Mail: klaus.behrens@dwd.de

Abstract
The improvement of the radiation measurements concerning the zero o�sets is one of the main goals
of pyranometrical research.

In a �rst part the results are discussed of special investigations of the zero o�sets in dependence
on di�erent ventilation of the domes of CM21 pyranometers as well as of comparisons of CM21, CM22
and a STAR-pyranometer.

It is shown, that the night-time zero o�sets are mainly in�uenced by the combination of atmo-
spheric long-wave radiation and fan ventilation power.

Furthermore, the results are presented of a long-term investigation (about �ve years) of night-
time zero o�sets from routine measurements of pyranometers at the BSRN station at Lindenberg
(Germany).

5.1 Introduction
The zero o�set is de�ned as the output of the short-wave radiometer device if no short-wave radiation
is received.

Principally, both the radiometer and the connected data acquisition device contribute to the zero
o�set, but the latter - measured simply by a short circuit - should be at modern systems of lower
orders of magnitude.

All e�ects which in�uence the temperature di�erence∆T0 between the receiver surface and the
body of the heat sink belong to the physical sources of zero o�sets at thermal receivers - as used
in broadband radiometers like pyranometers and pyrheliometers. In the case of a thermopile receiver
having n junctions with an EMF of kµV/K and of a radiometer responsivity ofRµV/Wm−2 the o�set
irradiance ∆E0 corresponding to an o�set e�ect of ∆T0 is given by ∆E0 = nk∆T0 / R. If n = 100
and k = 30µV/K and R = 10µV/Wm−2 (�low temperature thermopile�) a∆T0 of ±0, 01K generates
already an o�set error ∆E0 of ±3Wm−2. Such ∆T0 values could be produced �rst of all by:

1. Long-wave radiation, received through the domes

2. Di�erent heat transfer to the receiver surface and the heat sink body caused by
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• front passage or gusts etc.
• daily course of air temperature.

To reduce the zero o�set in the case of pyranometers di�erent measures have been applied:

1. Exposure of the active receiver body and the heat sink body in an equivalent position below
the dome, realized in the STAR-pyranometer (receiver surface with black & white segments)
for instance.

2. Use of two glass domes (realized in nearby all pyranometers having black receiver surfaces).
Recent improvement: Use of two 4 mm thick quartz domes (more mass and heat conductivity)
as realized in the CM22.

3. Ventilation of the outer dome, or more consequently: ventilation of the pyranometer casing
(containing the heat sink) and the outer dome successively with the same air stream. The
number of such ventilated pyranometers has been increased in the last decade.

The aim of this paper is to demonstrate the reduction of zero o�sets by the above mentioned measures
for the relatively simply detectable zero o�set at night-time. The results of examples measured in the
�eld may be supplemented at the end by long-term values of the German BSRN-Station in Lindenberg.

5.2 Performance of night-time o�set measurements
The measurements of night time o�sets of pyranometers were performed mainly during March 2000
and June 2000 at the National and Regional Radiation Centre in Potsdamφ = 52.37◦, λ = 13.08◦,
h = 89m).

The measurement in March should show �rst of all the reduction of night-time o�setby ven-
tilation of typical black surface pyranometers. Three Kipp & Zonen pyranometers of type CM21
ventilated by a 5 W-fan of Eigenbrodt (Königsmoor / Germany) were used. The pyranometers are
encapsulated in a cylindrical table-casing at which the fan is �anged to blow the air around the
pyranometer body.

The air leaves the casing between the radiation shield of the pyranometer and the foot of the
outer dome and streams against the dome from all sides. For the standard operation the fan needs
only (5 W, 24 V); the air is not pre-heated, the speed of the air is about 1,5 m/s.

To demonstrate the ventilation e�ect the three simultaneously operated pyranometers are venti-
lated with the standard power, with the half power and without any power, respectively.

The measurement in June 2000 were performed after the procurement of one of the new "thick
quartz dome"-pyranometers of the Kipp & Zonen type CM22, announced as "low o�set device". It
has been compared with the classical low o�set pyranometer type "STAR" (Ph. Schenk, Wien) and
the "thin dome" pyranometer CM21. Both CM-pyranometers are ventilated (5 W power) while the
STAR-pyranometer was unventilated. Later on the CM22 was also operated without any ventilation
as the STAR-pyranometer.

The pyranometer output was recorded by data loggers �COMBILOG� of Friedrichs (Hamburg,
Germany). During the experiment a short circuit together with the highest resolution of the logger
was used to test the in�uence of the acquisition device. The registered voltage of the short circuit
�uctuated within 0 and -0.7 µV. At a typical responsivity of 10 µV/Wm−2 the contribution of the
logger is about −0.07Wm−2.
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5.3 Results
The investigations of the night-time zero o�set were done by analyzing the pyranometer output if the
sun was more than 5◦ below the horizon and no short-wave radiation disturbed the measurements.

Figure 5.1: Night-time zero o�set of three di�erent ventilated CM21 (z21f: full
power; z21h : half power; z21u: unventilated) and the corresponding long-wave
downward radiation A Potsdam, 00-03-06/07

Figure 5.1 shows a typical picture of the course of the long-wave downward radiation A at changing
cloudiness together with the courses of the night-time zero o�set of the three (by di�erent power
ventilated) CM21 pyranometers. The three o�set curves follow more or less the changes of the
long-wave downward radiation. The curves of the full power (z21f) and of the half power (z21h)
ventilated devices are relatively close together with o�sets up to about -1.5 W/m2. The unventilated
pyranometer (z21u) shows a larger o�set than the ventilated instruments. Especially during rapid
changes of A the o�set of the unventilated devices reaches values of about -3.5W/m2.

Figure 5.2 presents the corresponding scatter diagram displaying the correlation between the long-
wave downward radiation and the night-time o�sets. At �rst this picture gives an impression about
the strength of the correlation between the zero o�set at di�erent ventilation power and at second
it shows the bigger scattering as well as the bigger dependence of the unventilated pyranometer on
long-wave downward radiation A.

Furthermore it is visible that there is a small di�erence but remarkable between the full and half
power ventilated pyranometers.

Additionally to the zero o�set of the CM21 and the long-wave downward radiation Figure 5.3
implies the natural wind speed measured by a ultrasonic anemometer at the level of the pyranometer
domes. There is nearly no in�uence of the wind speed on the o�set. A correlation coe�cient of r =
0,18 between the wind speed and zero o�set of the unventilated CM21 con�rms this statement.

Typical courses of a CM21 (z21f), a CM22 (z22f) - both ventilated by full power - and an un-
ventilated STAR-pyranometer (zSTu) together with the corresponding long-wave downward radiation
A are shown in Figure 5.4. In comparison with Figure 5.1 it is evident that the zero o�set of the
STAR-pyranometer and of the CM22 are smaller than those of the CM21. Furthermore, the in�uence
of rain on the zero o�set is demonstrated. The rain droplets e�ect - at least by evaporation - a
cooling of the domes with the consequence of a more or less rapid decline of the o�set at all (!)
pyranometers. After some minutes the o�set follows again the changes of the long-wave downward
radiation because of the adaptation of the system receiver/dome.

Table 5.1 gives an overview about the dependence of the night-time zero o�set at the used
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Figure 5.2: Scatter plot of the night-time zero o�set of di�erent ventilated CM21
(z21f: full power; z21h: half power; z21u: unventilated) and the corresponding
linear regression lines in dependence on long-wave downward radiation A Potsdam,
00-03-06/07

Figure 5.3: Night-time zero o�set of three di�erent ventilated CM21 (z21f: full
power; z21h: half power; z21u: unventilated) and long-wave downward radiation
A together with natural wind speed v Potsdam, 00-03-03/04

pyranometers with the respective ventilation power (Column a) on the long-wave downward radiation
at selected days which was investigated by a regression analysis. Column b shows the change of the
o�set caused by a change of100W/m2 in long-wave radiation. The correlation co�cients are presented
in Column c. All ventilated pyranometers are only very little (≤1.5 W/m2/100 W/m2) in�uenced by
changes in long-wave radiation. The ventilated CM22 and the unventilated STAR-pyranometer reach
similar results at an o�set level of< 0.3Wm−2. The zero o�set of a CM22 without any ventilation is
nearly in the same level as a full power ventilated CM21.

The correlation coe�cients of the unventilated CM21 and the STAR-pyranometer are remarkable
lower than in the case of the unventilated CM22. This may be interpreted that the improvements
at the CM22 reduce "thermal noise". The experiment showed that a stable and strong air stream in
the case of the investigated pyranometers with a black receiver surface (CM21, CM22) enables much
lower zero o�sets than speci�ed in the �CIMO Guide� [1].

