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Abstract. We have investigated the precision of retrieved Scheme for Clouds from the Oxygen A band (FRESCO):
aerosol parameters for a generic aerosol retrieval algorithniKoelemeijer et al., 2001; Semi-Analytical CloUd Retrieval
over vegetated land using the @ band. Chlorophyll flu-  Algorithm (SACURA): Rozanov and Kokhanovsky, 2004)
orescence is taken into account in the forward model. Flu-and also increasingly for aerosol retrieval. Current and future
orescence emissions are modeled as isotropic contributionsperational algorithms employ thex@ band for retrieval of
to the upwelling radiance field at the surface and they areaerosol parameters per se (e.g., Sanders et al., 2012; Dubuis-
retrieved along with aerosol parameters. Precision is calcuson et al., 2012) or for aerosol correction as part of a more
lated by propagating measurement errors and a priori errorgsonvolved trace gas retrieval (e.g., O'Dell et al., 2012; Butz
including model parameter errors, using the forward model'set al., 2012; Reuter et al., 2010; Yoshida et al., 2011). Re-
derivatives. Measurement errors consist of noise and calibraeently, advancements in the remote sensing of fluorescence
tion errors. The model parameter errors considered are reemissions from space using hyperspectral radiance measure-
lated to the single scattering albedo, surface pressure anghents have been made (Frankenberg et al., 2011a; Joiner et
temperature profile. We assume that measurement noise &., 2011, 2012b, 2013; Guanter et al., 2012). If the rela-
dominated by shot noise; thus, results apply to grating spectively small fluorescence signal is strong enough to enable
trometers in particular. We describe precision for various at-fluorescence retrieval from space, the question arises as to
mospheric states, observation geometries and spectral resthether fluorescence emissions will interfere with aerosol
olutions of the instrument in a number of retrieval simula- retrieval from the @ A band and, if so, of how to account
tions. These precision levels can be compared with user refor fluorescence in an aerosol retrieval algorithm.
quirements. A comparison of precision estimates with the A number of previous studies have investigated the po-
literature and an analysis of the dependence on the a pritential of the Q@ A band for retrieval of aerosol parame-
ori error in the fluorescence emission indicate that aerosoters.. Early papers discussing aerosol retrieval from th& O
parameters can be retrieved in the presence of chlorophylband are by Badayev and Malkevich (1978) and Gabella et
fluorescence: if fluorescence is present, fluorescence emisd. (1999). Corradini and Cervino (2006) have presented a
sions should be included in the state vector to avoid biases isimulation study of retrieval of the extinction profile for in-
retrieved aerosol parameters. strument characteristics of the SCanning Imaging Absorp-
tion spectroMeter for Atmospheric CHartographY (SCIA-
MACHY: Bovensmann et al., 1999). Actual case studies us-
ing hyperspectral @A band measurements have been per-
1 Introduction formed by Koppers and Murtagh (1997) using data from
the Global Ozone Monitoring Experiment (GOME: Bur-
Chlorophyll in terrestrial vegetation exhibits fluorescence inows et al., 1999), and by Kokhanovsky and Rozanov (2010)
the red and near-infrared wavelength range. The oxygen Aynd Sanghavi et al. (2012) using data from SCIAMACHY.

