
Atmos. Meas. Tech., 14, 1–11, 2021
https://doi.org/10.5194/amt-14-1-2021
© Author(s) 2021. This work is distributed under
the Creative Commons Attribution 4.0 License.

Prediction model for diffuser-induced spectral features
in imaging spectrometers
Florian Richter1,2, Corneli Keim2, Jérôme CaronTS1 a, Jasper Krauser2, Dennis Weise2, and Mark Wenig1

1 CE1Meteorological Institute, Ludwig Maximilian University of Munich, Munich,
Theresienstraße 37, 80333 Munich, Germany
2Airbus Defence and Space GmbH, Willy-Messerschmitt-Straße 1, 82024 Taufkirchen, Germany
anow at: Optics Department, Netherlands Organization for Applied Scientific Research (TNO),
Stieltjesweg 1, 2628 CK Delft, the Netherlands

Correspondence: Florian Richter (flo.richter@physik.lmu.de)

Received: 26 August 2020 – Discussion started: 9 September 2020
Revised: 8 January 2021 – Accepted: 28 January 2021 – Published:

Abstract. TS2Wide-field spectrometers for Earth observa-
tion missions require in-flight radiometric calibration for
which the Sun can be used as a known reference. There-
fore, a diffuser is placed in front of the spectrometer in or-
der to scatter the incoming light into the entrance slit and5

provide homogeneous illumination. The diffuser, however,
introduces interference patterns known as speckles into the
system, yielding potentially significant intensity variations at
the detector plane, called spectral features.

There have been several approaches implemented to char-10

acterize the spectral features of a spectrometer, e.g., end-
to-end measurements with representative instruments. Ad-
ditionally, in previous publications a measurement tech-
nique was proposed, which is based on the acquisition of
monochromatic speckles in the entrance slit following a nu-15

merical propagation through the disperser to the detection
plane. Based on this measurement technique, we present a
stand-alone prediction model for the magnitude of spectral
features in imaging spectrometers, requiring only few input
parameters and, therefore, mitigating the need for expensive20

measurement campaigns.

1 Introduction

Many current and future Earth observation missions carry
wide-field spectrometer payloads, such as the Envisat
Medium Resolution Imaging Spectrometer (Olij et al., 1997),25

the Sentinel-2 Multispectral Imager (Martimort et al., 2012),

the Sentinel-3a Ocean and Land Colour Imager (Nieke
and Mavrocordatos, 2017), the Sentinel-4/UVN instrument
(Clermont et al., 2019), the Sentinel-5/UVNS instrument
(Guehne et al., 2017), and the Greenhouse Gas Information 30

System (GHGIS) instrument of CO2M or the former Carbon-
Sat (Fletcher et al., 2015). These space-based instruments re-
quire in-flight radiometric calibration for which the Sun can
be used as a known reference. In order to ensure homoge-
neous illumination of the instrument, a diffuser is used to 35

scatter the incoming sunlight into the entrance slit. How-
ever, the diffuser introduces an interference pattern known
as speckles into the optical system. The speckles propa-
gate through the disperser and are integrated at the detector
plane, yielding intensity variations described as spectral fea- 40

turesCE2 by van Brug et al. (2004). When the solar spectrum
is used for the calibration of the top of atmosphere measured
spectra, the spectral features create a radiometric error as
they alter the calibration function. Speckle effects are com-
monly known from applications involving highly coherent 45

laser light, such as holographic imaging (Bianco et al., 2018)
or laser speckle contrast imaging (Heeman et al., 2019).
In general, diffuse sunlight does not yield a significant net
speckle pattern when incident on a detector due to its broad
spectrum. However, for spectrometers with a fine spectral 50

resolution, the spectral width per channel is narrow enough
to give rise to an amplitude of the spectral features that can be
as large as other radiometric errors, e.g., due to straylight and
polarization. Spectral features depend on various geometric
conditions, implying that their exact position at the detec- 55
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2 F. Richter et al.: Prediction model for diffuser-induced spectral features in imaging spectrometers

tor plane cannot be reliably predicted. This also renders any
mitigating post-processing steps ineffective. Widely known
speckle suppression techniques, such as the rotation or tilting
of elements in the optical system (Goodman, 2007, Sect. 5),
are only viable for on-ground calibration with a static setup.5