The investigated data of a time series of about �ve years routine measurement concerning the zero
o�set of the with 5 W steadily ventilated CM21 installed at the German BSRN station Lindenberg are
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Figure 5.4: Night-time zero o�set of a CM21 (z21f: full power ventilation), CM22
(z22f: full power ventilation), a STAR-pyranometer (zSTu: unventilated) and long-
wave downward radiation A together with signed rain (Rain=1) Potsdam, 00-06-
14/15

Date a b c
00-03-06 z21f 1,2 0,982

z21h 1,5 0,974
z21u 3,0 0,927

00-06-24 z21f 1,2 0,937
z22f 0,6 0,943
zSTu 0,2 0,591

00-07-09 z21f 1,2 0,856
z22u 1,5 0,860
zSTu 0,5 0,760

Table 5.1: Legend: z21f: CM21 full power ventilation, z21h: CM21 half power
ventilation, z21u: CM21 unventilated, z22f: CM22 full power ventilation, z22u:
CM22 unventilated, zSTu: STAR-pyr. unventilated

in good agreement with the results found in this experiment; the nightly means are within±1, 5Wm−2.

5.4 Conclusive remarks
1. It is recommendable that other radiation centres (main stations) at which other types of pyra-

nometers and / or fans are in use should repeat the investigations of night-time zero o�set
because of its relatively low need of additional man-power.

2. To estimate the undesired zero o�set component of the measured signal of solar irradiance the
determined results of night-time zero o�set can be evaluated qualitatively. At night-time the
long-wave cooling e�ect dominates generally and causes the negative sign of the o�set. During
the sunny day the received solar �uxes should reduce or (over) compensate this long-wave e�ect
by heating the domes �rst of all (absorption of IR-solar energy). The dome ventilation of the
outer dome by fan or wind should reduce the resulting e�ect to an amount which is not higher
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than during clear-nights.

3. In the last issue of the "CIMO Guide" Table 7.5, p. I.7-9 [1] the pyranometers are classi�ed
according to acceptable limiting values of errors in a list of characteristics. In the case of zero
o�sets the e�ect of 200Wm−2 net long-wave radiation or of a linear temperature change of
5Kh−1 has to be equivalent to less than 7Wm−2 and 2Wm−2, respectively, for pyranometers
of "high quality". At least the �rst value seems with regard to the presented results too high.
This will be controlled by laboratory experiments at the Met. Obs. Potsdam soon.

4. Concerning the used pyranometers: At pyranometers with "low-temperature thermopile"1000Wm−2

generates only a temperature di�erence of about 3 K. That means low tilt and linearity errors
but higher zero o�sets. At the Star-pyranometer the disadvantages arise with the ageing of the
white paint and the relatively large receiver surface combined with the shallow dome.

5.5 References
[1] WMO: Guide to Meteorological Instruments and Methods of Observation, Sixth Edition, WMO-No.

8, Genf 1996
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Abstract
An experimental comparison of spectral aerosol optical depth (AOD) derived from measurements by
two spectral radiometers and an ordinary broadband �eld pyrheliometer has been made. The study
was limited to the three wavelengths 368, 500 and 778 nm. At 500 and 778 nm the agreement
between AOD derived from the two spectral radiometers, a Li-cor LI-1800 spectroradiometer and a
CSEM SPM2000 sunphotometer, mostly was within 0.01 for optical airmasses≥ 2. For wavelengths
shorter than 500 nm and longer than 950 nm the performance of the LI-1800 does not permit accurate
determinations of AOD. Estimates of spectral AOD from measurements with an Eppley NIP, using the
parameterisation by Gueymard (1998) with a slight correction, and the Ångström relation withα =
1.3, were on average 0.017, 0.016 and 0.011 higher at 368, 500 and 778 nm than the sunphotometer
AODs. Using the original parameterisation by Gueymard, with the proposed circumsolar correction,
would increase the positive di�erence to 0.061, 0.046 and 0.028 at the same wavelengths.

6.1 Background
As the design of instruments for spectral measurements of solar radiation evolves, and as the interest
in and request for aerosol optical depth (AOD) data increase, more and more stations with more and
more sophisticated spectral radiometers are established (almost) all over the world. But even today
continuous spectral measurements are much sparser than broadband pyrheliometer measurements.
Therefore, it is of greatest interest to utilise pyrheliometer measurements to derive the atmospheric
turbidity and further to estimate spectral AOD. In Sweden, for example, continuous pyrheliometer
measurements are made since 1983 at twelve sites. While continuous spectral measurements forAOD
determination are only made at two sites since 1994/-95. (During some months in 1999 and 2000 an
AERONET station was operating on the island of Gotland in the Baltic Sea. Hopefully, this station
will become operational and permanent during 2001.) The question is how goodAOD estimates from
broadband measurements really are.

The original aim of this study was also to compareAOD at nine wavelengths in the range 368�
1024 nm, derived with two di�erent spectral instruments, a 3-channel sunphotometer and a simple
spectroradiometer (300-1100 nm). However, it turned out that the performance and the calibration
accuracy of the spectroradiometer were not good enough to be used as a reference. Therefore, the
comparison is restricted to the three wavelengths of the sunphotometer only.
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6.2 Measurements and methods
From March 1999 to March 2000 measurements with a spectroradiometer where taken when possible.
Measuring site was the radiation measurement platform on the roof of the Swedish Meteorological
and Hydrological Institute, SMHI, 58.58◦N, 16.15◦E. Altogether about 300 scans from 32 di�erent
days during all seasons were taken. At the research radiation station of SMHI 1-minute (mean values)
radiation data are collected continuously. From this database data from the sunphotometer and the
pyrheliometer at the times of the spectroradiometer scans were extracted.

6.2.1 Instruments

The spectroradiometer used was the manually operated Li-cor LI-1800 Portable Spectroradiometer No
178 (300-1100 nm, single monochromator, 6-7 nm FWHM, silicone photodetector, not temperature
stabilised). To scan the full wavelength range at 1-nm intervals took about 45 seconds. The instrument
was equipped with a screening tube (collimator) in order to allow measurements of the direct solar
radiation with a �eld of view (FOV) of 2.5◦ (full angle). The instrument was either operated indoors,
especially in cold weather, or mounted outdoors on a suntracker. The whole instrument had to be
moved and pointed towards the sun. The instrument housing was always shaded from direct sun and
the te�on di�usor (entrance optics) was shaded between the scans.

The sunphotometer was a 3-channel CSEM SPM2000, S/N 16, (CSEM2016 in the following),
originally developed at PMOD/WRC. This instrument measure at approximately 368, 500 and 778
nm with 5 nm FWHM and 2.8◦ full angle FOV. Each channel has a Si photodiode detector with
integrated interference �lter in a sealed housing assembled into a temperature-stabilised enclosure.

The broadband direct solar irradiance was measured with an ordinary Eppley NIP (No 20919, 5.7◦
FOV).

6.2.2 Calibration

The LI-1800 was calibrated several times against standard lamps, Figure 6.1. The lines plotted
represent the ratio of the spectral calibration factors derived at each calibration to the reference
calibration factors, which simply were calculated as the mean of the four calibrations. The two
standard lamps are 1000 W halogen lamps that were calibrated by the Swedish National Testing and
Research Institute at a scale traceable to NIST. For wavelengths,λ, shorter than about 500 nm the
calibration results indicate a strong degradation in responsivity with time. Between the calibrations
on 1999.06.02 and 1999.10.22 the responsivity at 368 nm decreased by almost 3.6 %. For longerλ
(λ still shorter than 500 nm) the change was smaller and for even shorterλ the change was larger.
Therefore, for λ < 550 nm the responsivity change was modelled as a linear function of time and as
a third degree polynomial function of λ. Comparison with the CSEM2016 sunphotometer 368-nm
channel at optical airmass ≈ 2, also indicates signi�cant responsivity degradation with time of the
LI-1800. For the same period (142 days) the degradation was estimated to be 2.4 % using CSEM2016
as reference.

Also for wavelengths longer than 950 nm the calibration results vary a lot. However, there was
not a continuous change in time. As already shown by Riordan et al. (1989) the LI-1800 has a very
strong temperature dependence, especially in the IR region. Since neither the instrument nor the
calibration room was temperature stabilised, the responsivity variations forλ > 950 nm are thought
to be caused mainly by di�erent detector temperatures. Unfortunately, since neither the LI-1800 was
temperature stabilised nor the detector temperature was measured, the dependence on temperature
could not be compensated for. For determination ofAOD at λ > 950 nm this is a serious drawback.
As �nal calibration for λ > 550 nm the average of the four lamp calibrations was applied on all LI-1800
measurements during the study.
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Figure 6.1: Lamp calibrations of LI-1800. Ratios of individual calibration results
(spectral calibration factors) to the average of the results (Cref). Lamps: SP-6
and SP-9.

