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We experimentally evaluate and correct the non-equivalence between electrical and radiative heating of solar
irradiance absolute radiometer to compensate the systematic error of radiant power measurement at ambient
pressure. A relative difference of the order of 0.08%-0.27% between electrical and radiative heating sensitivi-
ties is shown, and the resulting non-equivalence correction factor is calculated. The radiant power measure-
ment equation is modified using the non-equivalence correction factor, a systematic deviation of 0.19% of

radiant power measurement is hence eliminated.
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Solar radiation is the most important external energy
source for the climate system of the Earth. It drives
climate process such as the evaporation of water from
the oceans and land and the convection in the atmo-
sphere. It is essential to realize the global energy bud-
get of the Earth!! to understand the long-term climate
changes. The short-term weather changes are also as-
sociated with solar radiation through the clouds such as
cirrus??. Abbot et al’sl! observational results claimed
variations of several percent of the total solar irradiance
arriving at the top of the atmosphere on short-term pe-
riodic timescales. Since late 1970s, the satellite-based
measurements of total solar irradiance have been start-
ed, which reveals the variation of the total solar irradi-
ance and the correlation with the sunspot number. The
amplitude of the variation is 0.1% during an 11-year
solar cyclePl. The driving effect of solar radiation on
the Earth’s climate system was estimated based on the
data measured by spaceborne radiometers during the
last three solar cycles”. The long-term high-precision
measurement of total solar irradiance is required for the
climate science and solar physics investigations.

The spaceborne total solar irradiance radiometer is
the absolute electrical substitution radiometer. The ab-
solute value of total solar irradiance is measured by
determining the solar radiant power received through
an aperture with known area. The precision aperture
is usually made of weak heat transfer material, such
as stainless steel, and the front surface is nickel plated
to prevent radiative heating. The aperture area can be
determined at high accuracy by using an optical meth-
odl. Solar radiation is absorbed in a cavity with high
absorptivity, resulting in a temperature rise. The tem-
perature rise of cavity is electrically calibrated, hence
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the solar radiant power can be determined by calculat-
ing the equivalent electrical power. The precondition of
the measurement procedure is that the electrical and
radiative heating sensitivities of the cavity are equiva-
lent, whereas the difference of these two sensitivities
is affirmed, which is entitled non-equivalence® . The
non-equivalence is due to the differences in the heat-
ing power distribution and thermal diffusion in the
cavity during the shaded electrical heating and irra-
diated radiative heating sequences. According to the
measurements using Total Irradiance Monitor (TTM)!
on Solar Radiation and Climate Experiment and Solar
Variability Picard!, the latest accurate value of total
solar irradiance was 1360.8-1362.1 W/m? a significant
systematic deviation from the canonical value of 1365.4
+ 1.3 W/m? established in the 1990s was exhibited.
As a main radiation measurement systematic deviation
origin, non-equivalence is corrected for different types
of radiometers, such as Physikalisch Meteorologisches
Observatorium Radiometer?, TIMIM and Differential
Absolute Radiometer!™. The systematic error of ra-
diation measurement was compensated by correcting
non-equivalence, furthermore the offsets between differ-
ent total solar irradiance radiometers were shortened,
which was advantageous for the continuity of total solar
irradiance onboard observation.

Here the framework and measurement procedure of
Solar Irradiance Absolute Radiometer (SIAR)! ' man-
ufactured in our research group are depicted. The sen-
sitivities of STAR during the shaded electrical heating
and irradiated radiative heating sequences were alter-
nately determined in vacuum and at ambient pressure.
The two sensitivities measured at ambient pressure
represented a difference of the order of 0.08%0.27%.
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The correction for non-equivalence of SIAR was defined
to be the air-to-vacuum ratio of the sensitivity of SIAR
as measured with an invariable light source minus the
air-to-vacuum ratio measured with electrical heating.
With the correction for non-equivalence of STAR, the
radiant power measurement equation at ambient pres-
sure was modified, which compensated the systematic
error of radiant power measurement.

SIAR is an electrical substitute radiometer. A sche-
matic drawing of STAR is shown in Fig. 1. Heat loaded
in the main cavity is conducted to the heat sink of the
instrument, and the resulting temperature difference
across the thermocouples is sensed. In order to shield
the cavity temperature changes caused by the heat sink
temperature fluctuations, a compensation cavity was
adopted, which was made using the same production
and assembly processes as the main cavity. The low-
level thermocouples of the main cavity were attached to
the high-level thermocouples of the compensation cav-
ity, and the low-level thermocouples of the compensa-
tion cavity were grounded. Thus the temperature rise
measured by the thermocouples of the main cavity is
only caused by the heating power loaded in it. The sen-
sitivity of the thermocouples of the main cavity is cali-
brated by measuring the temperature difference with
a known amount of electrical power dissipated in the
electrical heater when the main cavity is shaded. After
the shutter is opened, the main cavity which ensures a
high absorptivity over the spectral range absorbs the
radiant power, the thermocouples sense the tempera-
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Fig. 1. Schematic representation of SIAR with its control
electronics.

