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INTRODUCTION

This document summarizes the science requirements and corresponding high-level instrument requirements for
the SPEXone polarimeter for the NASA Phytoplankton, Aerosols, Clouds, and ocean Ecosystems (PACE) mission.
The launch of PACE is planned August 2022. PACE is an observatory to include three instruments: as a primary
instrument the Ocean Color Instrument (OCI), with the goal to understand and quantify global biogeochemical
cycling and ecosystem function in response to anthropogenic and natural environmental variability and change.
The mission also comprises two polarimeters: SPEXone with its unprecedented polarimetric accuracy focusses on
the characterization aerosols (e.g. absorption, composition, size, height) and the wide-swath hyper-angular HARP
polarimeter instrument focusses on the characterization of clouds. The primary goal of the Dutch SPEXone
instrument is to understand and quantify the role of aerosols in the climate system. Moreover, SPEXone in
combination with HARP and OCI will provide new insight in how aerosols are influencing the formation of clouds.
An additional goal of the SPEXone instrument is to provide an atmospheric correction (aerosols and clouds) to
facilitate ocean colour retrievals from OCI. It must be noted that due to the very high accuracy but limited swath
SPEXone can act as a research demonstrator/enabler for a future breakthrough air quality instrument to improve
air quality forecasts of Particulate Matter (PM).
The added value of SPEXone to the PACE mission is thus:
-

SPEXone with its unprecedented polarimetric accuracy provides accurate characterization of aerosols
for climate and air-quality applications. The wide-swath hyper-angular HARP polarimeter instrument
focusses on the characterization of clouds. The HARP polarimeter provides similar information as the
ASPIM module that was earlier proposed by the NL consortium in addition to SPEX but was descoped
because of budgetary reasons. In essence, HARP compensates for this descope.

-

SPEXone provides the necessary data for enhanced light path correction for the Ocean Color Instrument
(OCI) measurements, which significantly enhance the OCI science. The OCI instrument focusses on
better understanding of the ocean biosphere response to anthropogenic and natural environmental
variability and change, and provides missing information to better manage fisheries and responses to
phytoplankton blooms.

Anthropogenic aerosols are believed to cause a forcing of climate change comparable in magnitude but opposite
in sign to greenhouse gases. In contrast to the climate effect of greenhouse gases, which is understood relatively
well, the negative forcing (cooling effect) caused by aerosols represents the largest reported uncertainty in the
most recent assessment of the International Panel on Climate Change (IPCC). This uncertainty severely hampers
future predictions of climate change. Strong aerosol cooling in the past and present would imply that future
global warming may proceed at, or even, above the upper extreme of the range projected by the IPCC. SPEXone
could then fulfil the “A” in PACE and in combination with HARP and OCI on the PACE observatory allow for a
breakthrough in climate research.
Aerosols are also known to strongly affect air quality, especially in regions with high industrial activity and large
amounts of traffic, or in regions that are influenced by biomass burning. Exposure to particulate matter air
pollution has major adverse human health impacts, including asthma attacks, heart and lung diseases, and
premature mortality. Due to the very high accuracy but limited swath SPEXone can act as a research
demonstrator/enabler for a future breakthrough air quality instrument.
The requirements for the SPEXone polarimeter are driven by the most important science questions related to the
role of aerosols in climate and air quality. These science questions, and the flow down to level-2 requirements
(i.e. on geophysical products) are based on various contributions in the scientific literature [e.g. /Mishchenko et
al., 2004/, /Loeb and Su, 2010/, /Fridlind and Ackerman, 2011/], supported and confirmed by the latest (5th)

SPECIFICATION

SPEXone

Doc. no.

: SRON-ISG-SP-2017-002

Issue

: 1.2

Date

: 13-3-2019

Page

: 5 of 31

Assesment Report (AR-5) of the Intergovernmental Panel on Climate Change (IPCC), the Global Climate
Observing System (GCOS) of the World Meterological Organization (WMO), the studies for the NASA Aerosol and
Cloud Experiment (ACE), and the PACE-SPEX user workshop held 27 November 2015 at NWO in the Hague with
representatives of the most important Dutch user groups and international experts from the aerosol research
community. The flow down from level-2 requirements to level-1 requirements is based on extensive retrieval
simulations performed at SRON, Netherlands Institute for Space Research [/Hasekamp and Landgraf, 2007/;
/Hasekamp 2010/; /Wu et al., 2015/, /Wu et al., 2016/].

Section 2 summarizes the scientific background and objectives, section 3 discusses observational needs for
climate and air quality applications, section 4 summarizes current aerosol remote sensing capabilities, section 5
and 6 provide the level-2 and level-1 requirements, respectively. Finally, section 7 summarizes the different
requirements and relates them to each other.
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SCIENTIFIC BACKGROUND
Aerosols and Climate
Sensitivity

Aerosols represent the largest uncertainty in
climate research. This uncertainty severely
hampers our ability to model the effect of
increasing greenhouse gas concentrations on
the global temperature. The temperature
change DT as a result from doubling the
atmospheric

CO2

referred

as

Current

to

concentration
the

estimates

of

is

often

'climate

sensitivity'.

climate

sensitivities

vary widely in a range from 2.0-4.5 K
(/Knutti and Hegerl, 2008/), and even higher
values cannot be ruled out. The uncertainty
in estimates of the climate sensitivity did
hardly improve ever since the first estimates
were made. For example, /Arrhenius, 1896/
and /Callendar, 1938/, estimated values for
the

climate

sensitivity

of

5.5K

and

2K,

respectively. These estimates are still very
close to the upper and lower bounds of
current estimates.
In order to estimate climate sensitivity one

Figure 2-1. Magnitude and error bars of different
radiative forcing terms as given in the IPCC
Assessment Report-5 (AR5)

needs to know how the change of the global
temperature a result of a certain change in
radiative forcing DF. This quantity is often referred to as the climate sensitivity parameter l:
l = DT / DF.
The climate sensitivity parameter can be estimated from the global temperature record over a given time period
if the change in radiative forcing DF is known over the same period. DF is roughly described by the sum of the
contribution of greenhouse gases DFghg and the contribution of aerosols DFaer.
DF = DFghg + DFaer.
Here, the contribution of greenhouse gases DFghg over the industrial period is about 2.6 Wm-2 and is known
relatively accurate as indicated by the Intergovernmental Panel on Climate Change (IPCC, see Figure 2-1).
However, the contribution of aerosols is largely uncertain and the IPCC indicates a range from about +0.5 Wm-2
to -2.0 Wm-2. So, the uncertainty in aerosol radiative forcing poses a severe limitation to estimate the climate
sensitivity. This means that the historical temperature record can be equally well reproduced by a climate model
with small amount of aerosol cooling, and a small climate sensitivity, or by a climate model with a large amount
of aerosol cooling, and a large climate sensitivity. Two such model simulations are shown respectively by the blue
and red line in Figure 2-2 (adopted from /Knutti and Hegerl, 2008/). Despite the fact that these two models
reproduce the historical temperature record equally well, they do give a very different prediction for the
temperature change in the 21st century, with difference between ~2.5 K and ~6 K for the year 2100. Clearly, a
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better understanding of the aerosol radiative forcing is essential in order to obtain reliable predictions for future
temperature change.