For a sunphotometer channel the expected output voltage,V0 , for a measurement outside the
atmosphere at mean Sun-Earth distance is used as calibration constant. The CSEM2016 has been
calibrated several times at PMOD/WRC, both against lamps and by comparison with the standard
group of sunphotometers. Analysis of classical Langley-plots (about 50 suitable occasions 1995-2000)
has also been made on data from the measuring site in Norrköping (43 m above sea level). The
di�erence between lamp and sun calibration results at PMOD/WRC for CSEM2016 is 0�4 %. The
sun calibration results are considered to be much more accurate (Schmid and Wehrli, 1995). The
CSEM2016 was compared to the standard group both in February 1998 and in March 1999. For
some unknown reason the resulting V0 :s were for all three channels 3-4 % lower in 1999 than in
1998. Linear regression of the (logarithm of) Langley-plot results from Norrköping agree within 0.8
% (778 nm) or better with the PMOD/WRC results of 1999, while they lie about 3 % lower than the
PMOD/WRC calibration of 1998. For this reason the results of the 1999 PMOD/WRC calibration
were applied on all sunphotometer data in the present study.

The NIP #20919 is regularly calibrated against the two reference pyrheliometers of SMHI, PMO-6
#811108 and Å-171. The NIP has been found to be very stable over time (Persson, 2000). A single
calibration factor (111.0Wm−2/mV) was adopted for the whole study.

6.2.3 Calculation of aerosol optical depth

For the calculations ofAOD from the LI-1800 spectroradiometer measurements the wavelength range
360�1025 nm was used, excluding portions a�ected by gaseous absorption bands of water vapour
and oxygen (viz 560-600, 616-666, 680-746, 754-774, 786-844 and 872-1014 nm, Adeyefa et al.,
1997). Measurements in the range 300-360 nm, where irradiance is considerably low, have been
excluded because of the low signal to noise ratio in that region. At the remaining wavelengths only
the extinction due to Rayleigh scattering and ozone absorption where taken into account in theAOD
calculations. The AOD at wavelength λ then becomes

AODλ =
ln

(
E0,λ

R2Eλ

)

ma
− mR

ma

p

p0
δR,λ − m0

ma
δ0, (6.1)

where E0,λ = extraterrestrial solar irradiance at mean Sun-Earth distance, Eλ = measured direct
solar irradiance, R = actual Sun-Earth distance expressed in AU,ma = aerosol optical airmass, mR
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= Rayleigh optical airmass, mo = ozone optical airmass, p = air pressure at station altitude, p0 =
standard pressure = 1013.25hPa, δR = Rayleigh optical depth (Fröhlich and Shaw, 1980), andδo =
ozone optical depth = loko,λ, lo = total column amount of ozone and ko,λ = extinction coe�cient
for absorption in ozone. Data on the extraterrestrial solar irradiance andko,λ were taken from the
SMARTS2 model (Gueymard, 1995) and data on total ozone was taken from co-located measurements
with a Brewer MkIII spectroradiometer (Josefsson, 2000). Since the vertical distribution of the aerosol
particles was not known, which mostly is the case, the approximationma = mR was made.

For the sunphotometer dataAOD was calculated in the same way as for the LI-1800, except that
E0,λ and Eλ in (1) were replaced by V0,λ and Vλ (= measured output voltage fromλ− nm channel).
Only the 500-nm channel was corrected for ozone absorption.

A parameterisation by Gueymard (1998) was used for the estimation of spectralAOD from pyrhe-
liometer measurements. With the aid of this parameterisation the Ångström turbidity coe�cient,β,
assuming a constant wavelength exponent α = 1.3, can be derived. Possible inputs to the parame-
terisation are solar position, (total) direct irradiance (Eb), atmospheric water vapour content (w), air
pressure, total ozone and atmospheric NO2 content. However, since constant values of ozone and
NO2 are used in the operational turbidity analysis at SMHI, the same restrictions were applied here.
The amount of ozone and stratospheric and troposphericNO2 were set to 0.35 atm cm, 0.1 matm
cm and 0.1 matm cm, respectively.

A correction of the original parameterisation presented in the paper (Gueymard, 1998) has been
applied. The reason for this is the result obtained by Tomas Landelius at SMHI from a comparison
between β derived from a minimisation routine of the complete SMARTS2 model andβ derived with
the aid of the parameterisation. The result of this comparison is shown in Figure 6.2. The SMARTS2
minimisation gives lower β values. Apparently, the di�erence between the two methods is an almost
perfect linear function of solar elevation. The reason for this discrepancy has not yet been found
out in the discussions between Gueymard and Landelius. The originalβ values from the Gueymard
parameterisation, βGu, were corrected to

β = βGu − 9.035E− 05 · h− 0.0027 (6.2)
with h = (apparent) solar elevation (◦).

Figure 6.2: The di�erence betweenβ derived from minimisation of SMARTS2 and
β derived with parameterisation by Gueymard.

According to the paper by Gueymard it is also possible to compensate for the circumsolar radiation
received by ordinary, relatively large FOV, pyrheliometers, such as the Eppley NIP. The circumsolar
correction signi�cantly increases the calculated β values. However, motivated by the results of this
study below, the circumsolar correction was not applied.
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The column amount of water vapour (w) is a critical input for a good estimate of β. In this
study, w was calculated from the 6-12 hours forecast �elds of the operational weather forecast model
HIRLAM. In a comparison of w calculated from radiosounding data and HIRLAM �elds from April
and July 1997, it was found that on average w(HIRLAM) was higher than w(radiosoundings). But
the di�erence was slightly less than 1mm (= kg/m2) only.

6.3 Results
Examples of instantaneous spectral AOD derived using the three di�erent instruments are plotted
versus wavelength in log-log diagrams in Figure 6.3. TheAODs are from one very clear day (1999-
04-19) and from a more turbid day (1999-09-14). For the more turbid case the Ångström relation
(AODλ = βλ−α, λ expressed in microns) is a very good approximation of the spectral distribution of
AOD (α = 1.7, β = 0.025) both according to the spectroradiometer and the sunphotometer.

Figure 6.3: Examples of spectral AOD derived from measurements with LI-1800
(•), CSEM2016 (o�o),and NIP (�).

Using single α and β in the clear case does not work as well (α ≈ 1.2, β ≈ 0.015). The log-log plot
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could be a bit misleading, but nevertheless the disagreement between LI-1800 and CSEM2016AODs
for λ < 450nm and λ > 950nm is much higher in the clear case. In addition to the temperature
dependence for λ > 950nm and the presumed responsivity degradation with time (or exposure?)
for λ < 500nm in the LI-1800, also an airmass dependence at shorter wavelengths is indicated by
comparison with the CSEM2016 at 368 nm.

Using the sunphotometer as reference, calibration factors for the LI-1800 at 368 nm, which would
give the same AOD as the CSEM2016, were calculated. LI-1800 calibration factors forλ = 368nm
appears to be very dependent on airmass, Figure 6.4. Possible explanations for this could be non-
linearity, temperature dependence and tilting of the instrument. Of course, an erroneousV0,368 applied
on the CSEM2016 signals could also lead to such a result.

Figure 6.4: Calibration factors for LI-1800 at 500 nm using CSEM2016 as reference,
1999.04.27-29.

However, it is strongly believed that the error inV0,368 (non-linearity included) is much less than
the 10 % that at least is needed to give results similar to those in Figure 6.4. If such a large change
had occurred after the calibration in 1999 at PMOD/WRC, this would have shown up even in the
Langley-plots of sunphotometer data from Norrköping. After the calibration in Davos, 35 accepted
Langley-plots have been made. The maximum deviation from the averageV0,368 is about ±4%, but
the deviation of the mean from the PMOD/WRCV0,368 is only +0.3 %.
The di�erences betweenAOD derived from sunphotometer measurements and the other two methods
for the three investigated wavelengths are plotted vs. optical airmass in Figure 6.5. The total number
of cases is 279 originating from 32 days spread over a year. For m> 2 the agreement between the
LI-1800 and the CSEM2016 AODs is very good, normally within 0.01, at 500 and 778 nm, Figure
6.5.