band at 760 nm is located in the fluorescence wavelength rexoppers and Murtagh (1997) have retrieved surface albedo
gion and is often used for cloud retrieval (e.g., Fast REtrieval
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simultaneously with aerosol optical thickness and height dis-as leaf and canopy models show that emissions at 770 nm
tribution, while in the retrievals proposed by Kokhanovsky can be smaller than emissions at 755nm by up to a factor
and Rozanov (2010) and Sanghavi et al. (2012) the surfacef 2 (e.g., Amoros-Lopez et al., 2008; Guanter et al., 2010).
albedo basically is a model parameter (i.e., surface albed@ linear wavelength dependence seems sufficient to describe
not fitted). Sensitivity studies to consolidate instrument re-the spectral behavior across the ®band.
quirements for @ A band aerosol retrieval include stud-  Fluorescence emissions are a slowly varying function of
ies for the Sentinel-4/5 missions (Ingmann et al., 2012) bywavelength. There are basically two mechanisms for re-
Siddans et al. (2007) and Hasekamp and Siddans (2009)rieving fluorescence emissions from space: the filling-in of
Sanders et al. (2012) prepare for aerosol layer height retrievafraunhofer lines and the filling-in of atmospheric absorption
with the TROPOspheric Monitoring Instrument (TROPOMI: bands (e.g., oxygen bands). The filling-in of atmospheric ab-
Veefkind et al., 2012) on the Sentinel-5 Precursor mission. Insorption bands occurs because photons emitted at the surface
none of these studies is the role of fluorescence emissions ipass the atmosphere only once, whereas photons reflected
retrieval of aerosol parameters discussed. by the surface pass the atmosphere twice before reaching
Furthermore, there are indications that the FRESCO cloudhe detector. These mechanisms make it, in principle, pos-
retrieval algorithm also provides information on aerosols sible to distinguish light reflected by the atmosphere—surface
when there are optically thick aerosol layers (Wang et al.,from fluorescence emissions. Figure 1 shows monochromatic
2012). Dubuisson et al. (2009) have presented a method to reeflectance spectra and simulated measurements at a spec-
trieve the altitude of aerosol plumes over ocean from the ratiaral resolution of 0.1 and 0.5 nm. The atmosphere contains
of reflectances in the two£A band channels of the MEdium aerosols (aerosol optical thickness at 760 nm of 0.4 and a
Resolution Imaging Spectrometer (MERIS: Rast et al., 1999)ayer pressure of 700 hPa) over vegetated land (albedo of
instrument and the POLarization and Directionality of the 0.20 at 758 nm) with a representative fluorescence emission
Earth’s Reflectance (POLDER: Deschamps et al., 1994) in{1.2 mW nT?sr 1 nm~! at 758 nm). Simulated measured re-
strument. Finally, we mention the work by Van Dieden- flectance spectra in the right panel of Fig. 1 correspond
hoven et al. (2005) which showed that retrieved apparento retrievals in Fig. 4; for details of these simulations, see
surface pressure (i.e., retrieved surface pressure when igsect. 4.2. Note that for this representative scenario the in-
noring aerosol scattering) with SCIAMACHY depends sys- crease in continuum reflectance (hence in radiance) due to
tematically on aerosol parameters. This illustrates in yet anthe fluorescence emission is about 2 %.
other way that the @A band contains aerosol information Frankenberg et al. (2011a) have shown that if fluorescence
available for retrieval. is not taken into account (i.e., zero emissions assumed in re-
Photosynthesis in chlorophyll pigments is driven by the trieval, emissions not fitted), significant biases in retrieved
absorption of visible solar radiation between approximatelyaerosol parameters (optical thickness, height of the Gaussian
400 and 700 nm (photosynthetically active radiation). Partlayer), surface albedo and surface pressure occur. We have
of the energy absorbed by chlorophyll that is not used forconfirmed this finding: for the forward model described in
carbon fixation is re-emitted at longer wavelengths in theSect. 2 we find aerosol pressure biases up to 100 hPa and bi-
650 to 800 nm wavelength range (fluorescence). Interest irases in optical thickness up to 2.0 as well as non-convergent
remote sensing of solar-induced chlorophyll fluorescenceretrievals. Apparently, errors in aerosol and fluorescence pa-
arises because it is an indicator of photosynthetic activityrameters are correlated, and so part of the fit residue caused
(e.g., Maxwell and Johnson, 2000; Krause and Weis, 1991)by ignoring fluorescence is absorbed by other retrieval pa-
Frankenberg et al. (2011b) have indeed shown a strong linealameters. This finding, however, does not yet prove that it is
correlation between satellite retrievals of fluorescence andactually impossible to retrieve aerosol and fluorescence pa-
gross primary production from vegetation models. Satellite-rameters simultaneously.
based remote sensing of fluorescence would thus offer a Even if derivatives are to some extent linearly depen-
way to measure carbon fluxes associated with gross primargent, which they are in this case as well as in many other
production on a global scale. retrieval problems, parameters may still be fitted with ac-
For the present study, it is important to know typical val- ceptable precision levels. Figure 2 shows normalized deriva-
ues of fluorescence emissions at theOband. Guanter et  tives (i.e., normalized to 1.0 at their respective maximum)
al. (2012) retrieved fluorescence emissions at 755 nm, whiclof reflectance with respect to surface albedo, aerosol optical
is near the start of the A band, using measurements from thickness, aerosol mid pressure and fluorescence emission.
the Greenhouse gases Observing SATellite (GOSAT: Kuze eDerivatives are calculated at a spectral resolution of 0.5nm
al., 2009). They reported monthly By 2° average values up for the same atmospheric scenario as in Fig. 4 except that
to 1.8 mW mr2sr-1nm~1. This range agrees with Franken- the surface albedo and fluorescence emission here are as-
berg et al. (2011b), who also used GOSAT measurementsumed to be independent of wavelength for ease of interpre-
but employed a different retrieval method. Around theD  tation. Overall, one can see that particularly spectral shapes
band, fluorescence emissions typically decrease with waveef derivatives with respect to surface albedo and fluorescence
length. Laboratory measurements of leaf fluorescence as we#mission are similar, although there are small differences in
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the continuum due to the filling-in of Fraunhofer lines. This
figure suggests that fluorescence emissions will indeed dis-
turb retrieval of surface albedo and of aerosol parameters

resolution . . . )
0.05} — o01nm | through correlations, if substantial fluorescence is present
— 0.5nm and not taken into account. However, retrieval simulations
0.00 ‘ are needed to investigate whether spectral shapes are still suf-

750 755 760 765 770 775

wavelength [nm] ficiently different to fit aerosol and fluorescence parameters

simultaneously and obtain acceptable precision levels.
Fig. 1. Left panel: high-resolution reflectance spectrum (Jedixis) In other words, if the objective of retrieval is to estimate
with fluorescence emission £s": blue line) and without fluores-  aerosol parameters from the, @\ band, the question is
cence emission (“nds". red line), and a high-resolution solar irra- - whether the filling-in of Fraunhofer lines across the ®
diance spectrum (right axis, black line). Right panel: the high- hand as well as the filling-in of the 0A band itself pro-
resolution reflectance spectrum containing fluorescence emissiogiqe sufficient independent information to retrieve aerosol
of the left panel after convolution with the slit function at resolu- 5y f,5rescence parameters simultaneously and avoid bi-
tions (full width at half maximum) of 0.1 nm (magenta line) and - . L

ases in retrieved aerosol parameters. If this is not the case,

0.5nm (cyan line). The atmosphere contains aerogotsf 0.4 at - . - .
the Oy A band andPy;g of 700 hPa with a layer thickness of 100 external information on fluorescence emission is needed
' to minimize its impact on aerosol retrieval. Note that if

hPa) over vegetated land { linearly sloping upward from 0.20 at

758 nm to 0.25 at 770 nm) with a representative fluorescence emisthe objective of retrieval is to estimate fluorescence emis-
sion (Fs linearly sloping downward from 1.2 mwWnf sr1nm1 sions, it is much more efficient to use filling-in of Fraun-

to 0.6 mW 2 sr-1nm1). The solar zenith angle is 8&nd the  hofer lines outside atmospheric absorption bands, because
viewing direction is nadir. Zoom windows highlight filled-in Fraun- complicated radiative transfer calculations are not needed
hofer lines in the continuum; the magenta line in the zoom window (Frankenberg et al., 2011a; Joiner et al., 2011, 2012b, 2013;
of the right panel is given an artificial vertical offset to better re- Guanter et al., 2012).

veal small filling-in peaks still visible at this spectral resolution. |, this paper we therefore take the following approach to