For space applications, additional moving parts are typically
not implemented because they pose a supplementary risk of
failure. In early planning phases, each contribution to the ra-
diometric error needs to be quantitatively estimated to allow
a global optimization of the instrument. This work presents10

a novel method to predict the radiometric error due to spec-
tral features. As in most applications, the radiometric error
is driven by the amplitude of the spectral features, and van
Brug and Courrèges-Lacoste (2007) introduced the spectral
features amplitude (SFA) as a standardized measure.15

The issue of diffuser-induced spectral features in imaging
spectrometers was first documented by Richter et al. (2002)
and Wenig et al. (2004) in the context of the Global Ozone
Monitoring Experiment (GOME). Ahlers et al. (2004) and
van Brug et al. (2004) observed spectral oscillations caused20

by the onboard diffuser in the Scanning Imaging Absorp-
tion Spectrometer for Atmospheric Chartography (SCIA-
MACHY) instrument. Several approaches to characteriza-
tion and modeling have been proposed since. van Brug and
Courrèges-Lacoste (2007) presented an end-to-end measure-25

ment setup, featuring a complete instrument, including a
source, telescope optics, disperser, and detector. However,
since spectral features need to be suppressed by the design
of certain instrument parameters, a quantitative analysis with
a representative spectrometer is usually difficult to achieve.30

van Brug and Scalia (2012) introduced models for different
speckle averaging effects. However, a comprehensive and re-
liable model has not been presented yet. Isolating the spec-
tral features by eliminating all other error sources in a repre-
sentative end-to-end setup remains the main challenge with35

respect to gaining quantitative insights into the SFA depen-
dence.

A different approach to quantifying spectral features was
taken by Burns et al. (2017) and improved by Richter
et al. (2018). It is based on the subsequent acquisition of40

monochromatic speckle patterns in the slit plane over several
spectral channels, which are then propagated numerically
through the disperser to the detection plane. Some simpli-
fying assumptions are made about the optical system, which
reduces the complexity and limits systematic error contribu-45

tions. It is only limited by the signal-to-noise ratio (SNR)
and the resolution achieved in the entrance slit and is, there-
fore, capable of yielding comprehensive measurement data
for most instrument designs. In particular, it allows for a step-
by-step tracing of the speckle statistics from the slit to the50

detector plane.
Based on this SFA measurement technique, we present a

novel, stand-alone SFA prediction model, which solely relies
on mathematical descriptions of the speckle statistic and its
SFA impact. It includes the polarization effects of the dif-55

fuser, spatial and spectral averaging, and pixel averaging at
the detector.

First, we review the definition of the spectral features am-
plitude (SFA) in Sect. 2. In Sect. 3, the revised SFA mea-
surement technique used for our measurements is shown. We 60

then present the stand-alone SFA prediction model in Sect. 4,
which can be understood as a mathematical formulation of
the SFA measurement technique. Finally, we compare the re-
sults of the prediction model to our measurement chain in
detail in Sect. 5 to show its validity. In the last section, we 65

discuss the applicability to a real instrument.

2 Spectral features amplitude

The term spectral features amplitude (SFA) was first pro-
posed by van Brug and Courrèges-Lacoste (2007) as stan-
dardized way to quantify diffuser-induced wiggles in a spec- 70

trum measured by a space spectrometer instrument. They de-
scribe it as the magnitude of the features in a spectrum that
are solely caused by the diffuser altering the solar reference
spectrum. The SFA value is calculated as the standard devi-
ation of the mean normalized detector signal over multiple 75

spectral channels (see details in Sect. 3.1). The SFA value
holds information about the amplitude of features. However,
the data produced in this work, which are used to calculate
the SFA, also allow for the estimation of the spectral extend
of features. One usually may not draw conclusions about the 80

absolute spectral positions of features with this approach. We
will show that the instrument parameters used in this work
lead to a spectral speckle extent smaller than the instrument
detector pixel. This essentially allows for the treatment of the
SFA as white noise at the detector level. 85

3 SFA measurement chain

In this section, the SFA measurement technique, introduced
by Burns et al. (2017), is presented in a revised state. The
goal of this technique is the reduction in experimental com-
plexity and, therefore, systematic error contributions dur- 90

ing data acquisition. First, the measurement principle is ex-
plained. Second, the used materials and the measurement
procedures for the near infrared (NIR) and the short wave-
length infrared (SWIR) channel are presented.