At 368 nm the di�erence is larger, especially for m < 3 and the dependence on optical airmass
is also clear. Due to the problems at shorter λ the average di�erence between AOD(NIP) and
AOD(CSEM2016) is actually less than the average di�erence betweenAOD(LI-1800) andAOD(CSEM
2016) at 368 nm (Figure 6.5 and Table 6.2).
Mostly, the broadband method overestimatesAOD at all three wavelengths. The spectralAOD(NIP)
estimates were on average 0.017, 0.016 and 0.011 higher than the sunphotometerAODs at 368,
500 and 778 nm, respectively. Using the original parameterisation by Gueymard, but still without
the circumsolar correction, increased the average di�erences to 0.036, 0.029 and 0.018, respectively.
Finally, adding also the proposed circumsolar correction increased the mean di�erences even further,
to 0.061, 0.046 and 0.028 for the same wavelengths.

Naturally, there is a larger scatter in the di�erence betweenAOD derived from pyrheliometer and
spectral (sunphotometer) measurements, Figure 6.5. This is mainly due to erroneous values ofα and
w used in broadband method. The scatter increases with decreasing airmass.
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Figure 6.5: Di�erences in derived AODs at 368, 500 and 778 nm. (LI=LI-1800,
SPM=CSEM2016 sunphotometer.)

The aerosol conditions for the data used in this study (March 1999 to March 2000) as determined
from CSEM2016 data are listed in Table 6.1. Statistics of theAOD comparison are summarised in
Table 6.2. As is clear from Table 6.1, the atmospheric turbidity and theAOD where mostly low during
the study, with no occasions of really high turbidity (β ≥ 0.200).

6.4 Conclusions and discussions
From this small study the following conclusions are drawn:

• Especially due to its low accuracy and instability atλ < 500nm and λ > 950nm, the LI-1800, in
its present con�guration, is not suitable forAOD determination. In particular not for long-term
monitoring and/or at locations with normally low turbidity.

• According to the CSEM2016 sunphotometer an averageα = 1.36 (in the wavelength range 368
� 778 nm) was found during the period of the study at the inland site in southern Sweden.
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Table 6.1: Average aerosol conditions during the study.
AOD(368) AOD(500) AOD(778) α(regr) β(regr)

Mean 0.115 0.073 0.040 1.364 0.028
Median 0.084 0.054 0.032 1.370 0.023
Max 0.428 0.292 0.158 1.940 0.113
Min 0.026 0.017 0.011 0.604 0.008
Std dev 0.087 0.057 0.028 0.247 0.019

Hence, using α = 1.3 in the AOD determinations from broadband measurements is fairly well
supported.

• On average estimates of spectral AOD (λ < 1000nm) from pyrheliometer measurements of
the direct irradiance using the parameterisation by Gueymard (1998) exceeds theAODs as
determined from accurate spectral measurements.

At present, the author can not explain why AOD mostly is overestimated with the broadband
method. As long as there is not a signi�cant error in the PMOD/WRC calibration of the CSEM2016
or in the NIP calibration, it appears rather certain thatAODλ<1000nm is overestimated with the broad-
band method. Using the original parameterisation by Gueymard without the correction by Landelius,
and especially if the circumsolar correction is applied, would strongly enhance the overestimation of
AODλ<1000nm (Table 6.2). It was indicated that w values used on average were a little too high.
Giving lower w as input, even higher β (and AODλ<1000nm) would have been returned by the turbid-
ity parameterisation. It is not known how much water vapour there were above the highest points
reached by the radiosounding balloons.

Table 6.2: Comparison statistics based on 279 number of cases. Di�erence inAOD
between LI-1800 and CSEM2016 (LI-SPM), and between NIP and CSEM2016
(NIP-SPM; SEC= Solar elevation corrected β in this study, Orig=Original pa-
rameterisation of β by Gueymard, and OrigCS=Original parameterisation ofβ by
Gueymard with circumsolar irradiance correction).

368 500 778
LI-
SPM

NIP-SPM LI-
SPM

NIP-SPM LI-
SPM

NIP-SPM
SEC Orig OrigCS SEC Orig OrigCS SEC Orig OrigCS

Mean 0.024 0.017 0.036 0.061 -0.004 0.016 0.029 0.046 -0.005 0.011 0.018 0.028
Median 0.023 0.018 0.038 0.061 -0.003 0.015 0.029 0.004 -0.004 0.011 0.018 0.028
Max 0.077 0.074 0.100 0.132 0.005 0.049 0.066 0.089 0.002 0.025 0.036 0.049
Min -0.004 -0.057 -0.037 -0.006 -0.024 -0.017 -0.004 0.016 -0.020 -0.004 0.002 0.008
Std dev 0.016 0.024 0.025 0.021 0.004 0.013 0.014 0.015 0.004 0.006 0.006 0.008

Finally, if a higher α had been used in the development of the parameterisation, this would also
have lead to higher AODs at 368, 500 and 778 nm in the end.
The atmospheric conditions during the study were very clear. Most probable this has in�uenced the
results of the AOD comparison.

Acknowledgement The work has been carried out with �nancial support from the Swedish National
Space Board, which is gratefully acknowledged.
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Abstract
After clouds, atmospheric aerosols are the most important modulators of the radiation �eld. The
radiation balance is a�ected due to changes in the amount of composition of aerosol particles. This
e�ect is known as aerosol radiative forcing and it can be of the same order of magnitude as radiative
forcing due to greenhouse gas concentrations. However uncertainties in forcings by changes in the
atmospheric aerosol and cloud are much larger even in the sign of forcing. Here , I shall present our
own results on mineral aerosols, volcanic aerosols, smoke aerosols and anthropogenic aerosols.

7.1 Introduction
The climate of the earth depends on the balance between the energy absorbed from solar radiation
and outgoing radiation emitted in the form of long-wave radiation. Changes in this balance due
to anthropogenic or externally imposed changes in the chemical composition of the atmosphere are
referred to as radiative forcings measured in Watts per square meter (Wm−2). This balance can
be a�ected by a number of factors such as a change in the output of solar radiation, changes in
greenhouse gas concentrations, and an increase in aerosol loading either in the troposphere and/or
the stratosphere. While the uncertainties in the global mean greenhouse-gas forcing are not negligible
(∼15%), uncertainties in forcings by changes in the atmospheric aerosol and in clouds are much larger,
and in some cases even include uncertainty in the sign of forcing (Charlson and Heintzenberg, 1994).
Therefore, aerosol e�ects on atmospheric radiation are a leading source of uncertainty in predicting
climate change.

Of the variety of mechanisms through which the aerosols a�ect climate there are three principal
mechanisms

1. Direct e�ect of aerosols on the radiation budget of the surface-atmosphere system through a
re-distribution of short-wave solar radiation and infrared thermal emissions

2. The crucial role of aerosol particles in the phase transformations of water in the atmosphere, in
particular, in cloud formation, which may be more important for the energetic of the atmosphere
than in the former mechanism. In this connection of great concern is the role of gas-to-particle
reactions of aerosol formation (condensation nuclei, �rst of all) connected with natural and
anthropogenic emissions to the atmosphere of the compounds such as dimethylsul�de (DMS)
and sulfur dioxide (SO2) (Andrea and Crutzen, 1997)

3. Heterogeneous chemical processes, in particular, the processes of disintegration of ozone molecules
on the surface of aerosol particles, which a�ect the change in the ozone molecules on the surface
of aerosol particles, which a�ect the change in the atmospheric gas composition (Finlayson-Pitts
and Pitts, 1997)
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7.2 The nature of aerosols and their e�ects

The atmospheric aerosol consists of particles which size ranks between super-micrometer (µm) and
submicrometer scales of liquid and solid materials suspended in the air. Both natural and anthro-
pogenic materials occur in the aerosol particles: most particles larger thanca. 1 µm are produced
mechanically (e.g. windblown soil dust and sea salt from sea-spray and bursting bubbles) and particles
smaller than ca. 1 µm are dominantly formed by condensation (e.g. low-temperature condensates
such as sulfate from atmospheric oxidation of SO2, and high-temperature condensates like soot and
smoke from partial combustion). The super- and submicrometer materials are partially mixed by
processes in the atmosphere (e.g., coagulation and cloud coalescence). Climatically relevant particles
occur throughout the stratosphere and troposphere in number concentrations that range from tens
to tens of thousands of particles per cubic centimeter. While in the atmosphere, the aerosol parti-
cles physically a�ect the heat balance of the Earth, both directly by re�ecting and absorbing solar
radiation and by absorbing and emitting some terrestrial infrared radiation and indirectly by in�uenc-
ing the properties and processes of clouds and, possibly by changing the heterogeneous chemistry of
reactive greenhouse gases (e.g., O3). Substantial perturbation of the sulfate aerosol has occurred
due to anthropogenic SO2. Other aerosol sources also are climatically important, including biomass
combustion, volcanoes and dust storms. Besides anthropogenic aerosol, it is of particular signi�cance
to emphasize two key aerosol types that cause climate forcing (as de�ned above), namely biomass
burning and volcanic aerosols.