Figure 2-2 (adopted from /Knutti and Hegerl,
2008/): Global temperature change since the
year 1900 as simulated by a climate model with
small amount of aerosol cooling, and a small
climate sensitivity (blue line), and by a climate
model with a large amount of aerosol cooling
and a large climate sensitivity (red line).

2.1.1

Radiative Forcing by Aerosols

Aerosols affect climate directly by scattering and absorption of solar radiation, and by scattering, absorption, and
emission of thermal radiation. The corresponding radiative forcing is indicated as the direct aerosol radiative
forcing. Aerosols also affect the climate indirectly by changing the macro-physical and microphysical properties of
clouds (indirect and semi-direct effect).
The Direct Aerosol Effect
In the latest (5th) assessment report of the IPCC the direct aerosol radiative forcing is estimated to be -0.3 Wm-2
with an uncertainty of 0.5 Wm-2 at the 90% confidence level.

This is an increase in uncertainty of 0.1 Wm-2

compared to IPCC 4th assessment report (AR4) which seemed to suggest a better quantification of the direct
forcing compared to AR-3.
The study of /Loeb and Su, 2010/ suggests that the uncertainty on the direct aerosol radiative forcing
may be even factor 2-4 greater than the value cited in the latest IPCC assessment. /Loeb and Su, 2010/ obtained
their results by analyzing the effect on the radiative forcing when perturbing aerosol properties such as Aerosol
Optical Thickness (AOT), Single Scattering Albedo (SSA), asymmetry parameter of the scattering phase function,
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aerosol scale height, anthropogenic fraction) within realistic uncertainty bounds. Hence, their results are not
dependent on the different assumptions made in climate models. Insufficient knowledge of the aerosol single
scattering albedo was found to have the largest effect on the uncertainty on the direct aerosol radiative forcing.

Figure 2-3 (from /Stevens and Feingold, 2009/):
Schematic explanation of the first and second
aerosol indirect effect .
Aerosol Effects on Clouds (Indirect and Semi-Direct effects)
Aerosols can affect cloud properties in various ways, as described in the review paper by /Lohmann and Feichter,
2005/. A short summary will be given here. The first indirect effect, referred to as the "Twomey effect" or "cloud
albedo effect", is the effect that an increase in aerosol concentration leads to a cloud with more but smaller cloud
droplets, which results in a higher reflectivity of the cloud (/Twomey, 1959/). The second aerosol indirect effect is
the effect that smaller cloud droplets (due to more aerosol particles competing for the same amount of water
vapor) decrease the precipitation efficiency which results in a prolonged cloud lifetime. For a schematic
explanation of the first and second aerosol indirect effect see Figure 2-3 (adopted from /Stevens and Feingold,
2009/). The semi-direct aerosol effect is the effect that absorption of solar radiation by soot particles or mineral
dust warms the atmospheric aerosol layer, which could hinder cloud formation or cause cloud droplets to
evaporate [/Lohmann and Feichter, 2001/; /Penner et al, 2003/; /Koren et al, 2004/]. Aerosols can also affect
mixed-phase clouds through the thermodynamic effect (smaller droplets leads to delay in freezing) and the
Glaciation indirect effect (more ice nuclei increase the precipitation efficiency). For more details we refer to the
paper of /Lohman and Feichter, 2005/, and references therein. Clouds are an important regulator of the Earth's
radiation budget. About 60% of the Earth surface is covered with clouds. On global average, clouds cool the
Earth-
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atmosphere system, as the energy loss of 48 Wm-2 (by
reflection back to space) is only partially compensated
(30 Wm-2) by trapped infrared radiation by clouds.
Small changes in macrophysical and microphysical
properties can have a significant effect on climate. For
example, a 5% increase of the shortwave cloud forcing
would compensate the increase in greenhouse gases in
the period 1750-2000 [/Ramaswamy et al., 2001/].
Hence, it is extremely important to understand and
quantify the effects of aerosols on cloud properties.
The overall aerosol effect related to clouds is generally
considered to be larger and even less well understood
than the aerosol direct effect. In the latest IPCC
assessment report the radiative forcing due to the
aerosol indirect effect is estimated to be between 0.06 and -1.33 Wm-2 with a median value of -0.55
Wm-2.

/Lohmann et al.,2010/ nicely summarized

different estimates of the indirect aerosol radiative
forcing as a function of publication year (see Figure 2-

Figure 2-4: Estimates of the indirect aerosol radiative

4). From this figure it follows that estimates of the first

effect as function of publication year. The figure is

indirect effect range between -0.2 and -1.5 Wm-2

adopted from /Lohmann et al., 2010/

whereas the estimates that also include the cloud
lifetime effect range between about +0.1 and -2.0 Wm-2. The range between the different estimates of the
indirect aerosol effect, which is a measure for the uncertainty, did hardly narrow from the early 1990s till
present. Most of the estimates shown in Figure 2-4 [/Lohmann et al., 2010/] are based on simulations of Global
Circulation Models (GCMs) but some estimates include empirical relationships between aerosols and cloud
properties from satellite data or are solely based on satellite data. The estimates that are (partly) based on
satellites yield smaller negative forcing (less cooling) than the GCM estimates, but it should be noted that
aerosol-cloud relationships from currently available satellite products give rise to numerous problems (see
below).
In the past decades, our understanding of aerosols and their potential effects on clouds and climate has
been significantly improved. However, this did not lead to a reduced uncertainty on quantitative estimates of the
total aerosol radiative forcing. In fact, intensified aerosol research after the 4th assessment report of the IPCC did
lead to the insight that the actual claimed uncertainties on the total aerosol direct radiative forcing are even
larger than those reported earlier by the IPCC. In the latest IPCC assesment (AR5) even a total positive aerosol
forcing cannot be excluded anymore.