Note that filling-in of Fraunhofer lines inside the:@ band occurs o q\yering the question of how well we can retrieve aerosol
as well. Simulated measurements in the right panel correspond to arameters from the A band in the presence of chloro-
retrievals in Fig. 4 described in Sect. 4.2. Note that the actual fitp P

window extends from 758 to 770 nm. phyll fluorescence. For a number of atmospheric states, ob-
servation geometries and instrument properties, we perform
a linear error analysis when simultaneously fitting aerosol
and fluorescence parameters to investigate errors in retrieved
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parameter values. Next to instrument noise, we also take calra, measured radiand€);) and irradianceEq();) result af-
ibration errors into account. Contributions of model param-ter convolving monochromatic (or high-resolution) radiance
eter uncertainties (single scattering albedo, temperature praF(1) and irradianceZg()) with their respective slit functions.
file and surface pressure) are included in reported precisioMonochromatic radiance, in turn, is calculated by multiply-
levels by adding these parameters to the state vector with aphg monochromatic reflectance from the radiative transfer
propriate a priori errors. In the end, the question as to whethemodel by the high-resolution solar irradiance spectrum and
or not aerosol and fluorescence parameters can be simultadding a fluorescence term. The radiative transfer model also
neously retrieved should of course be understood in termgrovides derivatives of high-resolution reflectance spectra.
of meeting scientific user requirements: precision levels re-These derivatives are appropriately convolved with the radi-
ported in this paper may be compared with such requirementance slit function to give derivatives of measured reflectance
to decide whether or not precision levels are indeed acceptspectra (matriX, see below).

able. The focus of this paper is the effect of fluorescence on Hence, key elements of the forward model argigh-

the retrieval of aerosol parameters. However, we will also re-resolution solar irradiance spectrumnanatmospheric model
port retrieval precision of fluorescence emissions. (including oxygen absorption cross-section data) to describe

The instrument noise model that we use for our simula-the atmosphere—surface systentadiative transfer model
tions assumes that measurement noise is dominated by shtit calculate monochromatic reflectance andirstrument
noise. Results are thus particularly relevant for missions carmodelto describe the physics of the instrument. These ele-
rying grating spectrometers for which the shot noise assumpments will be discussed in more detail below.
tion is reasonable. This includes future satellite instruments
such as TROPOMI on the Sentinel-5 Precursor mission2.2 High-resolution solar irradiance spectrum
spectrometers on the Sentinel-5 and Sentinel-4 missions, the
Orbiting Carbon Observatory-2 instrument (OCO-2: Crisp etWe use the high-resolution solar reference spectrum by
al., 2004), and instruments on the Earth Explorer 8 candi-Chance and Kurucz (2010), which has a full width at half
date missions Carbon Monitoring Satellite (CarbonSat: Mei-maximum (FWHM) of 0.04 nm and is oversampled by a fac-
jer et al., 2012; Bovensmann et al., 2010) and FLuorescenc#or of four. The depth of Fraunhofer lines may thus be slightly
EXplorer (FLEX: Kraft etal., 2012; ESA, 2008). Other satel- underestimated. We only investigate effects of spectral reso-
lite instruments include SCIAMACHY and the Global Ozone lution of the observation for FWHMSs of 0.1 nm and larger in
Monitoring Experiment-2 (GOME-2: Callies et al., 2000).  order to avoid retrieval artifacts due to the solar spectrum’s

The paper is structured as follows: Sect. 2 gives a descripfinite resolution.
tion of the forward model. Section 3 describes the method to
calculate retrieval precision in more detail. Section 4 present2.3 Atmospheric model
results from the simulations. Section 5 provides a discussion
of these results. We choose a simple but generic atmospheric model to de-

scribe an atmosphere in which Rayleigh scattering, oxy-
gen absorption, and scattering and absorption by aerosols
2 Forward model take place.

The ground surface is modeled as an isotropically reflect-
ing (Lambertian) surface. Since we are interested in the ef-
fect of chlorophyll fluorescence, we only consider a vege-

ted land albedais of 0.20 at 758 nm (Koelemeijer et al.,
92003). In some simulations, the albedo is assumed to be in-
dependent of wavelength across the spectral window. In other
simulations, the surface albedo slopes linearly upward from
0.20 at 758 nm to 0.25 at 770 nm in order to model a more
realistic spectral dependence.

Chlorophyll fluorescence is modeled as an isotropic con-
tribution to the upwelling radiance field at the surface in units
of 10*2 photons s cm=2 sr1 nm~1. The maximum fluores-

al () cence emission near the start of theAOband as retrieved by
R() = 0Eo(D)’ (1) Guanteretal. (2012) is 1.8 mWTAsrX nm~ (monthly 2
l by 2> average). This value corresponds to 2.Z0'2 pho-
wherey, is the cosine of the solar zenith anglge andZ (1;)  tons stcm=2sr! nm1 at the start of the spectral win-
and Eg();) are the radiance and solar irradiance measuredlow (758 nm). The fluorescence emissidh is fully in-
in thei-th spectral bin, respectively (thieth bin is assigned corporated into the radiative transfer model: upon transmis-
nominal wavelength.;). When simulating reflectance spec- sion to the top of atmosphere, the emission may undergo