Figure 7.1: Aerosol concentration measured on board the A-scale Mexican R/V
"'M. Matamoros"' during the third phase of GATE (8.5 N, 45.5 W). Continuous
line is insoluble (mineral of aerosol concentration). Dotted line is soluble aerosol
concentration (Galindo, 1978).

The functional relationships of the aerosol forcing to the source strengths of aerosol particles or
their precursor gases are somewhat di�erent for the clean versus the polluted case. The direct e�ect
increases approximately linearly with aerosol number or mass concentration for the typical small optical
depths observed in either clean or polluted locations, but (as pointed out by Toon (1994) the indirect
e�ect goes as the logarithm of the number concentration of particles acting as cloud condensation
nuclei (CCN). This is why, although a doubling of SO2 emissions may produce direct and indirect
e�ects of comparable magnitude in polluted regions of the Northern Hemisphere (NH), by contrast in
remote marine regions the indirect e�ect of doubling dimethylsul�de emissions far exceeds the direct
e�ect.

82 IPC-IX



Aerosol forcing of climate The nature of aerosols and their e�ects

7.2.1 Aerosol measurements

The concentration of aerosol particles varies signi�cantly due to their short lifetime (about a week)
and transport of aerosols from one region to another. Therefore a complete assessment of aerosol
characteristics, from remote or in situ measurements requires frequent measurements and high spatial
coverage.

There is a number of instruments devoted either to direct or indirect aerosol measurements (see
Jennings, 1993) here we shall concentrate mainly in radiometric measurements either at the surface or
satellite measurements. The main limiting factor of radiometric measurements is that most of these
sensors have spectral broadbands, whereas it has been proved that the best aerosol depth determina-
tions are obtained by using narrow band �lters. As the ones used in UVB narrowband radiometers or
the precision �lter radiometer for surface measurements, whereas for remote sensing measurements
the SeaWi�s sensors from NASA satellites o�er a unique opportunity for AOD dedterminations. In
any case, here we shall present our own results after many years of experience.

Table 7.1: Chemical analysis data for the aerosol particles sam-
pled on 4 September,1974, by the USSR IL-18 aircraft in the
dust cloud∗

Height Elements, mkg/m3

Meters Fe Cu Cr Pb Mg Al
450 14.0 3.0 0.15 0.2 7.0 9.0
450 20.0 - 0.04 0.2 - 4.0
1500 14.0 3.0 0.15 0.2 7.0 9.0
4500 14.0 1.0 - 0.3 6.9 12.0
5200 14.0 - 0.04 3.4 - -
6000 14.0 - 0.02 3.0 - 5.0

∗Taken and modi�ed from Table 4 p. 51 from Kondratyev et al., 1976: Aerosol in the
GATE area and its radiative properties. Trans. MGO, Leningrad, Issue No. 381,
Atmos. Science Paper No. 247, Dept. Atmos Sci., Colorado State University

7.2.2 Mineral aerosols

The primary sources are the arid and semiarid regions of the world. The global annual input of mineral
aerosols to the atmosphere is probably ϕ1000− 2000Tgyr−1 (Duce, 1994). Both the generation
of this mineral dust and its atmospheric distribution are characterized by signi�cant temporal as
well as horizontal and vertical spatial variability. Concentrations can often change by several orders
of magnitude within a day, Mineral particles are often found in a horizontal-layered structure that
can be maintained for thousands of kilometers. Far from source regions the mass median radius
of mineral particles is ∼ 0.5− 1.5µm with larger sizes closer to the source. Climate forcing by
atmospheric mineral matter is clearly important. Direct forcing by dust results from the scattering
and absorption of solar radiation and from absorption of terrestrial (infrared) radiation by silicaceous
material. In what follows we shall concentrate particularly on the Saharian Aerosol Layer (SAL).
Most of the studies dealing with SAL were performed during the GATE experiment either by aircraft:
Spectral SW (Kondratyev and Berlyand, 1974; Kondratyev and Ter-Markaryants, 1976) and �lter
Eppley pyranometer measurements (Drummond and Robinson, 1974; Carlson and Caverly, 1977; Cox,
1975 within others), or by ships (Galindo et al., 1977, Binenko and Harshvardhan, 1993, within
others). The refractive index m = 1.54−−0.008i(λ = 0.55µm) of SAL was determined by Carlson
and Caverly, (1977). The imaginary part of m is responsible for the SW absorption. The chemical
analysis revealed the presence of elements typical of continental aerosol (Fe ∼ 10− 15µgm−3 as
hematite; Al 5-10 µg m−3 (see Table 7.1). According with Galindo et al. (1977), during the dust
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outbreaks (Figure 7.1), the di�use radiation increased by 40-90% and the turbidity factor by 60%; the
Angström extinction power drops from 1 to almost 0 (neutral extinction) (Table 7.2). The highest SW
radiative heating rates were registered in the 1-2 km layer (up to0.43◦Chr−1), while in the absence
of SAL, these rates are at a maximum in the 0-1 km layer (about0.12◦Chr−1) (Galindo, 1978). The
above heating rates are in good agreement with those later reported by Ellingson and Sera�no (1984)

Table 7.2: Atmospheric Transparency in the presence of dust

Site and Meteorological Vertical Transparency σ = βλ−α Horizontal Transparency
Conditions of the Atmosphere of the Atmosphere

P2 σ2 α β Sm,
km−1

α, km−1

R/V "Akad. Kurchatov"10
August, 1972(Zone of dust
outbreak)(18◦ 8�N, 16◦ 5�W)

0.58
(0.69)

0.545
(0.372)

0.2 0.34 12 0.250

R/V "Mariano Matamoros"8
September, 1974(Heavy
haze)(06◦ 30�N, 48◦ 30�W)

0.58 0.581 0.5 0.42 10

5 September, 1974(Haze-
free)(06◦ 30�N, 48◦ 30�W)

0.74 0.300 1.1 0.14 20

Average for the period of
Tropex'72

0.66
(0.78)

0.416
(0.249)

0.6 0.12 30 0.200

Galindo, I.: On the presence of Saharian aerosol at the Western part of the Atlantic Ocean. Zeitschrift für Meteorologie,
Heft 6, B 28, 352-360, 1978

7.2.3 Sulfate Aerosols

Cloud researchers are prone to the idea that a large part of the cloud condensation nuclei (CCN)
in remote environments consists predominantly of sulfate compounds. Yet, does this sulfate in the
Earth's atmosphere play a role of a causal factor in the formation of CCN and actually in�uence
the properties of numbers of cloud droplets? (Möller, 1994) this question is still under discussion,
especially regarding which sources of atmospheric sulfate dominate this role. Marine dimethylsul�de
(DMS) is now believed the most natural sulfate precursor, andSO2 from fossil-fuel combustion is the
dominant anthropogenic one.

The direct climatic e�ect of sulfate aerosol is due simply to re�ection of sunlight back to space,
while indirect climatic e�ects of sulfate result from aerosol in�uence on cloud albedo and/or extent.
Sulfate aerosols contribute to cooling, either directly or indirectly through their role in cloud formation.
Droplet sizes and liquid water content are both important in controlling the cloud albedo, and droplet
size is partly determined by the population of particles. Also, changes in the chemical composition
of aerosols may either increase or decrease the number of CCN. Changes in cloud droplet number
concentration can a�ect not only the albedo but also the cloud lifetimes and precipitation patterns.
Precipitation is both an important aspect of climate and the ultimate sink for submicrometer particles.