2.2

Aerosols and Air Quality

Aerosol, in the context of air quality often referred to as ‘particulate matter’, is one of the key pollutants affecting
human health. The smallest particles can penetrate deep into our respiratory systems, and consequently present
a significant health-risk. Ground based measurement networks are set up worldwide to measure aerosol for air
quality applications. Despite their abundance, such networks by construction provide only local information.
Typically, ground based aerosol data classify air-quality by means of aerosol size as PM10 and PM2.5, while their
chemical composition can be achieved only by elaborate chemical analyses on a even more local scale. Aerosol
measurements obtained by satellite remote sensing have the potential to significantly contribute to air quality
research. These measurements, assimilated into atmospheric chemistry transport models, have the potential
capability to quantify aerosol sources, which is very important for air quality forecasts. Currently, data

SPECIFICATION

SPEXone

Doc. no.

: SRON-ISG-SP-2017-002

Issue

: 1.2

Date

: 13-3-2019

Page

: 10 of 31

assimilation of satellite aerosols data is almost exclusively restricted to the aerosol optical thickness. With these
data, aerosol sources can only be poorly quantified, as different combinations of various aerosol types
(originating from different sources) will lead to the same optical thickness. The key information that is missing to
make a significant advance in data assimilation of aerosols is the identification of aerosol type, which is an
important challenge in aerosol satellite remote sensing. This aspect is only to limited extend covered by current
and planned satellite instruments.

2.3

SpexOne Science Questions

The Science questions that SpexOne aims to address can be summarized as follows:
How large is the Direct Radiative Effect of Aerosols (DREA)?
•

What is the anthropogenic contribution to the DREA?

•

What is the contribution of different sources to the DREA?

•

What is the difference of the DREA contribution for cloudy and clear skies.

How large is the indirect effects of aerosols?
•

What is the relationship between aerosol and cloud properties?

•

How does the relationship depend on aerosol type?

•

How do absorbing aerosols affect cloud evaporation?

How do aerosols affect air quality?
•

What is the importance of different aerosol emissions?
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AEROSOL OBSERVATIONAL NEEDS FOR CLIMATE AND AIR QUALITY

3.1

Climate applications: Direct Radiative Effects

The direct aerosol effect refers to the effect of aerosols on climate through their interaction with solar radiation.
Aerosols that mainly scatter sunlight have a cooling effect on climate, while aerosols that absorb light mainly
warm the aerosol layer in the atmosphere. To determine the impact of aerosols on climate it is essential to know,
in addition to the Aerosol Optical Thickness (AOT) and the scattering phase function, to which extend aerosols
absorb solar radiation. Hereto, it is necessary to measure in addition the Single Scattering Albedo (SSA) or
Aerosol Absorption Optical Thickness (AAOT). Furthermore, the direct radiative effect of (either absorbing and/or
scattering) aerosols depends on the albedo of the underlying surface or cloud, while scattering aerosols are
mainly effective as climate forcing in clear skies. So, for the direct aerosol radiative effect auxiliary information
on surface reflection and cloud properties is needed in addition to aerosol properties above clouds. Finally, the
aerosol direct radiative effect depends on the aerosol layer height, especially for cloudy situations.
An alternative way to quantify the aerosol direct radiative effect above clouds is by calculating the
difference between the total outgoing irradiance and the outgoing irradiance for an atmosphere with only clouds.
Here, the total outgoing irradiance can be estimated from the measured spectral radiance. Currently, this is being
done from single viewing angle radiance measurements but this estimate can be significantly improved using
multi-angle measurements. To best estimate the outgoing irradiance combined measurements of cloud and
aerosol properties are needed.
To summarize, the following observational needs exist for an improved quantification of the direct aerosol
effect:
•
•
•
•
•
•
•

Spectrally Resolved Aerosol Optical Thickness (AOT)
Spectrally Resolved Single Scattering Albedo (SSA)
Aerosol Phase Function
Aerosol Layer Height
Cloud Properties (Optical Thickness, effective radius, height, fraction)
Surface Bidirectional Reflection Distribution Function (BRDF)
Multidirectional Radiance Measurements from the UV to the SWIR.

For a better understanding of aerosol-climate interactions (e.g. dust, sea salt, biogenic aerosols) and
determination of the impact of various aerosol types of different anthropogenic origin (e.g. industrial, biomass
burning), it is important to relate the direct aerosol radiative effects to specific aerosol sources. For this purpose
additional information on aerosol type / chemical composition (a.o through complex refractive index and particle
shape) is needed. Only through such aerosol type characterization the anthropogenic contribution to the direct
climate effects can be derived.

3.2

Climate Applications: Aerosol Effects on Clouds

To quantify the indirect aerosol effects a good proxy for the concentrations of Cloud Condensation Nuclei (CCN)
at cloud base is needed. In many current studies the AOT is used as proxy for CCN at cloud base but this is not
sufficient. To improve on this, information on aerosol layer height, aerosol type, and aerosol size distribution is
needed, preferably for aerosol particles in ‘dry’ form (i.e. without water). From the cloud perspective information
on cloud droplet size distribution and optical thickness are required. It would be extremely valuable if the cloud
droplet concentration can be derived without adiabatic assumptions. Additionally cloud droplet size distribution
and optical thickness would be needed. For ice clouds ice crystal concentration, crystal
size, and crystal shape are required, and to determine for the semi-direct effect also information on aerosol
absorption is needed.
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The following observational needs exist to better quantify the aerosol effects on clouds:
•
Aerosol Height
•
Aerosol Amount
•
Aerosol Type
•
(dry) Aerosol Size Distribution.
•
SSA or AAOT.
•
Cloud Droplet Concentration
•
Cloud Droplet Size
•
Ice Crystal Concentration
•
Ice Crystal Size
•
Ice Crystal Shape
•
Cloud Optical Thickness
For the indirect aerosol climate forcing and anthropogenic contribution to the observed aerosol changes and
variability it is important to relate the indirect aerosol radiative effect to specific aerosol sources. For this purpose
information on aerosol type / chemical composition (a.o through complex refractive index and particle shape) is
needed.