ture rise, and the radiant power can be calculated with
the calibrated sensitivity and the temperature rise.
The practical operation procedure of SIAR consists of
a self-test process and a solar measurement process™.
During the self-test process, the shutter is closed. A
low-electrical power P, and a high-electrical power P
are dissipated successively in the electrical heater, the
thermocouples detect the temperature difference in each
state and output a voltage after equilibrium (V, and

EL
V), respectively. The sensitivity of the thermocouples

EH
calibrated by electrical power S, can be described as
V.. =V
SE — EH EL . (1)
k-5

In the initial stage of the solar measurement process,
a higher electrical power is dissipated in the electri-
cal heater to ensure that the main cavity tempera-
ture is maintained at high level. For STAR this higher
electrical power is set to 75 mW. After the shutter is
opened, the main cavity absorbs the radiant power P,
the electrical power dissipated in the heater is reduced
to be P, in order to avoid large fluctuations in cavity
temperaturel’. The thermocouples output an equilib-
rium voltage V. Then, the main cavity is shaded, an
electrical heating power P,, which is close to 75 mW,
is loaded in the heater, the thermocouples output an
equilibrium voltage V,,. The relationship between the
heating powers and equilibrium temperatures during
the two stages can be depicted as

{PRSR + RS, +V, =V, (2)
)

'PZSE + VB = VE2

where S, is the radiative heating sensitivity of ther-
mocouples and V, is the offset of the thermocouples
output. The radiant power absorbed in the main cavity
P, can be calculated by

P-P)S, -V, -V
P, =( 2 1) ES ( E2 El). (3)

R

When the non-equivalence of the instrument is ignored,
that is, S, = S, P, should be

v, -V
PR=P2_.P1— EQS El. (4)
E
The correction factor for non-equivalence of SIAR at
ambient pressure is defined by
k= S She (5)
S S

VR VE

where S, and S, are radiative heating sensitivities in
vacuum and at ambient pressure, respectively, and S,
and S, are electrical heating sensitivities in vacuum
and at ambient pressure, respectively. In view of the
structure and blackening technology of the cavity and
the location of the heater!' it is reasonable to assume
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that the non-equivalence can be neglected when air
convection is removed in vacuum, thus S, = S,,.

In order to determine these sensitivities, STAR was
placed in a vacuum chamber with a quartz window. A
bromine tungsten lamp (24 V and 150 W) was used
as a light source, which was lightened by a regulated
power supply (N5770A, Agilent). The stability of ra-
diant power absorbed in the main cavity was ensured
since the regulated power supply and immobile light
path setup. Table 1 lists the continuous measurement
results of the light source power absorbed in the main
cavity of SIAR at an immobile setup. The repeatability
was calculated to be 0.026%. The light irradiated SIAR
through the quartz window. After the light source
warmed up, standard measurement procedure of SIAR
was repeatedly run in vacuum, which included the self-
test and solar measurement processes. The sensitivity
Sy, and radiant power absorbed in the cavity P, were
calculated according to Eqgs. (1) and (4).

The pressure in the vacuum chamber was then re-
stored to ambient pressure. The radiant power absorbed
in the main cavity was corrected to P, with the atmo-
spheric absorption between quartz window and SIAR
in the chamber. Lower solution transmission program
was adopted to calculate the atmospheric transmit-
tance, in which the US Standard Atmospheric model
was used. The atmospheric depth was set to be 1 m,
which was the distance between the precision aperture
of STAR and the entrance window of the vacuum cham-
ber. The emission spectrum of the lamp is equivalent
to that of a 2900 K blackbody, which can be depicted
by Planck’s blackbody radiation law. The atmospheric
absorption coefficient was calculated to be 2.8% with

Table 1. Light Source Stability Measurement Results

Measured Radiative
Power Absorbed by
SIAR (mW)

68.852
68.905
68.904
68.902
68.895
68.870
68.888
68.902
68.867
10 68.888
68.888
0.018

0.026%

© 00 = O Ut k= W N =

Average Value
Standard Deviation

Relative Error

the emission of the lamp and the atmospheric transmit-
tance spectral curves. The standard measurement pro-
cedure of STAR was run repeatedly at ambient pressure.
The sensitivity S, was calculated using Eq. (1), and

the sensitivity S, was calculated with the corrected

PR* using Eq. (3). The correction factor for non-equiv-
alence of SIAR at ambient pressure was determined
based on these sensitivities and Eq. (4). The radiant
power measurement equation was modified at last.

The heating-up processes of the main cavity in vac-
uum and at ambient pressure were investigated firstly,
while the same electrical heating power dissipated in
the heater. Figure 2 shows the heating-up processes
and their fitting curves. The heating-up process of the
main cavity follows single exponential function!’. The
fitting results indicate that heating-up process is slower
in vacuum because the air convection is removed. The
time constant changed from 12.86 s at ambient pres-
sure to 25.44 s in vacuum. It is reasonable to set the
sampling time to be 300 s since an equilibrium voltage
of the thermocouples output could be achieved both in
vacuum and at ambient pressure, as shown in Fig. 2.
The equilibrium voltages in these two working environ-
ments are obviously different, which implies the differ-
ence in the sensitivities to electrical heating power in
vacuum and at ambient pressure.