The total mass of sulfur that is cycled through the global atmosphere has been drastically increased
by industrial activity. Anthropogenic SO2 emissions currently account for ca 84% of the total global
�ux of SO2 and more than 90% is injected into the Northern Hemisphere (Langner and Rodhe 1991).
Still, only 10% of the global anthropogenic sulfur emissions account for 50% of the sulfur budget of
the Southern Hemisphere (Möller, 1994). Thus, even in remote areas we must assume that the sulfur
budget is markedly disturbed by human activity.
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Sources of sulfur to the atmosphere
Volcanic emissions It is necessary to distinguish between eruptive and non eruptive emissions,
most of which is probably SO2, within an estimated inventory of 13Tgyr−1 based upon an early
1970's to 1997 time frame (Andres and Kasgnoc, 1997). Volcanic emissions consists of solid particles
(ash) and gases (mainly water vapor (H2O), sulfur dioxide (SO2) and carbon dioxide (CO2) in very
variable concentrations. SO2 is a precursor to aerosol formation by gas to particle conversion. The
ash particles are mainly in the coarse particle range and are formed by silicates (SiO2). Most of the
known active volcanoes are in the Northern Hemisphere, and only 18% are between10◦ S and the
South Pole (Simkin et al., 1981). In regions with frequent volcanic activity, the emission of sulfur and
other components may be important (Hobbs et. al., 1981) For example, Allard et al., (1991) estimate
the sulfur emission of Etna/Sicily to be 0.7Tgyr−1 S averaged over the years 1975 to 1987. Actual
measurements of subaerial SO2 volcanic emissions indicate a time-averaged �ux of13Tgyr−1 S based
upon an early 1970's to 1997 time frame. When considering the other sulfur species also present
in volcanic emissions, a time-averaged inventory of subaerial volcanic sulfur emissions is10Tgyr−1 S
(Andres and Kasgnoc, 1997). On average, less than 10% of this amount reaches the stratosphere.
This numbers may vary by an order of magnitude in individual years, for example following explosive
eruptions like Mt. Pinatubo (9 TgS in 1991) and El Chichón (3.5 TgS in 1982) (Climate Change,
1994).

In what follows we shall present some results on volcanic aerosols mainly obtained from radiometric
measurements.

The El Chichón Volcano Eruption On March 28, 1982, at 23:30 local time an eruption of the
El Chichón volcano in Chiapas (a southeastern state in Mexico) started. El Chichón underwent three
major eruptions in late March an early April 1982. As has been pointed out by Hofmann (1987,
1988) and Hofmann and Rosen (1987) more was learned about the e�ects of volcanic aerosols on
the stratosphere following the El Chichón eruption than from all previous eruptions combined. Which
was due mainly to the wealth of research techniques that could be brought to bear with little delay
(Kondratyev and Galindo, 1997). Volcanic SO2 was observed from space for the �rst time, and its
conversion into H2SO4 vapor, condensation nuclei and �nally sulfuric acid aerosol were monitored by
both in situ and remote sensing techniques. The �nal eruption, on April 4, penetrated to altitudes
in excess of 25 km and probably injected more sulfurous gases than any eruption in the previous 100
years. Optical, chemical and mineralogical properties of the Chichón ash: Patterson, et al. (1983)
measured visible wavelength optical properties of ash from samples collected at three surface sites
between 12 and 80 km from the volcano. Results show a complex refractive indexm = 1.53− 001i.
The chemical composition of the samples is shown in Table 7.3. The optical microscopic analysis
of our three ash samples reveals a particle size bimodal distribution with the coarse particle volume
represented ∼ 20% due mainly to silicate particles which in turns means that 80% is due to small
particles, probably sulfur particles (Patterson, et al., 1983).

Table 7.3: Mineralogical Composition of El Chichon Samples

CONSTITUENT FELDSPAR VOLCANIC COLORED OPAQUE**
Refractive Index MINERALS GLASS MINERALS* PARTICLES

(nRE) ∼1.56 1.52-1.53 ≈1.7
AM 125 50% 20% 25% 5%
AM 106B 45% 30% 20% 5%
AM 101 30% 65% 5%

Patterson, E.M., Pollard, C.O., and Galindo, I.: Optical properties of the ash from "El Chichón" volcano.
Geophys. Res. Lett., 10, 317-320. 1983.
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Figure 7.2: Left: Aerosol optical depths at Mexico City for 1982 and 1983 and the
monthly mean aerosol optical depths (and absolute maximum (◦) and minimum
(4) values) for the �ve years prior to the eruption of El Chichon (Galindo et al.,
1996). Right: The same at Vancouver (Hay and Darby, 1984)

The overall energy increase or decrease in the earth-atmosphere system due to the addition of
the aerosol layer, the net heating of cooling depends on the relative amounts of scattering and
absorption. In case of El Chichón, results indicate a very low value for the imaginary index, that
is, radiation absorption is quite low, on the other hand, scattering increases the planetary albedo, in
consequence and taking into account the powerful aerosol injection into the stratosphere, one may
expect that the El Chichón eruption have a net e�ect of global cooling.

The assessment of the total amount of eruptedSO2 Total Ozone Mapping spectrometer (TOMS)
data was 3.3 Mt. Purple colored twilights were observed for the next two years. Due to the strato-
spheric volcanic aerosol layer of El Chichón, the air pollution problem of Mexico City was severely
impacted through a signi�cant turbidity enhancement (Galindo et al., 1996), particularly during 1983
(Figure 7.2 left) similar results were observed in Vancouver (Figure 7.2 right) by Hay and Darby
(1984). Using satellite-derived irradiance measurements I have determined solar radiation extinction
anomalies with respect ot the mean values of 1984 for Mexico for the time period 1982-1983 (Galindo,
1992).

During May 1982 high extinction values covered most of the country. From June to August 1982
solar irradiance returned almost to normal values as stratospheric easterlies were well organized shifting
the aerosol cloud westwards. After September 1982 solar radiation extinction increased reaching the
highest values in December 1982 (27.5%). during January to May 1983 extinction remained high
but variable, btween 10 to 22%. From June to August 1983 solar radiation returned again to normal
conditions in most of the country although some areas persisted with important extinction anomalies
(13%). During September to December 1983 solar radiation extinction remained between 16 to 14%
showing that the stratosphere still contained a large amount of residual aerosol (Figure 7.3). The
decay of the of the aerosol perturbation behave as a dampened oscillator with seasonal oscillation,
maximum and minimum ocurring in local winter and local summer, respectively (Galindo, 1992). The
above results are representative of the latitudinal variation of the stratospheric volcanic aerosol.

The Fuego Volcano Eruption On November 1974Volcán Fuego de Guatemala underwent a basaltic
andesite minor eruption.

High quality radiometric measurements are capable to detect weak stratospheric volcanic aerosol
layers. This was the case of actinometric measurements in Mexico City for the period of 1974-1975.
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Figure 7.3: Monthly maximum solar radiance extinction over Mexico under cloud-
less conditions due to El Chichon stratospheric aerosol layer. From May 1982 to
December 1983 (Galindo, 1992).

The Schüepp turbidity coe�cient for that time period was substracted from the long period monthly
averages. Figure 7.4 shows the small increases in turbidity observed from November 1974 to February
1975 (Galindo and Bravo, 1975).

The Popocatépetl volcano eruption On December 21, 1994, after 70 years of quiescence,
Popocatépetl volcano, located approximately 55 km SE from Mexico City, quietly erupted and sent an
ash cloud to a peak altitude of over 7 km. During the �rst week of the eruption we have performed
airborne and ground-based (correlation spectrometer, cascade impactor and photoelectric counter
together with intake �lter probes) measurements. Electron microscopy of the samples shows typical
aerosol sulfate and sulfuric acid aerosol and, ash fragments of probable basaltic origin (Figures 7.5a,b).

Volcanic aerosol elemental composition together with ash elemental composition were obtained
with X-ray �uorescence. Figures 7.6a,b show that these samples were very reached in Fe, however ash
elemental composition is also reach in Ca and Tl. Particle size distribution is bimodal (Figure 7.7), the
�ne particles (sulfates) are higher by almost two orders of magnitude with respect to concentration
of ash coarse particles (silicates) (Galindo, et al., 1998).

Remote Sensing Silicate particles in the atmosphere can be detected by NOAA polar orbitters
using temperature di�erence between the infrared channels 4 and 5. This temperature di�erence is
negative while for meteorological clouds is positive (Prata, 1989) therefore we monitor on real time
all active volcanoes of Mexico and Central America using our satellite ground receiving station. Using
the satellite derived wind �eld and temperature pro�le we are able to identify the height and trajectory
of the ash cloud (Galindo, 1996) (see Figure 7.8).

The Volcán de Fuego de Colima Eruption This volcano is considered the most active volcano
of Mexico. The latest big eruption occurred in January 1913 producing a new crater of about 500
m depth. Ash emissions were transported by the wind very long distances. Mexico City is about 700
km eastward, an analysis of the time series of direct solar radiation measurements shows that the ash
cloud came into the city the �rst days of February 1913 (Figure 7.9)

The latest reactivation of the Colima's volcano took place on November 20, 1998. Two days
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Figure 7.4: Atmospheric turbidity enhancement over Mexico city due to the volcanic
cloud from the 1974 Fuego eruption (Guatemala), (Galindo and Bravo, 1975).