3.3

Aerosol modeling / Emissions / Air Quality

Current comparisons between global Chemistry Transport Models (CTMs) / Climate Models and aerosol satellite
observations are mostly limited to the AOT. Here, good agreement can be obtained despite still limited modeling
of the exact regionally varying aerosol composition. The aerosol complex refraction index gives important
additional information for model evaluation and provides insight in how well a model can simulate the aerosol
composition, including Inorganics (Sulfate, Nitrate, and Ammonium), Organic Carbon, Black Carbon, Dust, Sea
Salt, and water content.
The sensitivity of refractive index to aerosol composition is also expected to be very useful for air quality
applications, such as monitoring and forecasting of air quality. In the Netherlands (TNO, RIVM, KNMI) the
LOTOS-EUROS model is used for assimilating satellite data for air quality applications. The assimilation of satellite
data to improve air quality analysis and forecasts is already very mature for trace gases such as NO2. However,
assimilating aerosols (PM - Particulate Matter) is still a very big challenge. Currently, assimilation systems such
as LOTOS-EUROS make use of satellite measurements of the AOT. Although this obviously improves the modeled
AOT fields, modeled PM fields so far are hardly improved. Also, source apportionment is very limited when only
AOT fields are assimilated. To improve this, information on aerosol type/composition is needed. Furthermore,
information on the aerosol size distribution is needed because the finest particles are most harmful for human
health. Furthermore, information on aerosol layer height is required for air quality.
Another important topic is aerosol emissions by biomass burning. Aerosol emissions caused by fires are very
uncertain, witnessing the factor of 3 mismatch between bottom-up and top-down estimates. Global scale
information on the ratio between Organic Carbon (OC) and Black Carbon (BC) will help in better characterizing
fires (smoldering / flaming) and will allow to quantify their impact on climate through aerosol radiative effects.
Information on aerosol height is also important for the climate effects of biomass burning aerosols.
The following observational needs exist to improve data assimilation for aerosol air quality monitoring and
forecast
•
Aerosol amount.
•
Complex refractive index (aerosol type/composition), also in relation to characterize biomass burning
emissions
•
Aerosol size distribution
•
Aerosol layer height
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CURRENT AEROSOL REMOTE SENSING CAPABILITIES

The majority of satellite instruments used for aerosol retrieval are passive instruments, which means that they
rely on the sun as a light source. An exception is the CALIOP instrument /Winker et al., 2010/ which is a LIDAR
that provides accurate information on the vertical distribution of aerosols and clouds at high resolution.
From the passive satellite instruments used for aerosol retrieval, most are based on multi-wavelength, singleviewing angle observations of the intensity of light reflected from the Earth atmosphere and surface. With this
type of instruments it is possible to derive the Aerosol Optical Thickness (AOT) and some semi-quantitative
aerosol microphysical properties, such as Angstrom exponent (wavelength dependence of AOT as proxy for size)
and fine mode fraction, but the retrievals rely heavily on the assumed microphysical aerosol model /Kokhanovsky
et al., 2010/. Retrievals are much less reliable over land than over the dark ocean, because over land accurate a
priori information on surface reflection is needed. The most widely used single viewing angle intensity instrument
is the MODerate resolution Imaging Spectroradiometer (MODIS) which flies on both the NASA satellites Terra and
Aqua. Other examples are the Medium Resolution Imaging Spectrometer (MERIS) on ENVISAT, the Advanced
Very High Resolution Radiometer (AVHRR) on METOP (but a long record exists dating back to 1981 on various
platforms), and the Ozone Monitoring Instrument (OMI) on Aura (NASA).
The next category of instruments measures the intensity in multiple viewing geometries of one ground
scene, such as the Multiangle Imaging SpectroRadiometer (MISR) on the NASA Terra satellite. The multi-viewing
capability helps in separating atmospheric scattering from surface reflection and also allows one to distinguish
two to four compositional groups based on refractive index, and four size groups in the range of 0.1–2.0 micron
(/Kahn et al., 1998/). The Advanced Along Track Scattering Radiometer (AATSR) observes one ground scene
under 2 viewing angles and hence also falls in this class of instruments.
Aerosol properties can only be unambiguously determined from instruments that measure both intensity
and polarization at multiple viewing angles for one scene (/Mishchenko and Travis, 1997/, /Hasekamp and
Landgraf, 2007/). The only instrument of this type that has provided a multi-year data record is the POLarization
and Directionality of Earth Reflectances-3 (POLDER-3) instrument on the PARASOL microsatellite, in orbit
between 2004-2013. The retrieval algorithms used for the operational aerosol data products of POLDER do not
make full use of the information contained in the measurements. However, the recent studies by /Dubovik et al.,
2011/, /Hasekamp et al., 2011/ and /Tanre et al., 2011/ do fully exploit this information, and provide insight in
the capabilities and limitations of the POLDER instrument, which has the highest aerosol retrieval capability of all
(passive) instruments currently in space. The Aerosol Polarimetry Sensor (APS), with higher polarimetric
accuracy, more viewing angles, and an extended spectral range compared to POLDER, unfortunately failed for
launch in March 2011.
In the past years, satellite observations have played an increasingly important role in attempts to
quantify the direct and indirect anthropogenic aerosol forcings on climate. For example, efforts have been made
to use (mostly) MODIS satellite observations to estimate Direct Aerosol Radiative Effect (DREA) [e.g. /Bellouin et
al, 2005; 2008/; /Kaufmann et al, 2005/; /Chung et al., 2005/; /Remer et al, 2009/]. A limitation of these
studies is that the Single Scattering Absorption (SSA), indicative for aerosol absorption, is being taken from
aerosol models. These models are known to be very inaccurate in SSA (/Lacagnina et al;., 2015/) while accurate
SSA measurements are of crucial importance to DREA estimates /Loeb and Su, 2010/. In a first attempt to come
with an improved DREA estimate, /Lacagnina et al, 2017/ used newly available information on SSA from the
PARASOL satellite. Although this first DREA estimate based on SSA observations shows significant differences
with earlier observational based estimates, the authors conclude that more accurate SSA information is needed
to draw definite conclusions. Indeed, PARASOL SSA accuracy is about 0.05 which is a factor ~2 higher than
requirements formulated within the NASA ACE study /ACE/
(https://acemission.gsfc.nasa.gov/documents/ACE_Report5_Aerosol_Science_v7.pdf) and the Global Climate
Observing System /GCOS/ (https://www.ncdc.noaa.gov/gosic/gcos-essential-climate-variable-ecv-data-accessmatrix/gcos-atmosphere-composition-ecv-aerosols-properties).
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Also, many observational studies have been published looking at the cloud albedo effect (1st indirect effect) using
e.g. MODIS (e.g. /Kaufman et al, 2005/, /Quaas et al, 2008/), ATSR-2 (e.g. /Bulgin et al., 2008/) or POLDER
(e.g. /Breon et al., 2002/). These studies mostly point to a positive correlation between AOT and effective cloud
droplet number concentration and a negative correlation between AOT and cloud droplet effective radius. Only for
ATSR-2 observations the latter correlation was found to be positive in some cases. Moreover, numerous studies
have been published indicating that satellite data show a positive correlation between AOT and Total Cloud Cover
(TCC) (/Sekiguchi et al., 2003/, /Loeb and Manalo-Smith, 2005/, /Kaufman et al, 2005/, /Matheson et al., 2006/,
/Kaufman and Koren, 2006/, /Menon et al, 2008/, /Quaas et al., 2008/). Such a relationship could provide
evidence for the aerosol cloud lifetime effect (2nd indirect effect), and interpreting the relationships provided by
satellites would imply a 3% increase in global cloud cover due to anthropogenic aerosols (/Kaufman and Koren,
2006/). The corresponding negative forcing would be almost enough to compensate a doubling in CO2
concentration (/Slingo, 1992/). However, there is an ongoing debate in the recent literature whether the satellite
derived relationships between AOT and cloud cover are caused by the cloud-lifetime effect or rather by retrieval
artifacts or appararent correlations. [e.g. /Stevens and Feingold, 2009/, /Quaas et al., 2010/]. Indeed,
/Gryspeerdt et al., 2016/ conclude that for a substantial part AOT- cloud fraction relations can be explained by
aerosol swelling in the vicinity of cloud due to enhanced humidity.
Overall, current estimates of the direct and indirect aerosol radiative forcing that are based on satellite
observations suffer from a number of important limitations (see e.g. /Stevens and Feingold, 2009/, /Quaas et al.,
2010/, /Brandey and Stier, 2010/). The most important of these limitations are summarized below:
•