3.1 Principle 95

Figure 1 depicts the optical setup of an imaging spectrom-
eter during solar calibration. The incoming sunlight is scat-
tered by the diffuser. The scattering origin lies in the aper-
ture plane with spatial coordinates g and h, which is perpen-
dicular to the light’s direction of propagation. The angular 100

field distribution at the aperture plane is imaged to the slit
plane with the coordinates x and y. The light is collimated
onto a dispersive element (e.g., a diffraction grating), which
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F. Richter et al.: Prediction model for diffuser-induced spectral features in imaging spectrometers 3

splits it into its spectral components. The spatial information
in the y direction of the slit is transformed into spectral in-
formation at the detector with coordinate b by imaging the
diffracted beams of different wavelengths onto a 2D array
detector. Beams of the same wavelength (within the spectral5

resolution) are assigned the same spectral detector coordi-
nate b. The spatial information in the x direction is retained
in the detector coordinate a. We relate the coordinates via the
simplified linear spectrometer equations as follows:CE3

a =Mxx, (1)10

b =Myy+ kλ, (2)

where Mx and My are the respective magnification factors
in the x and y direction, k = db/dλ denotes the dispersion,
and λ is the wavelength. For these simplified equations to
hold the magnification factors and the dispersion, they are15

assumed to be independent of the wavelength and the spatial
position (x,y). Also, the instrument point spread function
(IPSF) is not accounted for. Sunlight is spatially coherent
(Agarwal et al., 2004), and we can assume collimated light
is illuminating the diffuser. Additionally, the sunlight’s tem-20

poral coherence is on the order of femtoseconds (Hecht and
Lippert, 2018) and much smaller than the typical detector in-
tegration time of several hundred milliseconds of an optical
instrument. As a consequence, cross-coherence terms of in-
terfering fields of different wavelengths average out, and the25

net intensity distributions at the slit and the detector planes
are well approximated by the superposition of monochro-
matic intensities. The Sun disk is comprised of many inco-
herent point sources, which should be considered for angu-
lar averaging contributions and are not part of this work as30

they will only account for a single-point source. For the pur-
pose of the SFA measurement, the sequence of optical com-
ponents is subdivided into two parts. The first part, ranging
from the illuminated diffuser through the telescope to the en-
trance slit, is represented by the optical setup in the lab. The35

second part comprises the rest of the optical system from the
slit plane to the instrument-detector plane. The data acquired
in the first part are used as input for a numerical simulation
of the optical setup after the slit plane. The setup layout is
shown in Fig. 3. The Sun is mimicked as a single field point40

with a tunable laser source, which is spectrally stabilized by
a wavemeter, and it illuminates the diffuser through a linear
polarizer at normal incident with respect to the diffuser plane.
The distance between the single-mode fiber output and the
diffuser is chosen such that the divergent beam illuminates45

the diffuser homogeneously over the size of the apertures.
The second aperture blocks any unwanted angular contribu-
tions. A power meter placed next to the diffuser records a
fixed fraction of the emitted laser power. The telescope im-
ages the scattered light onto a 2D array detector positioned50

in the focal plane. The focal plane of the telescope represents
the slit plane in Fig. 1. The diffuser plane is tilted by 10◦ with
respect to aperture and slit plane. This ensures that only scat-

tered light contributes to the measurement. The telescope is
aligned perpendicular to the aperture and slit plane. 55

For a measurement, monochromatic speckle intensities are
recorded subsequently over a wavelength range λ1. . .λN sev-
eral times the spectral resolution λres of the real spectrometer
that is being mimicked. An example of such an monochro-
matic speckle pattern is shown in Fig. 2a and d in the slit 60

plane. The spectral tuning step size 1λ in between images
needs to be sufficiently small, in order to properly sample
the change of the speckle patterns. The intermediate result
is a 3D data set Islit(x,y,λ) consisting of a spectrum of
monochromatic speckle images, where x and y are the spatial 65

coordinates in the slit plane and λ is the wavelength. Every
speckle image is mapped to a certain position (a,b) at the
focal plane, where all images are summed up in intensity.
The summation on the intensity basis is justified as cross-
coherence terms involving the interference of different wave- 70

lengths of actual sunlight, which will vanish for sufficiently
long integration times. The summation procedure is detailed
in Burns et al. (2017) and can be summarized as follows:

Idet(a,b)=
1λ

λres

λN∑
λ=λ1

Islit

(
a

Mx

,
b− kλ

My

,λ

)
2(b− kλ), (3)

where slit coordinates are expressed in terms of the detector 75

coordinates using Eqs. (1) and (2) and the Heaviside function
with 2(y)= 0,y < 0 and 2(y)= 1,y ≥ 0. The result of the
sum is a 2D intensity distribution in the focal plane of the
instrument Idet(a,b), which is depicted in Fig. 2b and e. In a
last step, Idet(a,b) is overlain with the actual instrument’s de- 80

tector pixel grid (ã, b̃), and intensities belonging to the same
pixel are summed, which are shown in Fig. 2c and f. The
SFA is calculated as the standard deviation of the mean nor-
malized detector pixel intensity distribution Idet,binned(ã, b̃).

3.2 Materials and procedure 85

Measurements are conducted in the NIR regime around
777 nm and in the SWIR regime around 1570 nm, which
represent wavelength bands with commonly monitored data
products, such as water vapor, clouds, CO2, aerosols, or the
O2 absorption, which are commonly used to calculate the ef- 90

fective path length and the air mass factor (see Irizar et al.,
2019, Meijer et al., 2019, or Voors et al., 2017). The exper-
imental setup is shown in Sect. 3.1. As light sources, they
serve tunable monochromatic external cavity diode lasers
with single-mode output and an integrated optical isolator. 95

They are stabilized via a proportional–integral–derivative
(PID) loop with feedback data from a wavemeter, which uses
a Fizeau interferometer. Connecting fibers between the laser,
wavemeter, and output serve single-mode (SM) fibers since
the spectral tuning range will be narrow. Also, SM fibers will 100

introduce no additional speckle in contrast to multi-mode
fibers. A linear polarizer ensures polarization stability. The
round diffuser plate has a diameter of 70 mm and a thickness
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4 F. Richter et al.: Prediction model for diffuser-induced spectral features in imaging spectrometers

Figure 1. Optical setup of an imaging spectrometer during solar calibration. The sequence of optical components is subdivided into two
parts. The first part is covered by the experimental setup in the lab, starting at the illuminated diffuser and ending at the slit in the telescope
focal plane. The second part numerically propagates the images recorded in the slit plane to the instrument focal plane.

Figure 2. Speckle patterns in the NIR band (a–c) and SWIR band (d–f) at different stages in the measurement chain. Panels (a) and (d) are
an example of a monochromatic speckle pattern in the slit plane; panels (b) and (e) are the speckle pattern integrated at the detector plane
using Eq. (3) and normalized to its mean, where the horizontal lines denote the instrument detector pixel grid (ã, b̃); and panels (c) and (f)
are the final normalized integrated detector signal. The standard deviation taken over the pixel rows is the SFA.

of 3 mm. It is made of high-scattering fused silica HOD®-
500 material featuring inhomogeneities of 20 µmTS3 or less.
The spatial coherence length of the Sun’s light is around
60 µm in the NIR and 120 µm in the SWIR band, accord-
ing to Divitt and Novotny (2015). Hence, the material, which5

was selected for the Sentinel-5/UVNS according to Irizar

et al. (2019), is suited to the wavelengths in question and
deemed a good choice for this study. The data collected with
the power meter are used to normalize the acquired images.
The round apertures are used to control the size of individ- 10

ual speckle correlation areas. The laser beam’s uniformity at
the diffuser plane was measured to be around 3 % in the NIR

Atmos. Meas. Tech., 14, 1–11, 2021 https://doi.org/10.5194/amt-14-1-2021



F. Richter et al.: Prediction model for diffuser-induced spectral features in imaging spectrometers 5

Figure 3. Layout of the experimental setup for measuring diffuser-induced monochromatic speckle patterns in the slit plane. Single-mode
fibers are used to connect the laser source with the wavemeter and the output via a fiber tab and are indicated by curved lines.