In order to quantitatively research the difference in
the electrical heating sensitivities of the thermocouples
in the two working environments, three electrical heat-
ing powers (10, 45, and 75 mW) were dissipated in the
heater successively, and the respective equilibrium volt-
age of the thermocouples were recorded. Figure 3 shows
the dissipated electrical powers and corresponding equi-
librium voltages. The electrical heating sensitivities and
offset of thermocouples in these two working environ-
ments were determined by linear fitting. Compared
with the electrical heating sensitivity at ambient pres-
sure S,, = 58.833 V/W, the electrical heating sensitiv-
ity in vacuum was increased about 19.3%, to be S =
70.201 V/W.

The radiant power absorbed in the main cavity was de-
tected repeatedly by running the standard measurement
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Fig. 2. Heating-up curves of the main cavity in vacuum (O)
and at ambient pressure (O).
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Fig. 3. Electrical heating power dissipated in the heater and
the thermocouples output equilibrium voltages of a correspon-
dence.

procedure of SIAR in vacuum. Table 2 shows the
calculated results. The absorbed radiant power in
the main cavity at ambient pressure was determined
to be 35.684 mW based on the average value detected
in vacuum and the atmospheric absorption coefficient.
The standard measurement procedure of STAR was run
at ambient pressure, resulting data are given in Table
3. According to the known absorbed radiant power, the
radiative heating sensitivity S, was calculated accord-
ing to Eq. (3). Compared with the electrical heating
sensitivity S,., S,; reveals a decrease in the order of
0.08%-0.27%. The correction factor for non-equivalence
of STAR at ambient pressure was obtained according to
Eq. (5).

The non-equivalence of SIAR working at ambient
pressure was affirmed and characterized experimentally,
hence after the standard measurement procedure, the
calculation equation of the absorbed radiant power in
the main cavity should be modified as

PR:('PQ_P;SE_(VEZ_VEI). (6)
AE +kSVE

Table 3. Correction for Non-equivalence
Measurement Results at Ambient Pressure

(1) (2) (3)

S (V/W) 58833 58767  58.788
P, (mW) 39.463  39.530  39.407
P, (mW) 76.507  76.328  76.162
Vv, (V) 4.503 A48T 4477
v, (V) 4.585 4558  4.545
S, (V/W) 58784 58609  58.667
k ~0.0007  -0.0023  —0.0017

The effect of non-equivalence correction of STAR was es-
timated, using an average value of k and S, as shown
in Fig. 4. Compared with the absorbed radiant power
calculated by the measured values in vacuum and at-
mospheric absorption correction shown by boxes on the
right side of Fig. 4, the measured radiant power values
without non-equivalence corrected shown by triangles
on the left side of Fig. 4 put up a global systematic
deviation of the order of 0.19%. The radiant power val-
ues with non-equivalence corrected are shown by circles
in the middle of Fig. 4. The systematic deviation is
eliminated.

In conclusion, we experimentally investigate the re-
sponses of thermocouples in SIAR in vacuum and
at ambient pressure. When the same electrical heat-
ing power is dissipated in the heater, the main cav-
ity shows a slow heating-up rate and a high-electrical
heating sensitivity in vacuum compared with those at
ambient pressure. By running the standard measure-
ment procedure of STAR, the radiant power absorbed in
the main cavity is detected in vacuum and at ambient
pressure. While the non-equivalence of SIAR in vacuum

Table 2. Radiant Power Measurement Results in Vacuum

(1) (2) (3) Average
Son = Sy (V/W) 70.201  70.042  69.975 70.073
P, (mW) 38.772  39.668  39.564
P, (mW) 77.858 78.822  T78.668
Vv, (V) 5457 5513 5.500
v, (V) 5625  5.685  5.666
Absorbed Radiant Power in 36.600 36.704 36.733 36.712

Vacuum (mW)
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Fig. 4. Effect of non-equivalence correction of STAR. Measured
radiant power absorbed in the main cavity of SIAR with (O)
and without (A) non-equivalence corrected at ambient pres-
sure, and respective average value (corrected (e) and uncor-
rected (V¥)) with error bar. The measured radiant power in
vacuum () with atmospheric absorption corrected and the
average value (M) with error bar are also shown.

is reasonably ignored, the radiative heating sensitivity
at ambient pressure is acquired, which reveals a differ-
ence of the order of 0.08%-0.27% compared with the
electrical heating sensitivity in the same working envi-
ronment. The correction for non-equivalence of STAR at
ambient pressure is quantitatively evaluated, and the
calculation equation of the absorbed radiant power in
the main cavity is modified. A systematic deviation of
the order of 0.19% of radiant power measurement at
ambient pressure is eliminated with non-equivalence
corrected, thus the systematic error of radiant power
measurement of SIAR is compensated.
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