Aerosol absorption:

Current satellite products do not provide sufficient information on aerosol absorption. There have been some
attempts to derive the aerosol SSA from MODIS using the "critical reflectance method [/Kaufman, 1989/, /Zhu et
al., 2011/] but this method can only be applied to observations at a certain surface albedo and, even more
important, the accuracy of the method is significantly worse than what would be needed to be used in direct
aerosol radiative forcing studies. Retrieval of aerosol SSA from UV measurements of TOMS and OMI [/Torres et
al., 1998/] are restricted to the UV spectral range only whereas information on a broader spectral range is
needed for radiative forcing estimations. With PARASOL an important step is made in providing satellite derived
SSA products (/Hasekamp et al., 2011/, /Dubovik et al., 2011/, /Lacagnina et al., 2015; 2017/) but still a factor
~2 improvement is needed in SSA accuracy to reach the requirements as formulated within the NASA ACE
studies and GCOS. As noted above, accurate knowledge on the aerosol SSA is critical for aerosol direct effect
calculations (/Loeb and Su, 2010/). Hence, improved measurements of SSA are needed.
•

Anthropogenic fraction

In order to estimate the effect of anthropogenic aerosols on climate, it is essential to know the fraction of
anthropogenic and natural aerosols. When estimating the fraction of anthropogenic aerosols from MODIS data, it
is often assumed that all fine mode aerosols are anthropogenic. This is a very crude assumption that results in
large uncertainties in the anthropogenic fraction [/Levy et al., 2007/, /Anderson et al., 2005/; /Chu et al.,
2005/]. In order to determine the fraction of anthropogenic aerosols more accurately, information on aerosol
type is needed in addition to accurate size distribution retrievals. Aerosol complex refractive index and sphericity
are important indicator for aerosol type (e.g. /Russel et al, 2014/, /Li et al., 2013/, /van Beelen et al., 2014/).
Current satellites do not provide this information with sufficient accuracy.

•

Aerosol swelling near clouds
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Most satellite based studies find a positive relationship between AOT and total cloud cover, which sometimes is
considered as evidence of the 2nd aerosol indirect effect (cloud lifetime effect). However, a recent study by
/Quaas et al., 2010/, /Gryspeerdt et al., 2016/ indicates that relationships between AOT and total cloud cover
can to a large extend be explained by the fact that in areas close to clouds, where the relative humidity is high,
aerosol size increases considerable due to water uptake (depending on aerosol type). This leads to an increase in
AOT, while the aerosol number concentration remains the same. This effect rsults in an apparent relationship
between aerosols and total cloud cover but is not due to the aerosol effects on clouds. In order to account for this
effect the amount of water uptake needs to be quantified.

•

Model validation with AOT

Models will remain an essential tool to predict future climate, and hence a correct representation of aerosol
effects on clouds and climate in these models is of utmost importance. In order for models to quantify the
present-day radiative, models must be able to accurately calculate aerosol distributions and the corresponding
microphysical and optical properties. Till now, model performance evaluation with satellite observations has been
mostly restricted to measurements of the AOT. However, the same AOT values can be generated by different
models for quite different mixtures of aerosol species, and hence aerosol microphysical and absorption properties
(/Kinne et al, 2006/, /Lacagnina et al., 2014/). Comparison of more detailed aerosol properties (optical and
microphysical) is needed to evaluate and improve model performance.
•

Aerosol height

To study the interaction of clouds and aerosols, the aerosol height distribution is an important property to be
measured, because aerosols can only interact with clouds if they are at the same altitude level. With most
current passive remote sensing instruments it is very difficult to estimate the height of an aerosol layer. With
active sensors, such as CALIOP/CALIPSO and Earthcare (to be launched by ESA in 2019) aerosol height can be
accurately estimated but on cost of very sparse spatial coverage.
In conclusion, aerosol measurements from space are extremely challenging due to the large number of
parameters involved and because of the difficulty of distinguishing the aerosol signal from the land-surface
signal. To advance our understanding of the aerosol effect on climate and air quality, a multi-instrument/mission
approach is needed including both active and passive sensors. For the passive sensors, there is growing
consensus that multi-angle measurements of intensity and polarization are inevitable. The 3MI instrument on the
operational METOP-SG mission of EUMETSAT will resume the observations of the POLDER instruments that
provided observations in 1995/1996, 1997/1998, and between 2004-2013. 3MI uses the same filter-wheel
technology as the POLDER instruments allowing for large spatial coverage but with limited accuracy of the
polarization measurements. Earthcare will provide accurate information on the aerosol vertical distribution as
identified in e.g. the NASA /ACE/ studies and /GCOS/. In particular, within NASA-ACE high accuracy polarimetry
is identified as an important tool to enhance our knowledge on atmospheric aerosols.
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SPEXONE LEVEL-2 PRODUCTS
Qualitative description