band and 6 % in the SWIR band over the size of the aperture.
There were no additional speckle contribution by the fibers
detected. The telescope has a focal length of ftel = 1100mm.
For the NIR, the laser source has a center wavelength of
780 nm and a nominal linewidth of 6× 10−7nm. The Thor-5

labs 780HP SM fiber (SMF) type was used for all fiber
connections in the NIR range. The charge-coupled device
(CCD) detector features a 12.5 mm× 10.0 mm active area
with 2750× 2200 pixels of size 4.54 µm× 4.54 µm. The ex-
pected average 1D width of the speckle correlation area Sd in10

the slit plane is calculated using the following:

Sd =
2λftel

D
√
π
, (4)

which was derived by Goodman (2007). The aperture’s di-
ameter is set to D = 10mm, and, thus, the speckles are sam-
pled by 19 pixels in one dimension, which is deemed suffi-15

ciently fine to ensure that the sampling with the detector does
not alter the speckle pattern significantly. The laser wave-
length was tuned over the range of 776.4–777.7 nm, with a
step size of 1λ= 1 pm. The step size is chosen so that there
is a non-zero correlation between subsequent speckle images.20

For the SWIR measurement, the laser source and the detector
and the fiber splitter are replaced, and the Thorlabs SMF-28
was used for the fiber connections. The SWIR laser source
center wavelength is 1550 nm, with a single-mode output of
nominal 2× 10−6 nm linewidth. The detector is a 640× 51225

pixel InGaAs camera with a pixel size of 15.5 µm× 15.5 µm.
The tuning range was 1571–1577.5 nm, with a step size of
1λ= 3.1pm. The aperture’s diameter is set to D = 13mm,
which means a sampling of 10 pixels per speckle in one di-
mension. This is smaller than for the NIR configuration but30

is a trade off between sampling and SNR.

4 Spectral features amplitude prediction model

The prediction model presented in the following is a math-
ematical formulation of the measurement method described
in Sect. 3. It relies on the determination of the speckle statis- 35

tics at different steps of the measurement chain. The relevant
physical information about speckle averaging effects in the
measurement chain lies in the intensity distributions. A sin-
gle pattern I is sampled by a finite but sufficient amount of
pixels, so that the individual pixel size is small compared to 40

the speckle size. The magnitude of the speckle effect in I is
described as the speckle contrast (Goodman, 2007, p. 28) as
follows:

C =
σI

〈I 〉
, (5)

where σI is the standard deviation and 〈I 〉 is the mean value 45

of I over all pixels. Under the general assumption that the
individual statistics of the underlying fields are a circular
complex Gaussian, a fully developed speckle pattern gener-
ated with linear polarized monochromatic light has a con-
trast of C = 1 (Goodman, 2007, p. 29). We adopt this as- 50

sumption for this model. The speckle contrast is reduced by
several averaging effects introduced by the spectrometer in-
strument. A reduction in C is only achieved by the summa-
tion of intensity distributions showing a correlation smaller
than unity. If the summation is on an amplitude basis (when 55

the distributions can interfere), C is not reduced (Goodman,
2007, Sect. 3.1.1). From this, it follows that only distribu-
tions which cannot interfere will impact C and are therefore
the subject of further discussions. Each one of the N inde-
pendent averaging effects is attributed to a certain amount 60

of degrees of freedom Mn or effectively uncorrelated inten-
sity distributions, which can be combined to a total averaging

https://doi.org/10.5194/amt-14-1-2021 Atmos. Meas. Tech., 14, 1–11, 2021



6 F. Richter et al.: Prediction model for diffuser-induced spectral features in imaging spectrometers

factor M (Goodman, 2007, p. 186) by the following:

M =

N∏
n

Mn. (6)

The reduced speckle contrast will then be calculated as fol-
lows:

Creduced =
1
√
M
=


√√√√ N∏

n

Mn

−1

. (7)5

In order to predict the contrast reduction, we identifiedN = 3
contributors, which can be assigned to different steps of the
SFA measurement chain as follows:

1. generation of monochromatic diffuse depolarized light
in the aperture plane (g,h) yielding a factorMpolarization;10

2. mapping intensities in the slit plane (x,y) to instrument-
detector positions (a,b) contributing a factor Mspectral;
and