2.1 Overview

The forward model used to calculate reflectance spectra an
derivatives is part of a software package developed at th
Royal Netherlands Meteorological Institute (KNMI) called
DISAMAR. The abbreviation DISAMAR stands for Deter-
mining Instrument Specifications and Analyzing Methods
for Atmospheric Retrieval. It is a comprehensive tool to sup-
port the development at KNMI of Level-2 algorithms for
satellite measurements of backscattered solar radiation.
Measured reflectance is defined as
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not only absorption by oxygen, but also Rayleigh scatteringformation content (Siddans et al., 2007). Calculations are
and aerosol extinction. In some simulations, the fluorescenceone with high accuracy using nine Gaussian points for in-
emission (in 182 photons scm2sr 1 nm™1) is assumed  tegration over the polar angle (eighteen streams). Other set-
to be independent of wavelength across the spectral windowtings for the radiative transfer calculations are optimized for
In other simulations, the fluorescence emission slopes linaccuracy as well.
early downward across the spectral window (such that emis- It is essential that derivatives are calculated accurately
sion is smaller by a factor of 2 at the end of the window) in when assessing whether aerosol and fluorescence parame-
order to model a more realistic spectral dependence. ters can be simultaneously determined from the measure-
The conventional unit of fluorescence in the literature isment. Derivatives of monochromatic reflectance with re-
mWm—2 sr-inm~L. Fluorescence emissions in our simu- spect to the fit parameters are calculated in a semi-analytical
lations (in 162 photons s'cm=2sr1 nm™1) depend on  manner using reciprocity (equivalent to the adjoint method;
wavelength in that unit. We therefore report simulation re-e.g., Landgraf et al., 2001). Such an approach is preferred
sults in units of 182 photons st cm2sr 1 nm~1. Forcom-  over numerical techniques (e.g., finite-difference methods),
parison with previous studies, we convert results into units ofbecause derivatives can be calculated faster and much
mW m~2 sr-! nm~1 where appropriate, taking 758 nm as the more accurately.
reference wavelength.
An aerosol layer is modeled as a layer of particles with2.5 Instrument model
an associated optical thicknesgconstant volume extinction
coefficient within the layer). Aerosols have a single scatter-The instrument model contains slit functions for the convo-
ing albedo of 0.95 and a Henyey—Greenstein phase functiotution of high-resolution radiance spectra, irradiance spectra
with an asymmetry parameter of 0.7, which represents an avand derivatives. In addition, it contains a noise model to as-
erage aerosol model (cf. Dubovik et al., 2002). Optical thick- sociate radiance and irradiance spectra with noise spectra. In
ness, single scattering albedo and phase function are assumedme simulations, we also model a calibration error in re-
to be independent of wavelength across the spectral windowflectance spectra. Measurement noise and calibration errors
Optical thicknesses reported in this paper thus hold for waveare used to construct the measurement error covariance ma-
lengths of the @ A band and are denoted ag760 nm). trices S,. Measurement noise and calibration errors are not
Furthermore, we take a simplified aerosol profile that con-added to the simulated reflectance spectra.
sists of a single layer with a fixed pressure difference be- We assume that measurement noise can be characterized
tween top and base of 100 hPa — pressure is the independeby shot noise. In that case, the signal-to-noise ratio (SNR)
height variable. Hence a layer with a mid pressBggq of of the radiancel is proportional to the square root of the

700 hPa is located between 750 and 650 hPa. radiance (in photons):
Finally, we use a mid-latitude summer temperature pro-
file. Rayleigh scattering is specified according to BodhaineSNR(L (1;)) = f(x;) - v/ L(A;). (2)

etal. (1999). The surface pressure is 1013 hPa. Oxygen is as-

sumed to have a constant volume mixing ratio of 20.95 %. In|n addition, we assume that the proportionality facfa#.;)
addition to line absorption, we include first-order line mixing is independent of Wa\/e|ength_ If we know the Signa|-t0-n0ise
and collision-induced absorption by, and G-Nz ac-  ratio for a reference radiance leve' at a reference wave-
cording to the papers by Tran et al. (2006) and Tran and Harttength!®', we can calculate the signal-to-noise ratio for any

mann (2008). In agreement with Tran and Hartmann (2008) other radiance level at any other wavelength following
line parameters (three isotopologues) are taken from the Jet

Propulsion Laboratory database. L) AL
SNR(L (1); A%) = SNRIL'IGh; Ax'®) - [ o | e O

2.4 Radiative transfer model

Here, we have also explicitly accounted for the dependence
Monochromatic reflectances are calculated with the layer-of signal-to-noise ratio on spectral sampling intervel
based orders of scattering method. This is a variant of théspectral bin). Finally, we assume the signal-to-noise ratio
doubling-adding method (e.g., De Haan et al., 1987; Hov-of the irradiance to be a factor of ten higher than the signal-
enier et al., 2004) in which the adding of different layers to-noise ratio of the reference radiance.
is replaced by orders of scattering for the atmospheric lay- The default instrument model for this study consists of an-
ers. Multiple scattering is taken into account, but polariza-ticipated instrument characteristics for TROPOMI (Veefkind
tion is ignored. Rotational Raman scattering is ignored aset al., 2012). The TROPOMI instrument model will be used
well (see Sect. 5). A pseudo-spherical correction is used a a set of simulations investigating the dependence of re-
in Caudill et al. (1997). The spectral window extends from trieval precision on atmospheric parameters. The radiance
758 to 770 nm, which covers almost the entirg ®band. and irradiance slit functions at the Q@ A band are flat-
Wavelengths beyond 770 nm do not contribute additional in-topped functions with a full width at half maximum of
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0.5nm: is the reflectance at wavelength The reflectance is subject
4 to measurement error, which is described by the measure-
S(hi,)) = const 2_<7FW[HM/2) ) () ment error covariance matri;:
2 2 S
: . . . R; -~ (R; =

The constant “const” normalizes the slit function to unit area. (Se)ij = ¢ (Ri) + 0caiin(Ri) t=J
The spectral sampling interval is 0.1 nm. The signal-to-noise
ratio at 758 nm (continuum) is 500 for a reference radianceWhere 2(R;) is the variance of the noise error iR

ref 2 1 —2 1 —1 o i iy
L™ (758 nm) of 4i5x 1G* photons s e “sr - nm = o2 (R»}s th(le variance of the calibration error & and All
The reference radiance spectrum, which is used for speci-calib*™

fication of the SNR within the Sentinel-5 and Sentinel-5 Pre-'S the calibration error’s correlation length. The noise error
cursor projects, corresponds to a dark scene (“tropical dark”f"md calibration error are calculated according to the instru-
ent model described in Sect. 2.5. The covariance m8&trix

meaning a pure molecular atmosphere with a surface albed . . : . .

of 0.02, a solar zenith angle of @nd a viewing zenith an- e§cr|b|ng the error in retrieved parametérss then given

gle of (). Hence, if clouds or aerosols are present, or if theby'

surface albedo is larger than 0.02, the actual SNR will beg _ (kTg-1 —1y-1

(much) larger than 500. Furthermore, we take a muItipIica—S (KESTK+SD )

tive calibration error to reflectance of 1%, which is the ex- in which S, is the covariance matrix describing knowledge of

pected radiometric accuracy for the TROPOMI near-infraredthe fit parameters prior to the measurement. We assume that

bands. Calibration errors for different wavelengths are typ-the a priori covariance matrix is diagonal, i.e., a priori errors

ically strongly correlated, and we assume a correlation ( are uncorrelated.