Aerosol Optical Properties.
Global measurements of AOT, phase function, and especially SSA or AAOT are needed for quantification of the
direct and semi-direct aerosol effects. SPEXone will provide these quantities with unprecedented accuracy. In
particular the high accuracy measurements of SSA will allow significant advances in quantification and
understanding of the aerosol direct radiative effect.
Aerosol Height
Aerosol height is an important property for all applications considered here (direct effect, indirect effect, air
quality, modeling, fires). SPEXone will provide an aerosol layer height product with an accuracy that is
unprecedented for a passive remote sensing instrument. This information can be derived from polarimetric
measurements in the near-UV where elevated aerosol layers affect the measured polarization by (partly)
shielding the Rayleigh scattering signal. Studies with the Research Scanning Polarimeter have demonstrated that
this is a powerful tool for aerosol height retrieval /Wu et al., 2016/. The information can be further improved by
combination with the multi-angle measurements in the O2 a-band from SPEXone. The ultimate goal for an
aerosol mission would be to combine a SPEX instrument with a LIDAR which is foreseen for the NASA-ACE
mission, of which PACE is the pre-cursor. For selected scenes synergetic retrievals from SpexOne and the
EarthCare LIDAR will be possible.
Aerosol Composition / Type
Information on aerosol composition and type is very important for the different applications. SPEXone will provide
information on aerosol composition / type mostly through the complex refractive index. From studies using
refractive index data from ground based AERONET measurements it has been demonstrated that it is possible to
distinguish between Mineral Dust, Black Carbon, Organic Carbon, Inorganic Aerosol, and Water. The most
important limitations for these AERONET based studies is the accuracy of the inferred refractive index and the
fact that AERONET does not provide refractive indices separately for the fine and coarse mode. SPEXone will
improve on both aspects, which allows a more accurate retrieval of the different aerosol components (including
water) and also to separate between Mineral Dust and Sea-Spray aerosol. For further distinction between
different inorganic aerosols synergy with aerosol precursor gas measurements from the geo-stationary satellites
(Sentinel-4, TEMPO, GEMS) is expected to be a powerful tool.
Aerosol Size
Information on aerosol size is important for aerosol indirect effect studies and air quality applications. For the
aerosol indirect effect, the aerosol size distribution is needed to obtain a good proxy for CCN information,
preferably for particles in dry form. SPEXone provides aerosol size distribution information with unprecedented
remote sensing accuracy. The aerosol water amount can be estimated from the refractive index (see above),
which allows to obtain also the size distribution of the dry aerosol particles. For air quality applications, SPEXone
can derive effective radius for values down to 0.05-0.1 micron, which is expected to provide important
information for PM10 or PM2.5 monitoring and forecasts.
Cloud Properties
For aerosol indirect effect studies, cloud properties need to be measured in addition to aerosol properties. For
Cloud properties PACE depends on the combination of SPEXone, HARP, and OCI. OCI will provide information on
cloud droplet effective radius, cloud optical thickness, and cloud fraction. HARP combined with SpexOne will

SPECIFICATION

SPEXone

Doc. no.

: SRON-ISG-SP-2017-002

Issue

: 1.2

Date

: 13-3-2019

Page

: 17 of 31

deliver cloud height, cloud geometrical thickness, phase (ice / liquid), ice crystal aspect ratio and roughness, and
an independent measure of cloud optical thickness. For stratiform clouds, the cloud droplet concentration can be
derived from the COT, droplet size distribution, and cloud pressure thickness. Cloud droplet concentration is
considered a very important cloud property that presently cannot be obtained from passive remote sensing.

5.2 Level-2 Requirements
This section presents the level-2 geophysical data products and the corresponding accuracy requirements needed
to address the science questions formulated above, are given in this section. These requirements are adopted
from studies performed for the NASA /ACE/ studies and /GCOS/.
Given the expected budget being available, for SpexOne the choice has been made to focus on the accuracy
requirements in the studies mentioned above rather than on coverage. The SpexOne instrument is
complimentary to 3MI with focus on a very high polarimetric accuracy (order of magnitude better than 3MI),
measurements in the near-UV (down to 385 nm), high spatial sampling, and many measurements per individual
ground pixel. This allows to make the next step in aerosol characterization needed to improve our understanding
of the aerosol-climate effect, but with a reduced spatial coverage (swath of ~100 km). This means that the focus
of SpexOne is on the science questions related to climate (direct and indirect effect) for which a swath of 100 km
is sufficient (/Geogdzhayev et al., 2013/). Combination with the other instruments on PACE (the HyperAngular
Rainbob Polarimeter - HARP and the Ocean Color Instrument - OCI), which provide very detailed and accurate
information on clouds, the climate related science questions can be adressed with unprecedented accuracy. For
air quality, a swath of 100 km of SpexOne itself is not sufficient to be used in air-quality forecasting. However,
the SpexOne data are still very useful for validation of models - leading to a better understanding of aerosol
processes. Furthermore, SpexOne data will together with OCI and HARP data be assimilated in the GEOS-5 model
of NASA-GSFC. The assimilated product will be of great value to air quality monitoring.

5.2.1

Requirements on aerosol properties

Requirement lv2-aerosol-01
The aerosol optical thickness (AOT) shall be measured with an accuracy better than the largest of 0.03 or 10%.
This accuracy is needed to improve on current estimates of direct aerosol radiative forcing.
Requirement lv2-aerosol-02
The aerosol Single Scattering Albedo (SSA) shall be measured with an accuracy better than 0.02 (Goal)-0.03
(threshold). This accuracy is needed to improve on current estimates of direct aerosol radiative forcing.
Requirement lv2-aerosol-03
The accuracy of the aerosol effective radius of fine and coarse mode aerosols shall be measured with an accuracy
10%. This accuracy is needed for: 1) determining the fraction of aerosols capable of acting as Cloud
Condensation Nucleus (CCN) /Rosenfeld, 2006/ 2) determining aerosol water uptake (together with refractive
index)..
Requirement lv2-aerosol-04
The accuracy of the aerosol effective variance of fine and coarse mode aerosols shall be measured with an
accuracy better than 50%.
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Requirement lv2-aerosol-05
The accuracy of the real part of the refractive index of the fine and coarse mode shall be measured with an
accuracy better than 0.02. This accuracy is needed for aerosol type identification and for determining aerosol
water uptake.
Requirement lv2-aerosol-06
The accuracy of the imaginary part of the refractive index of the fine and coarse mode shall be measured with an
accuracy which is the largest 0.001 or 15%. This accuracy is needed for aerosol type identification and for
determining aerosol water uptake.
Requirement lv2-aerosol-07
The accuracy of the aerosol column (cm-2) of the fine and coarse mode shall be better than its order of
magnitude. This accuracy is needed to identify aerosol cloud relationships (cloud albedo effect, cloud lifetime
effect, semi-direct effect), direct aerosol forcing under cloudy conditions, and to characterize the radiative
properties of the Twilight Zone.
Requirement lv2-aerosol-08
The accuracy of the aerosol layer height shall be measured with an accuracy better than 500 meter. This
accuracy is needed to determine whether aerosols are located below or above a cloud and whether they are able
to interact with clouds (ice or water)