Figure 7.5: Electron microscopy showing typical aerosol sulfate (a) and sulfuric
acid aerosol (b) with some traces of evaporated water. Ash fragments of probable
basaltic origin are shown in (c) and (d) (Galindo et al., 1998).
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Figure 7.6: a) Volcanic aerosol elemental composition obtained with X-ray �uo-
rescence. b) Volcanic ash elemental composition obtained with X-ray �uorescence
(Galindo et al., 1998).

Figure 7.7: Particle size distribution from 24-h cycle of ground measurements taken
at Puebla�s airport (Galindo et al., 1998).

Figure 7.8: Band 4 thermal infrared image and the TDM overlay Popocatepetl
Volcano 13/03/96 01:31 GMT (left) and 17/03/96 14:12 GMT (right)
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Figure 7.9: Maximum values of direct solar radiation under clear sky conditions
measured between 12:00-14:00 local time at Mexico City.

before the lava e�usion, the emitted SO2 reached 1,600 t.day−1 (Gavilanes, 1998). In fact, we have
detected small ash emissions since 1997 (Figure 7.10).

Figure 7.10: Volcanic ash cloud detected from AVHRR imagery after Colima�s
volcanic explosion of February 18, 1999. Below are depicted seismic records showing
the explosion.

Seasonal biomass burning associated with deforestation and agricultural practices.
Biomass burning is also a major source of atmospheric aerosols. It emits submicron particles com-
posed mainly of partially oxidized organic materials. These particles are both e�cient scatterers and
absorbers of sunlight (direct forcing e�ect). They are also e�cient cloud condensation nuclei (CCN)
and therefore interact with clouds (Warner and Twomey, 1967),

To monitor aerosols from biomass burning, the source of the aerosols, �res can be observed from
present polar orbitters and geostationary satellites. Since the pioneer work of Croft (1977,1978) several
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methods have been developed for forest �re detection using remote sensors. In particular methods
that use the Advanced Very High Resolution Radiometer (AVHRR) on board the NOAA satellites are
described in Cracknell, 1997, Galindo and Solano (1999) have developed a real-time multispectral
method that operates on real time basis. Kaufman, et al., (1990a) and Kaufman, et al., (1990b)
detected smoke aerosols using appropriate AVHRR images and estimated the mass of aerosols emitted
per �re. Some calculations of the upwelling radiance (at the top of the atmosphere), for particular
aerosol distributions, as a function of optical thickness are described by Rao et al. (1989). The
analyzed aerosol �eld was tested using a GOES image showing the smoke cloud from slash burning
in Central America in April 1987. Aerosol optical depth retrievals from satellite data are complicated
since the albedo is highly variable, most of these attempts have being made on sea surfaces assuming
a constant sea albedo and additional sunphotometer data to correlate both determinations (Veefkind,
et al., 1999). Actually, we are working in a similar algorithm to retrieve AOD from AVHRR data with
smoke layers from biomass burning (see Figure 7.11).

Figure 7.11: Composite AVHRR imagery showing smoke aerosol from forest �res
in Mexico and Central America. Above: May 8, 1998, 7:07 local time; Left: May
27, 1999. 17:41 local time; Right: Apr 24, 2000. 16:36 local time.
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Antropogenic SO2 aerosols
Of great concern are the assessments of climate cooling foreseen as a result of increasing anthropogenic
sulfate aerosols in the atmosphere, due to emissions of sulfur dioxide and subsequent gas-to-particle
reactions of aerosol formation (Kondratyev and Galindo, 1994). Industrialization is associated with
population increases which in turns are the main polluters to the atmosphere.

Figure 7.12 (left) shows a comparison of atmospheric turbidity in Mexico City in the period 1911-
1928 with that of 1957-1962 over the annual cycle. The turbidity peaked in March and April at the
end of the dry season and was mainly from natural sources in 1911-1928. However in recent times
there are secondary maxima of turbidity caused by anthropogenic e�ects. The turbidity has increased
considerably since 1967, as it is shown in Figure 7.12 (right) the actual average value is now 300%
more than that in 1911-1928 (Galindo, 1984).

The increased turbidity has resulted in a decrease in the incoming direct solar radiation. The
formation of an inversion layer in the early morning hours produces an enhanced polluted layer. The
weakened beam of solar radiation is not strong enough to reach the threshold for the burning of the
paper strip chart of the sunshine recorder. This results in a reduction in the apparent sunshine duration.
Figure 7.13 shows the annual variation of sunshine in Mexico City and in a nearby rural station outside
the valley. The results are summarized in Table 7.4. Over the last �fty years, atmospheric transmission
has dropped by 10% (Galindo, 1984).

Table 7.4: Comparison of chemical elements relative concentra-
tions normalized with respect to Al.

Colima Cd. de México Popocatépetl
Al 1 1 1
Si 9.887999546 2.744599034 13.73251748
P 0.108937775 0.322006763 0.084353147
S 6.944011825 1.645681159 2.176573427
Cl 0.123620199 0.099536232 0.105375874
K 0.05891757 0.127609662 0.057298951
Ca 0.259739247 0.469642512 0.247770979
Ti 0.015632422 0.032637681 0.023942308
Cr 0.001701488 0.010937198 0.002556818
Mn 0.002906709 0.00975942 0.002683566
Fe 0.133694427 0.314707246 0.179195804
Ni 0.000921639 0.002445411 0.000939685
Cu 0.001417907 0.006083092 0.004558566
Zn 0.001843279 0.048182609 0.002263986
Ga 0.000212686 0 0.000161713
Se 0.000283581 0.002 0.000236014
Br 0.000510446 0.0056 0.000397727
Rb 0.000850744 0 0.001123252
Sr 0.001772383 0.000483092 0.001691434
Y 0.000921639 0 0.000659965
Zr 0.001488802 0 0.001311189
Hg 0.000382835 0 0.000227273
Pb 0.000233955 0.034815459 0.001984266
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Figure 7.12: Left: Time evolution of atmospheric turbidity in Mexico City, 1911-
1928. 1957-1962 (Galindo, 1984). Right: Positive trend of atmospheric turbidity
(1967-1980) in Mexico City (Galindo, 1984).

Figure 7.13: Annual variation of sunshine (a) in Mexico city (1957-1981) and (b)
in Orizabita, Mexico 1967-1982 (Galindo, 1984).

7.3 Concluding remarks
The direct radiative forcing of the tropospheric aerosols is estimated to have a negative sign and
di�ers signi�cantly in character from the positive forcing due to greenhouse gases. The direct forcing
due to the anthropogenic component of the sulfate aerosol is estimated to have a magnitude that
is a signi�cant fraction of the greenhouse-gas forcing on a global scale. On continental scales, the
aerosol forcing magnitude can become comparable to or even exceed the greenhouse-gas forcing. The
indirect aerosol-forcing problem is not as well-posed as that for direct forcing (Ramaswamy et al.,
1994)
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Appendix A Considerations on the Future of the Inter-
national Pyrheliometer Comparisons
1The Ad-hoc Group of the Ninth International Pyrheliometer Comparison (IPC) has met several times
to discuss means of ensuring the future stability and transfer of the World Radiation Reference (WRR)
in coming years. Speci�c concerns that the committee has addressed below include:

• The transfer from the WRR to Regional Radiation Centre (RRC) absolute instruments. Several
comparisons have resulted in limited data sets, even after the three weeks of time allotted for
the comparison.

• The increase in the number of National Radiation Centres (NRC) being invited to the IPC
because RRCs are unable to hold Regional Association (RA) pyrheliometer comparisons during
the intervening time periods. This has led to an increased concern that the transfer from RRCs
to NRCs has become less e�ective, and that the overall level of communication between the
two types of centres has been reduced.

• The increase in the cost of the comparison at the same time the budget for comparisons within
CIMO has decreased.

The e�ectiveness of maintaining the World Standard Group (WSG) of instruments at PMOD over
the last 30-or-so years is indicated by the nearly insigni�cant change in the WRR during this time
period. The expertise developed must remain in tact along with the on-going maintenance of the
individual WSG instruments. However, the increasing age of the WSG is becoming a concern to both
the sta� of the WRC and the Ad-hoc Group. CIMO indicates that the WSG must consist of a minimum
of 4 absolute cavity instruments of di�erent types so that the WRR may be maintained. At present
the WSG consists of seven instruments, however, over the last 5 years three of these instruments
have shown signs of aging (note that many of these instruments are more than 30 years old), with
the possibility that they may have to be removed from the WSG because of increased uncertainties.
The PMOD has explored several possibilities to obtain di�erent instruments to operate along with the
WSG, but these investigations have led to the deployment of only one further instrument during the
last 5 years. There is a further time delay from the deployment of an instrument and its acceptance
into the WSG because of the need to ensure that the new instrument is stable over an inter-IPC
period. This present state of instrumentation may well make the need for constant monitoring of the
WRR more critical at this time than in previous years.