folding) length of 100 nm, which is the width of TROPOMI's A column ofK corresponds to the derivative of reflectance

near-infrared detector. with respect to a particular fit parameter as a function of
In subsequent simulations, we investigate the dependenceavelength (after appropriate convolution with the slit func-

of retrieval precision on spectral resolution and signal-to-tion). If columns ofK become strongly linearly dependent,

noise ratio. When decreasing the FWHM, we keep the specthe matrixk 7 S71K will be nearly singular and the error in

tral sampling ratio constant (i.e., 5) and adjust the spectrakome retrieved parameters (diagonal elements) afan be-

sampling interval AA) accordingly (e.g., a spectral bin of come large (or rather, it becomes limited by the a priori er-

0.02nm at a FWHM of 0.1 nm). We also keep the numberror). Note that if columns oK are nearly linearly dependent,

of photons entering the detector constant. Hence, signal-tothe solutiont will typically also be more sensitive to system-

noise ratio will be scaled according to Eq. (3). Signal-to- atic errors such as numerical inaccuracies or model parame-

noise ratios reported in this paper are always reference valter errors.

ues that hold for the default TROPOMI spectral sampling Here, we investigate the effect of model parameter er-

interval of 0.1 nm and the TROPOMI reference radiance atrors by including a number of the main model parameters

758 nm mentioned above. in the state vector and assigning them appropriate a priori er-

rors (cf. retrieval of the “full state vector”; Rodgers, 2000,

Sect. 4.1.2). The a posteriori error covariance matrix then

provides the sum of the covariances of retrieval errors due to

. . . . measurement noise, smoothing errors and model parameter

For various atmospheric states, observation geometries and

. ; . errors. The state vector thus contains the retrieval quantities
instrument properties, we simulate reflectance spectra of the

O, A band using the forward model described in Sect. 2. Weof interest (aerosol pressure, aerosol optical thickness), other

! ; ; retrieval quantities for which the measurement may contain
associate these reflectance spectra with corresponding mea: . o
. . information (e.g., fluorescence emission), and true model pa-
surement error covariance matrices. The forward model alsg :
: L . rameters for which the measurement probably does not con-
provides derivatives of reflectance spectra with respect to the . . : . .
: . ain any information (e.g., aerosol single scattering albedo).
various fit parameters (e.g., aerosol and fluorescence paran- . . .
S In the latter case, the posterior covariance is equal to the
eters). We then calculated.errors in fit parameters by prop- . . . - )
, I . rior covariance, which affects precision of retrieval quan-
agating measurement errors and a priori errors according t s throuah correlations
the optimal estimation formalism (Rodgers, 2000). 9 '

) We calculate retrieval precision for a full state vector and
In symbols: let us assume that the forward maielan be :
. ; . ; for a reduced state vector. State vector elements and a pri-
linearized for the purposes of an error analysis. We write

ori errors are given in Table 1 (a priori values are equal to
R~F&)+K(x —%), (5)  true values). The main fit parameters are mid pressure of the
aerosol layer Pmiq), aerosol optical thickness (760 nm))
whereR is the vector of measured reflectancess the state  and surface albedoAg). These parameters have large a pri-
vector containing the fit parameters afé 9 F (x)/dx isthe  ori errors. Note that retrieved optical thickness should be in-
Jacobian matrix (evaluated herexat Thei-th element ofR terpreted in terms of the aerosol model assumed in retrieval.

Ocalib(R;) ~0ca|ib(Rj)~eXIO<— M'ZIM) i#j’ ©)

3 Error propagation
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Table 1. State vector elements and a priori errors used for calculating retrieval precision. For retrieval of the reduced state vector, the
measurement error covariance matrix comprises noise errors, and the surface albedo and fluorescence emissions are assumed constant aci
the fit window. For retrieval of the full state vector, the measurement error covariance matrix comprises noise and calibration errors, and
the wavelength dependence of the surface albedo and fluorescence emissions in retrieval is described by a second-order polynomial (thre
wavelength nodes).

A priori error
State vector element

Reduced state vector Full state vector
Aerosol mid pressurefmiq) 500 hPa 500 hPa
Aerosol optical thicknesg ((760 nm)) 2.0 2.0
Surface albedo4s) 0.2
Surface albedo4Z%8, AZ64, A770) 0.2
1.0x 1012
Fluorescence emissiors) photons 51 cm—2
srlnm™1
1.0x 10%?
Fluorescence emissio{°8, FJ%4, F/70) photons 51 cm—2
srinm1
Single scattering albeday 0.05
Surface pressure§) 3hPa
Temperature profileT{(p;)) 2K (correlation length of 6 km)

Surface albedo and surface emissidi) (are assumed con- Forecasts) fields as found by Salstein et al. (2008). Finally,
stant across the fit window when retrieving the reduced stateve take an a priori error for the temperature profile of 2K at
vector; surface albedo and surface emission are described Bvery pressure level with a correlation length of 6 km. Other
a second-order polynomial when retrieving the full state vec-important forward model uncertainties that are not consid-
tor (three wavelength nodes). Although a linear wavelengthered include the phase function and the presence of multiple
dependence seems sufficient to describe the spectral behaviaerosol/cloud layers (a single scattering layer is assumed in
of realistic surface albedos (Koelemeijer et al., 2003) and rethe retrieval).
alistic surface emissions (Amoros-Lopez et al., 2008; Guan- Note that we assume that a linear error analysis can indeed
ter et al., 2010) across theo@A band, we use a second- be performed. In other words, we assume that for a specific
order polynomial for the wavelength dependence in the for-atmospheric state the forward model is approximately lin-
ward model for retrieval to allow the retrieval to account for ear within the measurement and a priori error. If the model is
any residual higher-order spectral variations. Furthermorenon-linear, convergence may be problematic or multiple min-
the full state vector contains the single scattering albegp ( ima in the cost function may exist. Investigating the effect of
surface pressureP{) and the temperature profild (p;)). non-linearities on convergence and stability of retrieval is be-
Finally, the measurement error covariance matrix compriseyond the scope of this paper.
noise errors when retrieving the reduced state vector, and it
comprises noise and calibration errors when retrieving the
full state vector. 4 Results