5.2.2

Requirements on cloud properties

Requirement lv2-cloud-01
The Cloud Optical Thickness (COT) shall be measured with an accuracy better than the largest of 0.10 or 10%.
This accuracy is needed to determine the cloud radiative properties, and the effect of aerosols thereon, with
sufficient accuracy.
Requirement lv2-cloud-02
The cloud top and base height shall be determined with an accuracy of 100 meter. (TBD).
Requirement lv2-cloud-03
The cloud droplet effective radius shall be measured with an accuracy better than the largest of 0.10 micron or
10%. This accuracy is needed to monitor the effect of aerosols on cloud droplet size (indirect effect)
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INSTRUMENT REQUIREMENTS

The level-2 requirements of section 5.2 result in a number of instrument and level-1 requirements that are given
in this section. These requirements are based on a number of sensitivity studies that relate requirements on
aerosol properties to measurement characteristics for a satellite instrument [/Hasekamp and Landgraf, 2007/,
/Veefkind et al., 2008/, /Hasekamp, 2010/, /Wu et al., 2015;2016/].
Requirement lv1-01
The instrument shall perform multi-spectral, multi-viewing-angle measurements of both intensity as well as
degree of linear polarization (DoLP) of light reflected by the Earth atmosphere and surface. As shown by e.g.
/Mishchenko and Travis, 1997/, /Chowdhary et al. 2001/, /Hasekamp and Landgraf, 2007/, and /Hasekamp,
2010/ this is the only instrument concept that allows to determine all relevant aerosol properties unambiguously.
Requirement lv1-02
Intensity and DoLP shall be measured in the VIS/NIR in the range 385-770 nm. The lower wavelength limit is
driven by the accurate characterization of fine mode aerosols, Aerosol Layer Height, and for the characterization
of absorbing aerosols. Also, the short wavelength edge is important for atmospheric correction for ocean color
remote sensing. The long wavelength limit is driven by the need to include the O2 a-band, and to derive
sufficient information on aerosol size.
Requirement lv1-03
The intensity shall be measured with a spectral resolution of 4 nm in the continuum (i.e. outside the O2 a- band).
For the VIS/NIR spectral range aerosol shows a relatively strong spectral signature. Also for ocean applications
spectrally resolved measurements in the (near-)UV and blue have added value. For the O2 a-band a 2nm
spectral resolution for the radiance measurements is needed in order to resolve the O2 a-band absorption
structure.

Requirement lv1-04
The DoLP shall be measured with a spectral resolution of 15 nm (@385 nm) – 40 nm (@770 nm) . This spectral
resolution is sufficient to resolve all continuum features that are sensitive to aerosol properties
Requirement lv1-05
The Degree of Linear Polarization (DoLP) shall be measured with an accuracy of 0.003 in DoLP . This accuracy is
needed to achieve the required accuracy for refractive index and single scattering albedo [/Hasekamp and
Landgraf, 2007/, and /Hasekamp, 2010/].
Requirement lv1-06
The intensity shall be measured with an accuracy better than 2%. This accuracy is needed to achieve the
required accuracy in aerosol optical thickness and single scattering albedo [/Hasekamp and Landgraf, 2007/, and
/Hasekamp, 2010/]. The Signal to Noise Ratio (SNR) shall be better than 300 for the reference spectrum with
moderate AOT over a dark ocean and a Solar Zenith Angle (SZA) of 70o. This SNR is defined at the required
spectral and spatial resolution of polarization measurements.

Requirement lv1-07
Multi-viewing-angle observations shall be performed in the range +-57o (threshold). These angles are defined at
ground level.
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Requirement lv1-08
The intensity and Degree of Linear Polarization for one ground pixel shall be measured at at least 5 viewing. A
recent study has shown that 5 viewing angles are sufficient for aerosol characterization [Wu et al, 2015]. For
cloud characterization more angles (>20) are required. These measurements will be provided by the HARP
instrument on PACE.
Requirement lv1-09
The common swath width of all viewing angles of the instrument shall be 100 km or larger.
Requirement lv1-10
The spatial resolution shall be better than 25 km2 in order to have as much as possible scenes that are cloud
free (or have only small cloud contamination) or homogeneously cloudy. The meaning of this spatial resolution
requirement is that 55-60% of the integrated energy (for homogeneous illumination) should originate from a
given 25 km2 ground scene, and 90-95% should originate from an 100 km2 scene, and >99% from a 225 km2
scene. The Point Spread Function (PSF) shall be monotonically-decreasing function peaking at the spatial pixel
under consideration.
Requirement lv1-11
The aspect ratio of the along track and across track dimensions of a spatial resolution element that corresponds
to a 25 km2 footprint shall be in the range 0.5 – 2.
Requirement lv1-12
The spatial sampling distance shall be a factor 1.5(T)-2(G) smaller than the dimensions of the spatial
resolution element, in both the along track and across track direction.
This ensures that regridding on a common grid with a grid size equal to the spatial resolution element is possible
for all viewing angles. In the end, all viewing directions will need to be re-constructed on a common spatial grid
that needs to meet the spatial resolution requirement.
Requirement lv1-13
The uncertainty in the pointing knowledge of all viewing directions of the instrument shall be smaller than 0.1
spatial sampling distance (3-sigma) in both the along track and across track direction.
Requirement lv1-14
The instrument shall meet its performance for all observations with solar zenith angles of 70o or smaller.
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Table 1: Overview of high-level L1 requirements of the SPEXlite-PACE polarimeter.
Parameter

VNIR

swath

100 km

(common for all angles)
angular range (on ground)

+/- 57o

# viewing angles

5

spectral range

385-770 nm

spectral resolution intensity

4 nm continuum
2 nm O2 a-band (755-770 nm)

spectral resolution DoLP

15 nm @385 nm
40 nm @770 nm

spatial resolution

1

25 km2

(for all angles)
aspect ratio along track / across track

0.5 - 2

spatial sampling ratio

1.5 (T) - 2(G)

polarimetric accuracy

0.003

radiometric accuracy

2%

pointing accuracy

0.1 spatial sampling distance

(for all angles)
Signal to Noise Ration (SNR)