The number of National Radiation Centres at the last two comparisons is also a concern to both
the sta� of the WRC and the Ad-hoc Group. The combining of the Regional Radiation Comparisons
(RPCs) with the IPC increases logistical support signi�cantly. Furthermore, members of the Ad-hoc
Group believe that the combining of RPCs with the IPC both reduce the maintaining of the WRR
through comparisons throughout the 5-year period between comparisons and reduce the educational
opportunities a�orded to National Centres when an RPC is held within the Region.

Based upon the above general discussion, the Ad-hoc Group present the following recommenda-
tions:

1. That an International Pyrheliometer Comparison be held once every �ve years at the
World Radiation Centre. The regular bringing together of experts with Regional Standard

1This document presents the results of the Ad-hoc Group discussions on the future of the International Pyrheliometer
Comparisons. It should support the work of the CIMO-Rapporteur on Meteorological Radiation Measurements for
presentation at the next CIMO session (CIMO-XIII). It is included in this report for the sake of completeness and as
information to the participants.
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instruments provides a necessary check on the stability of the WSG of instruments and increases
the probability of detecting any bias in the WRR. Keeping the WSG at the WRC reduces the
risk in altering the WRR by eliminating the need to move the entire WSG of instruments and
the electronic equipment associated with these instruments.

2. That the comparison be open-ended to ensure that the amount of data collected is
su�cient to assure the quality of the World Radiation Reference and the transfer
of this reference to the participating Regional Radiation Centres. Comparisons during
1980, 1990 and 2000 had limited numbers of observations due to inclement weather conditions
during the 3-week period of the IPC. During the 1995 comparison, more data than necessary
was collected to statistically ensure the stability of the WRR. If the amount of data collected is
insu�cient, ending the comparison prematurely on a �xed date tends to increase the uncertainty
in the calculation of the WRR. This in turn may have signi�cant e�ects on the clients utilizing
the services of the Regional and National Centres. By �xing the location of the comparison in
Recommendation One, the working group encourages the WRC to carefully determine the best
portion of the year to host such a comparison so that the time required to obtain the necessary
quantity of measurements is minimized. From climatological mean data there are several times
of the year when the minimum required number of clear days for a successful comparison can be
expected within a 14 day period. At the same time it is recognized the clear weather conditions
cannot be guaranteed.

3. That the Regional Associations within CIMO ensure that a minimum of one RRC
from within the region be represented at the IPC and that the regional centre(s)
representing the region be fully compliant with the regulations of an RRC as outlined
in Annex C of the CIMO Guide (WMO No. 8, 1996). The Ad-hoc Group recognizes that
for many regions the cost associated with sending a delegation from a RRC is signi�cant, but it
is crucial that a well-equipped and trained individual(s) be sent from each region. During past
IPCs a number of RRCs have not had the appropriate equipment and therefore have not been
able to participate to the fullest extent. The sending of such centres is counter-productive.
The Regional Associations are encouraged to examine each RRC within the region to determine
whether they meet the standards set down in the CIMO Guide.

4. That RPCs are held separately and not be in conjunction with the IPC.The primary task
of an IPC is the transfer of the WRR to instruments maintained by RRCs. The combining of
RPCs with the IPC increases the complexity and logistics of the task considerably. Furthermore,
the educational aspects of both the IPC and the RPCs are diluted. Speci�c courses that should
be provided to individuals of RRCs cannot be given because of the divided interests of the
participants. Of greater concern is the limited number of individuals from NRCs that are able
to attend due to cost. Speci�c courses that could be normally tailored for NRCs within Regional
Associations are not available at a combined RPC and IPC.

5. That organizations that are not RRCs be charged a participants fee for attending the
IPC and that all funds obtained from such fees be used to o�set the cost of shipping
equipment from the WRC to the RPC.During the last two IPCs several participants have
represented either private sector or government laboratories not associated with the WMO. In
some cases government and private-sector laboratories are now mandated under law to maintain
standards directly traceable to the WRR through participation in an IPC every �ve years. These
participants illustrate the demand for such a comparison of absolute radiometers for users
other than those associated directly with meteorological organizations. Furthermore, these
organizations use the calibrations obtained while attending the IPC for commercial advantage.
The Ad-hoc Group suggests that such institutions be charged a �xed participants fee to partake
in such a comparison. National laboratories desiring, or mandated to attend the IPC should
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also be charged the same rate, although these institutions are strongly encouraged to attend
only the appropriate regional comparison. As recognition of past practices those laboratories
or manufacturers providing instruments to the WSG would be exempted from all charges as a
courtesy for donating instruments. It is hoped that this latter exemption may encourage the
donation of instruments of di�erent designs to the WSG. All fees collected will be used to o�set
the cost of transporting WRR equipment to the RPCs. The distribution of the funds will be a
weighted against the distance from the WRC to the six regions.

6. The maximum number of attendees at an IPC be determined by the WRC.While the
above recommendations are meant to reduce the number of active participants to any IPC, the
�nal number of participants to an IPC must be controlled by the WRC because of the logistics
associated with such an important task. The success of an IPC cannot be jeopardized because
of too many participants. Under reasonable circumstances the attendance priority should be
RRC, NRC and �nally commercial interests.

7. That the dissemination of the WRR through RPCs be revitalized to protect the in-
tegrity of the WRR through the �ve-year period through participation in regional
comparisons in each of the 6 WMO regions. Changes in the WRR through the comparison
of instruments directly related to the WRR with those of regional centres would be more quickly
noticed. Six RA comparisons during a 3.5-year period provide a crosscheck against the WRR
at intervals of roughly 7 months. An RPC would require that a minimum of one instrument
from the WSG, and two absolute cavities that have been compared with the WSG within a
six-month period before the RPC and that a statistically signi�cant data set be obtained to
show the stability of these instruments to the WRR (these instruments should be of di�erent
manufacture).

8. That it is the responsibility of each Regional Association to provide a host for an RPC,
which will be held in the period 6 months to 4 years following the completion of an
IPC. The date and duration of the RPC will be established in conjunction with the
WRC. The reduction in the number of RPCs during the last ten years is a disturbing trend.
Recommendations Three and Four are meant to encourage the re-establishment of the RPC.
It is recommended strongly that RAs become more involved in the measurement of radiation
and the transfer of the WRR through RPCs. For example, budget freed by sending only one
RRC to the IPC could be used to build the necessary infrastructure and provide travel grants
to increase the number of participants from NRCs. This decentralization will provide NRCs the
opportunity to discuss problems found within the region, but may not be signi�cant to the larger
global community, while at the same time reducing travel costs, and probably the time required
to ful�ll the measurement requirements of an RPC. The combining of RPCs is encouraged if RAs
believe that the bene�t to the participating NRCs is increased over organizing separate regional
comparisons. Furthermore, it would be ideal if one RRC from outside the RA also attend the
RPC. This would increase expertise with respect to teaching NRC personnel and provide further
crosschecks on the stability of the WRR during the period between IPCs. The Ad-hoc Group
further suggests that to increase the capability of individual RRCs that any funding provided
by the RA be linked to that RRC hosting the RPC during the following inter-IPC period. The
WRC is committed to providing the necessary salary and travel expenses to ensure that quali�ed
sta� is available to operate the WSG instrument(s).

9. That the Regional Radiation Centres be provided with education courses directly re-
lated to hosting an RPC during their attendance at the IPC.As part of the reduction in
numbers at the IPC and the focus of the IPC on RRCs, the education program can be better
tailored to meet the needs of the attendees. To encourage the successful operation of an RPC,
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courses will be developed by the WRC to provide a means of aiding RRCs to successfully host
such comparisons.

10. That during an RPC education courses be provided to NRCs that will increase the
capability of National Centres in the calibration of radiometers and the development
and maintenance of national radiation networks. It is believed that the decentralization of
regional comparisons away from the IPC will provide opportunities for educating individuals from
National Centres not available elsewhere. As part of the program associated with hosting an
RPC, the RRC would have opportunity to develop special courses suitable for the participants
of the region. These courses could either be taught by individuals within the region or in
cooperation with WRC sta� that would be attending the RPC. By keeping comparisons on a
regional base, many members of the Ad-hoc Group believe that issues of culture and language
would be reduced, thus encouraging increased participation by NRCs.
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