We take an a priori error of 0.05 for the single scatter-
ing albedo. Thus, for a single scattering albedo of 0.95,

the 3o range covers 0.80 to 1.0, which is about the rangen 4 first set of simulations, we investigate the dependence
of typical single scattering albedos. We assume that thgy retrieval precision on atmospheric parameters and so-
fluorescence emission is known with an a priori error of |5; and viewing zenith angles. We use the TROPOMI in-
1.0x 10*% photons s* cm~?sr~* nm%; the 30 range then  yyument model described in the previous section. Figure 3
also covers the range of realistic emissions (Guanter et alshows the dependence of precision of aerosol mid pressure
2012). Furthermore, we assume that the surface pressure (st row), aerosol optical thickness (second row), surface
known with an a priori error of 3hPa, which is in agree- 4hedo (third row), and fluorescence emission (fourth row) on
ment with root-mean-square differences between ground sta;erosol optical thickness for three values of the mid pressure
tion observations and spatiotemporally interpolatédby o the aerosol layer. The left column corresponds to retrieval
1° ECMWF (European Centre for Medium-range Weather ot the reduced state vector excluding calibration errors; the

4.1 Dependence on atmospheric parameters
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Fig. 3. Precision of the main fit parameters as a function of optical thickness for three values of the mid pressure of the aerosol layer. Left column: retrieval of reduced state vector;
right column: retrieval of full state vector (for an explanation, see the text and Table 1). First row: mid préggeyegecond row: aerosol optical thickness;(third row: surface

albedo @s); fourth row: fluorescence emissiofs). Aerosols have a single scattering albedo of 0.95 and a Henyey—Greenstein phase function with an asymmetry parameter of 0.7;
the aerosol layer has a pressure thickness of 100 hPa; the ground surface has an albedo of 0.20 at 758 nm and exhibits fluorescence emissions. In case of the reduced state vector,
surface albedo and fluorescence emission are constant across the fit window. In case of the full state vector, the surface albedo slopes linearly upward from 0.20 at 758 nm to 0.25 a
770 nm and the fluorescence emission slopes linearly downward such that emission is smaller by a factor of 2 at the end of the fit window. Note, however, that the full state vector
contains the surface albedo and fluorescence emission at wavelength nodes 758, 764 and 770 nm: in retrieval, these parameters are in principle allowed to depend quadratically o
wavelength. Absolute errors were the same across the range of fluorescence emissions investigated (see text). The solar zenitaaddleeisi®Wing direction is nadir. Results

hold for the TROPOMI instrument model (FWHM of 0.5 nm). Note that precision valueBgare scaled with a factor1 1012,
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Fig. 4. Precision of the main fit parameters as a function of spectral resolution for three values of the signal-to-noise ratio and for retrieval
of the full state vector. Top left: mid pressurBqq); top right: aerosol optical thickness){ bottom left: surface albedoAg) at three
wavelength nodes; bottom right: fluorescence emisskgn 4t three wavelength nodes. Results are for the following atmospheric scenario:
aerosol layer at 700 hPa with optical thickness of 0.4, default aerosol model, surface albedo at 758 nm of 0.20, and a fluorescence emission &
758 nm of 0.46x 1012 photons 51 cm=2 s nm=1 (or 1.2 mwW nt2 sr=1 nm=1). The solar zenith angle is 5@nd the viewing direction

is nadir. The reference signal-to-noise ratios hold for the TROPOMI reference radiance at 758 nm and spectral sampling interval of 0.1 nm.
When varying spectral resolution, signal-to-noise ratios are scaled with the square root of the spectral sampling interval (the amount of light
entering detector is constant). For details, see Sect. 2.5. Note that precision valbear®scaled with factor 1012,

right column corresponds to retrieval of the full state vec-thickness is slightly worse for an optical thickness at 760 nm
tor including calibration errors and uncertainties in additional of 1.0 compared to an optical thickness of 0.6 when the
model parameters. For easy comparison, scales along the full state vector is retrieved. This is presumably due to the
axes are the same. Results are presented for a solar zenitimcertainty in the single scattering albedo. Precision of re-
angle of 50 and nadir viewing direction. We will summarize trieved surface albedo and fluorescence emission generally
the main findings. deteriorates with increasing (shielding of the surface be-
Dependence on fluorescence emission. Fluorescendew the aerosol layer).
emissions ranged between a minimum of 0.0 and a maxi- Dependence on mid pressure. The precision of aerosol pa-
mum of 0.7x 10'? photons scm~tsr! nm~1 at 758nm  rameters generally improves with decreasing pressure (in-
(or 1.8mwWnr? srinm1). Absolute errors in the main fit creasing altitude). For larger pressure differences between
parameters are the same when varying fluorescence emiserosol layer and ground surface, it is easier to distinguish
sions between zero emission and maximum emission anderosol contributions from surface contributions.
keeping the a priori error the same. The results presented in Dependence on solar zenith angle. We test retrieval preci-
Fig. 3 therefore hold for fluorescence emissions in this rangesion for solar zenith angles of 0, 50 and® {Bot shown). Pre-
Relative errors in retrieved fluorescence emission of courseision of aerosol parameters tends to improve with increasing
decrease with increasing emissions. solar zenith angle. If the solar zenith angle increases, a unit
Dependence on aerosol optical thickness. The precisiomrea of surface receives less light (weaker aerosol signal) but
of retrieved aerosol mid pressure and optical thickness genpath lengths through the aerosol layer are longer (stronger
erally improves with increasing (stronger aerosol signal). aerosol signal). Apparently, the latter effect dominates. As
One can see that the precision of retrieved aerosol opticalor the dependence of precision of retrieved fluorescence
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Fig. 5. Precision of the main fit parameters as a function of the a priori error in the fluorescence emission for two spectral resolutions and
for retrieval of the full state vector. Top left: mid pressufgy(q); top right: aerosol optical thickness)( bottom left: surface albedog)

at three wavelength nodes; bottom right: fluorescence emisgira( three wavelength nodes. Results correspond to the same atmospheric
scenario and observation geometry as in Fig. 4. The reference signal-to-noise ratio is 500. Note that precision ¥alaes $oaled by a

factor of 1x 10'2.