300

at required resolution, spatial sampling 25
km2, SZA = 70o, LER values of Table 4
(Appendix A)
Dynamic range: minimum value

LER values of Table 4 (Appendix A) for SZA=70o

Dynamic range: maximum value2

LER of 1.1, SZA = 15o

science observation range

SZA < 70 o

1

Spatial resolution is defined as the area on Earth from which 55-60% of the integrated energy shall originate.
90-95% of the energy shall originate from an area that is 4 times as large (factor 2 in both spatial dimensions).
>99% of the energy shall originate from an area that is 9 times as large (factor 3 in both spatial dimensions).
2
Note that the actual value for the maximum signal may be significantly larger over sun-glint, so the
instrument should ‘survive’ larger values.
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RELATION BETWEEN SCIENCE AND INSTRUMENT REQUIREMENTS

Table 2 summarizes the aerosol and cloud properties that are needed for the different applications of SpexOne on
PACE.
Table 2: Aerosol and cloud measurements that are needed for the different applications of SpexOne on PACE as
follows from /GCOS/ and /ACE/ and references therein (a.o. /Mishchenko et al., 2004/, /Loeb and Su, 2010/).
Cloud properties will be obtained from synergy SpexOne, HARP, OCI.
Application
Aerosol
properties

Cloud
properties

Direct
•
•
•
•
•

•
•
•
•

Radiative Effect of Aerosols
Spectrally resolved AOT
Spectrally Resolved SSA
Aerosol Phase Function
Aerosol Layer Height
Complex refractive index (to
distinguish contribution from
different sources (incl
anthropogenic)
Cloud optical thickness
Droplet effective radius
Top and base height
Cloud fraction

Aerosol effect on clouds
•
Aerosol Height
•
Aerosol Number
column
•
Aerosol Type
•
(dry) Aerosol Size
Distribution.
•
SSA or AAOT.

•
•
•
•
•
•
•

Cloud Droplet
Concentration
Cloud Droplet
Size
Ice Crystal
Concentration
Ice Crystal Size
Ice Crystal Shape
Cloud Optical
Thickness
Cloud fraction.

Air Quality
•
Aerosol number
column.
•
Complex
refractive index
•
Aerosol size
distribution
•
Aerosol layer
height
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Table 3 summarizes the level-1 requirements and relates them to the different level-2 requirements that are
driving them.

Table 3: Overview of the different level-1 requirements and the relation to the level-2 requirements that are
driving them
level-1 requirement

driving level-2 requirements

Motivation

lv1-01 (multi-angle, spectro

lv2-aerosol-01 - lv2-aerosol-09

important for all scientific

polarimetric measurements)
lv1-02 (lower wavelength limit)

objectives
lv2-aerosol-02

-fine mode aerosol properties

lv2-aerosol-06

- absorption

lv2-aerosol-07 (for small mode)

- Aerosol Layer Height

lv1-03 (spectral resolution

lv2-aerosol-08

-Retrieval of aerosol height

intensity)

lv2-cloud-02

distribution
-retrieval of cloud top/base height
- Capture spectral variation in DoLP
of aerosols and surface

lv1-04 (spectral resolution DolP)

Capture spectral variation in DoLP
of aerosols and surface

lv1-05 (polarimetric accuracy)

lv2-aerosol-01

- Refractive index retrieval for type

lv2-aerosol-02

identification and water uptake

lv2-aerosol-05

- Aerosol Layer Height retrieval

lv2-aerosol-09

- Single Scattering Albedo retrieval
(direct radiative forcing)
- Aerosol Optical Thickness
retrieval (direct radiative forcing)
- retrieval of aerosols close to and
above clouds

lv1-06 (radiometric accuracy)

lv2-aerosol-01

- Retrieval of optical thickness

lv2-aerosol-02

- Retrieval of single scattering
albedo

lv1-07 (angular range)

lv2-aerosol-01 - lv2-aerosol-07

The range of scattering angles

lv2-aerosol-08

affects all microphysical and optical
aerosol properties. The scattering
angle range 90-130 degrees is
most important for aerosol
retrieval. The range 135-145
degrees is important for aerosol
retrieval in cloudy scenes and cloud
retrievals.

lv1-08 (angular resolution)

lv2-aerosol-09

5 angles needed for aerosol
characterization

lv1-10 (spatial resolution)

- Detecting aerosol gradients
- As much as possible pixels with
small/no cloud cover
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APPENDIX: REFERENCE LER SPECTRUM FOR SNR

Table 4: Lambertian Equivalent Reflectance (LER) values
for solar zenith angle (SZA) of 70o, for the Signal to Noise Ratio
(SNR) requirement. The radiance at top of atmosphere
is given by F0 * COS(SZA) / PI, F0 being the solar flux
perpendicular to the solar beam.
wavelength [nm]

LER

0.370000E+03

0.279702E+00

0.380000E+03

0.262193E+00

0.390000E+03

0.245808E+00

0.400000E+03

0.230453E+00

0.410000E+03

0.216086E+00

0.420000E+03

0.202657E+00

0.430000E+03

0.190108E+00

0.440000E+03

0.178397E+00

0.450000E+03

0.167469E+00

0.460000E+03

0.157277E+00

0.470000E+03

0.147768E+00

0.480000E+03

0.138892E+00

0.490000E+03

0.130603E+00

0.500000E+03

0.122865E+00

0.510000E+03

0.115631E+00

0.520000E+03

0.108864E+00

0.530000E+03

0.102528E+00

0.540000E+03

0.965891E-01

0.550000E+03

0.910137E-01

0.560000E+03

0.857729E-01

0.570000E+03

0.808415E-01

0.580000E+03

0.761948E-01

0.590000E+03

0.718103E-01

0.600000E+03

0.676608E-01

0.610000E+03

0.637415E-01

0.620000E+03

0.600267E-01

0.630000E+03

0.564968E-01

0.640000E+03

0.531448E-01

0.650000E+03

0.499532E-01

0.660000E+03

0.469097E-01

0.670000E+03

0.440029E-01

0.680000E+03

0.412225E-01

0.690000E+03

0.400000E-01

0.700000E+03

0.400000E-01

0.710000E+03

0.400000E-01

0.720000E+03

0.400000E-01

0.730000E+03

0.400000E-01

SPECIFICATION

SPEXone
0.740000E+03

0.400000E-01

0.750000E+03

0.400000E-01

0.760000E+03

0.400000E-01

0.770000E+03

0.400000E-01
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