emissions on solar zenith angle, we cannot make any statet.2 Dependence on instrument properties

ments with our forward model. We model fluorescence emis-

sion at canopy level as independent of solar zenith angleln @ second set of simulations we investigate the dependence

However, the broadband downwelling flux of photosyntheti- of retrieval precision on spectral resolution and signal-to-

Ca||y active radiation depends on solar zenith ang]e and henc@OiSG ratio for retrieval of the full state vector. We assume

so must the fluorescence emission. an atmospheric scenario of an aerosol layer with optical
Dependence on viewing zenith angle. We test retrievalthickness at 760 nm of 0.4 between 750 and 650 hPa, veg-

precision for viewing zenith angles of 0, 50 and® 7@ot etated land with an albedo of 0.20 at 758 nm and a fluores-

shown). Precision of aerosol parameters tends to improvéence emission of 0.46 10'? photons s*cm~2sr~* nm~*

with increasing viewing zenith angle (longer path lengthsat 758 nm (or 1.2mwW m? sr-! nm~1). The solar zenith an-

through aerosol layer, hence stronger aerosol signal). PrecBle is 50 and the viewing direction is nadir. Recall that re-

sion of retrieved fluorescence emission typically deteriorategPorted signal-to-noise ratios are reference values that hold for

with increasing viewing zenith angle (longer path lengths & spectral sampling interval of 0.1 nm and the TROPOMI ref-

through aerosol layer, more extinction of fluorescence emis€rence radiance at 758 nm. The spectral resolution (FWHM)

sion, hence weaker fluorescence Signa|)_ is varied while keeping the spectral Sampling ratio constant
Reduced state vector and full state vector. Precision lev{i-e., 5). Signal-to-noise ratios are scaled with the square root

els for the full state vector are assumed to represent realistief the spectral sampling interval (amount of light entering

precision levels and they may be compared against scientifiletector is constant).

user requirements. We see that errors are considerably larger

for retrieval of the full state vector compared to the reduced

state vector.
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Table 2. Benchmark numbers for comparing the precision of retrieved mid pressure, aerosol optical thickness and fluorescence emission as
found in this study.

Param. Benchmark Description Reference

Pnid 100 hPa (50 hPa) TROPOMI threshold (target) requirement on pigeefkind et al. (2012)
cision of retrieved Aerosol Layer Height

72 + (0.05+ 15 %)b Large-scale global validation of MODIS aerosolLevy et al. (2010)
retrievals over “dark” land (e.g., vegetation) with
AERONET sunphotometer measurements; error
envelope containing two-thirds of all collocations

Fs 0.04x 1012 Precision of monthly 2by 2-1 averageFs values  Guanter et al. (2012)
0.15x 10'2 photonss®  at 755 nm retrieved from GOSAT observations; er-
cm2sr1nm1c ror estimate includes only measurement noise

a ¢ at 760 nm¥P: r at 550 nm<: 0.1-0.4mW nt2 sr—1 nm=1 at 758 nm.

Figure 4 shows the dependence of retrieval precision orulations. Chlorophyll fluorescence is taken into account in
resolution for three values of the signal-to-noise ratio. Preci-the forward model. Fluorescence emissions are modeled as
sion of all four parameters varies almost linearly with spec-isotropic contributions to the upwelling radiance field at the
tral resolution. However, the improvement of precision whensurface and they are retrieved along with aerosol parameters.
going to finer resolutions is modest, except for the fluores-The set of fit parameters comprises the mid pressure of the

cence emission at high signal-to-noise ratio. aerosol layer, aerosol optical thickness, fluorescence emis-
sion and surface albedo. An estimate of errors due to model

4.3 Dependence on a priori error in fluorescence parameter errors (single scattering albedo, temperature pro-
emission file and surface pressure) is included in the reported precision

levels by adding these parameters to the state vector with ap-
In a third set of simulations, we investigate the dependenceropriate a priori errors. Precision is calculated by propagat-
of retrieval precision on the a priori error in the fluores- ing measurement errors and a priori errors (including model
cence emission. We assume the same atmospheric scenagi@arameter errors) using the forward model’s derivatives.
as in Sect. 4.2. Note that, given the range of typical fluo- Forward model uncertainties that are not considered in the
rescence emissions, an a priori error of £.00'2 photons  reported error analysis include the aerosol’s phase function
stem2sr- nm~! essentially corresponds to an uncon- and the presence of more than one scattering layer. The rea-
strained retrieval (i.e., no a priori knowledge). Interestingly, son we have not considered the phase function is that com-
if the a priori error is decreased below this value, precision ofputation of derivatives with respect to the phase function is
retrieved mid pressure, aerosol optical thickness and surfacgurrently not implemented, as DISAMAR was developed for
albedo hardly improve in the range tested. We remark that fosingle-viewing (nadir) instruments. Retrieved optical thick-
low optical thicknessesr(at 760 nm of, say, 0.2) a modest ness will thus be an effective quantity that should be inter-
improvement in precision is found (not shown). On the otherpreted in terms of the phase function assumed in retrieval.
hand, precision of retrieved fluorescence emission improvesurthermore, we have assumed the existence of a single layer
if the a priori error is decreased below &@0'2 photons  with a fixed pressure difference between top and base in re-
s~tem=2sr! nmL. This makes sense, as the a priori error trieval, because the A band contains limited aerosol pro-
starts dominating the a posteriori error. For example, for an &ile information (Siddans et al., 2007; Corradini and Cervino,
priori error of 0.1x 10'? photons stcm=2sr-t nm™1, pre-  2006; cf. Daniel et al., 2003). If the assumed pressure thick-
cision of retrieved fluorescence is approximately 00B0'2  ness differs from the true one or if more than one scatter-
photons stcm2srt nm=1, ing layer is present, retrieved aerosol mid pressure will be
an effective scattering height parameter (cf. Joiner et al.,
2012a). Retrieval simulations have shown that biases in re-
5 Discussion trieved aerosol parameters do not change significantly if the
a priori error in the fluorescence emission is reduced as in
In this study, we have investigated the precision of retrievedFig. 5 (Sect. 4.3).
parameters for a generic aerosol retrieval algorithm over veg- Whether errors in retrieved parameters are acceptable de-
etated land using the O\ band. We have described retrieval pends on scientific user requirements. We have reported re-
precision for various atmospheric states, observation geometrieval errors so that the reader can evaluate their magnitudes.
tries and instrument properties in a number of retrieval sim-
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Table 3. Instrument specifications of theo@\ band channel for a number of space-borne grating spectrometers that will be operational in
the coming years. Numbers printed italic can be used to interpret Fig. 4.

Instrument FWHM AL SNR  Lyef(758 nm) Reference SNR-rf.
TROPOMP 05nm  0.lnm 500 4.5 102 photonsslcm2srinm=1 Veefkind et al. (2012) 500
Sentinel-5 0.4nnf  0.13nm 500 4.5 102photonssicm2sr1nm~! ESA (2012) 570
Sentinel-4  0.12nn!  0.04nm 566 1.3 103photonsslcm2srinm=l ESA (2012) 526
0co-2 0.042nm 0.014nm 814 3.5 1083 photonssicm2sr1nm=1 Boeschetal. (2011) 780
CarbonSat  0.045nm 0.015nm 340 2.6 103 photonsslcm=2sr1nm=1 Bovensmann et al. (2010) 416
Carbonsdt 0.1nm 0.033nm 507 2.& 103 photonssiecm2srinm™1 Meijer et al. (2012) 620

and Bovensmann et al. (2010)

a: Reference SNR under the assumption of shot noise: holds/f@f 0.1 nm and TROPOMI reference radiance at 758 AnSentinel-5 Precursof; threshold value¥: goal value;

€: Note that OCO-2 measures light in only one polarization direction, which we ignore in the computation of the reference signal-to-nf}i&)mﬁml resolution and sampling

ratio are taken from Meijer et al. (2012); signal-to-noise ratio and corresponding radiance are taken from Bovensmann et al. (2010) and scaled to the sampling interval of 0.033 nm
assuming shot noise.

Errors in retrieved mid pressure, aerosol optical thicknesgetrieval step. Providing a better a priori value in the sense
and fluorescence emission may be put into perspective bpf a starting value for the fit might still help to improve the
comparing them against the benchmark numbers providedonvergence rate or convergence to the gloifaminimum
in Table 2. If we compare these numbers to retrieval preci-in case of a strongly non-linear forward model. This needs to
sion for the first set of simulations (TROPOMI instrument be further investigated.
model), we can make the following observations. For most In Sect. 4, we have described the dependence of retrieval
cases considered, precision of retrieved pressure is belopwrecision on optical thickness, aerosol layer pressure, fluo-
the TROPOMI threshold requirement of 100 hPa for opti- rescence emission, and solar and viewing zenith angles. We
cal thicknesses (at 760 nm) of 0.5 or higher. Precision of rexemark that exceptions to the overall trends exist. We have
trievedr is typically between 0.1 and 0.2, which is in approx- noticed in our work on the ©A band that retrieval precision
imately the same range as the total uncertainty in MODIS op-can significantly deteriorate for very specific combinations of
tical thickness (at 550 nm) as found in the large-scale valida-aerosol pressure, optical thickness, aerosol properties (phase
tion study by Levy et al. (2010), especially for larger optical function and single scattering albedo), surface albedo and ob-
thicknesses. Finally, the precision of retrieved fluorescenceservation geometry. These singular cases often occur for op-
emission at 758 nm is larger than the precision reported byically thin layers over land and may be related (but not lim-
Guanter et al. (2012) by a factor of 3 to 7. The error esti-ited) to situations of a so-called critical surface albedo (e.g.,
mates provided by Guanter et al. (2012) include only mea-Seidel and Popp, 2012). This illustrates the importance of
surement noise. For viewing zenith angles approachifig 70 a proper error analysis: by calculating derivatives we know
however, precision may increase up to 8.80'2 photons  whether the system is becoming singular for a specific re-
s em2sr-1 nm~1 (not shown), which is quite close to the trieved state. At this point, it is important to note that these
a priori error. near-singular inversions are characteristic of aerosol retrieval
We have also investigated the dependence of retrieval prein general and not so much specific for aerosol retrieval over
cision on the a priori error in the fluorescence emission. Asfluorescing vegetated areas.
the baseline a priori uncertainty we have assumedraet- Finally, the dependence of retrieval precision on spectral
ror of 1.0x 10 photons s*cm=2sr! nm~1 covering the  resolution and signal-to-noise ratio has been investigated.
range of realistic fluorescence emissions at theAband.  Table 3 provides instrument specifications for a humber of
For the case considered, we have found that precision of resatellite grating spectrometers that will be operational in the
trieved aerosol parameters hardly improves if the a priori er-coming years. We have also calculated the respective refer-
ror is decreased below this value. A fluorescence emissiomnce signal-to-noise ratios (indicated in italic) that hold for
constraint for aerosol retrieval from thes@ band may, for  the TROPOMI spectral sampling interval and TROPOMI ref-
example, be provided in a pre-retrieval step based on a fagtrence radiance (as in Fig. 4). Prospective retrieval precision
fluorescence retrieval using Fraunhofer lines in the contin-for the Sentinel-4/5 instruments, OCO-2 and CarbonSat can
uum. But note that an a priori fluorescence emission frombe directly evaluated in Fig. 4 using values for the spectral
such a pre-retrieval step also has an error, which is suppogesolution and reference SNR from Table 3. Note that all in-
edly in the range of a priori errors of Fig. 5 (e.g., Buchwitz struments mentioned in Table 3 are oversampled.
et al., 2013). The results therefore indicate that if the objec- In conclusion, the error analysis indicates that precision
tive of the @ A band retrieval is the retrieval of aerosol of retrieved aerosol parameters is acceptable when aerosol
parameters, precision will hardly benefit from such a pre-and fluorescence parameters are retrieved simultaneously. In
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