3. integrating the instrument-detector pixels with a factor
denoted by Mdetector.15

The predicted reduced speckle contrast at the instrument-
detector plane, using Eq. (7), corresponds to the SFA and is
as follows:

SFA= Creduced =
1√

MpolarizationMspectralMdetector
. (8)

4.1 Polarization averaging20

The laser source emits a single polarization state, which is
ensured with the polarizer. The diffused light leaving the
volume diffuser can be treated as depolarized due to multi-
scattering (Lorenzo, 2012, p. 85). This corresponds to two
orthogonal polarization configurations or two effective in-25

tensity distributions which cannot interfere. Therefore step,
n= 1 introduces two degrees of freedom Mpolarization = 2
(Goodman, 2007, p. 49).

4.2 Spectral averaging

Step n= 2 leads to spectral averaging at the detector. We30

recall the finding from Sect. 3.1 that the net intensities in
the field planes (slit and detector) can be treated as the
superposition of monochromatic intensities for integration
times much greater than the coherence time. Let us consider
the acquired speckle intensities In(x,y) and the underlying35

fields An(x,y)TS4 , which are related by In = |An|2. They
are recorded at various wavelengths λn. The magnitude of the
statistical change of subsequent speckle intensities Im and In,
with a wavelength difference 1λnm = |λn− λm|, can be de-
scribed in terms of the first-order field correlation coefficient40

µmn, with the following:

µmn (λn,λm)=
〈AmA∗n〉
√
〈Im〉〈In〉

, (9)

where ∗ denotes the complex conjugate. The field correlation
is influenced by two effects which, in our case, are both fre-
quency dependent. The first effect is due to changing light 45

paths through the diffuser medium. The second effect takes
into account the spatial offset 1b = k1λnm at the detector
plane between individual speckle patterns In induced by the
dispersion (see Eq. 2). We start with the former contribution
to the field correlation and follow the approach of Zhu et al. 50

(1991), who presented an analytic equation for the angular
correlation function of a slab geometry of a scattering me-
dia of thickness d , which can also be used for wavelength
correlations as follows:TS5

F (λn,λm)=

(d+2B)/(z0+B)

×

[
sinh

(
z0
√
q2+α2

)
+B
√
q2+α2 cosh

(
z0
√
q2+α2

)]
[
1+B2(q2

+α2)]
×sinh

(
d
√
q2+α2

)
+2B
√
q2+α2 cosh

(
d
√
q2+α2

) , (10) 55

where we set q =
√
i6π

∣∣∣ 1
λn
−

1
λm

∣∣∣βns/lt, with ns denoting

the refractive index of the scattering material, lt being the
transport mean free path used for anisotropic multi-scattering
systems, and β being a constant factor taking into account the
contribution of the tilted diffuser plane (e,f ) with respect to 60

the other planes and the specific geometry. The value z0 de-
scribes the average penetration depth after which the light is
scattered for the first time. It does not have great influences
in transmission geometry and is approximated with the trans-
port mean free path lt. We set α = 0, thereby ignoring ab- 65

sorption. The parameter for the boundary condition is given
by B = lt 2(1+R)

3(1−R) , where R is the reflection coefficient which
is calculated using the Fresnel equations. It accounts for in-
ternal reflection due to the index of refraction mismatch at
the boundaries. 70

The second contribution to the field correlation is due to
changing spatial positions of speckle patterns which are dis-
tributed over the instrument detector in accordance with the
spectral dispersion. This constitutes a spatial offset 1b be-
tween the speckle intensities In and Im at the detector plane 75

(a,b). Keeping in mind Eq. (1) and (2) for the transformation
from the slit to the detector plane, the correlation of speckle
fields, which are separated spatially by1b, can be expressed
as follows:

9(1a,1b)|1a=0 =∫
∞

−∞
|P(g,h)|2e

−i 2π
λ̃z
(g1a+h1b)dg dh∫

∞

−∞
|P(g,h)|2dg dh

∣∣∣∣∣∣
1a=0

, (11) 80

where P(g,h) is the aperture function of the imaging system
and may be defined, e.g., for a circular aperture of diame-

ter D, as P(g,h)= ◦
(

2
√
g2+h2

D

)
TS6 , which is 1 inside the

aperture and 0 otherwise. g and h are the a- and b-coordinate
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F. Richter et al.: Prediction model for diffuser-induced spectral features in imaging spectrometers 7

representations in the aperture plane, z is the distance be-
tween aperture and slit plane, and λ̃ is the mean wavelength
(Goodman, 2007, p. 169). We set 1a = 0 since we are only
interested in the offset in the spectral direction. Combining
the two effects, we can model the correlation between the5

speckle fields as follows:

µmn (λn,λm)= F (λn,λm)9(1b). (12)

The accumulation of individual speckle patterns In with field
correlations µmn at the detector can be interpreted as the
summation of partially correlated speckle intensities as fol-10

lows:

Idet(a,b)=

N=λres/1λ∑
n=1

In

(
a

Mx

,
b− kλ

My

,λn

)
. (13)

The number of individual speckle intensities In contributing
to the sum at arbitrary detector coordinates (a,b) is equal to
the ratio of the spectral resolution λres with the step size 1λ.15

This also applies to the mean intensities, as follows:

〈Idet(a,b)〉 =

N=λres/1λ∑
n=1

〈
In

(
a

Mx

,
b− kλ

My

,λn

)〉
. (14)

Using an established method by Bevan (2009) and Good-
man (2007), we define a coherency matrix with entries Jnm =
〈AmA∗n〉 and use Eq. (9) to obtain the following:20

J=
〈I1〉

√
〈I1〉〈I2〉µ1,2 · · ·

√
〈I1〉〈IN 〉µ1,N√

〈I1〉〈I2〉µ
∗

1,2 〈I2〉 · · ·
√
〈I2〉〈IN 〉µ2,N

.

.

.
.
.
.

. . .
.
.
.

√
〈I1〉〈IN 〉µ

∗

1,N
√
〈I2〉〈IN 〉µ

∗

2,N · · · 〈IN 〉

 . (15)

By the diagonalization of J with a unitary linear transforma-
tion L0, the ensemble of correlated speckle fields is trans-
formed to a basis with no correlation between them.

J′ = L0JL†
0 =


〈Ĩ1〉 0 · · · 0

0 〈Ĩ2〉 · · · 0
...

...
. . .

...

0 0 · · · 〈 ˜IN 〉

 , (16)25

where † denotes the Hermitian transpose operation. The to-
tal mean intensity 〈Idet〉 =

∑
n〈In〉 =

∑
n〈Ĩn〉 is conserved

under this transformation but, in general, 〈In〉 6= 〈Ĩn〉. The
complex coherence factor µmn = |µmn|exp(i8nm) includes
a phase 8nm. However, due to the specific construction of J,30

these phase terms can be omitted when calculating the eigen-
values (Dainty et al., 1975, Sect. 4.7.2). Finally, for the spec-
tral degrees of freedom, we use the eigenvalues 〈Ĩn〉 of the
coherency matrix to obtain the following:

Mspectral =

(
〈Idet〉

σdet

)2

=

(∑
n〈Ĩn〉

)2

∑
n〈Ĩn〉

2
. (17)35

Note that changing1λ and, thus, changingN will not change
the result of Mspectral as long as 1λ is sufficiently small to
sample the covariance µmn. The enabling property of the co-
herency matrix J is called Toeplitz, which implies an asymp-
totic behavior of its eigenvalues found by Grenander and 40

Szegö (1958). Gray (2006) gives a simplified proof in corol-
lary 2.1 and 2.2 that both the numerator and denominator in
Eq. (17) converge for large N .

4.3 Detector averaging

In step n= 3, an averaging due to the integration of the 45

instrument-detector pixel takes place. We already estab-
lished that the resultant intensity distribution at the detector
Idet(a,b) is given by the summation in Eq. (13). This ef-
fect impacts the speckle contrast if individual speckles are
not sufficiently oversampled by the instrument detector pixel 50

grid (ã, b̃). An analytical expression for the degrees of free-
domMdetector introduced by stationary speckles in one detec-
tor pixel with relative coordinates (1a,1b) is given by the
following:

Mdetector = 1
A2

D

∞∫∫
−∞

KD(1a,1b)|µdet(1a,1b)|
2d1a d1b

−1

, (18) 55

where AD is the area of a detector pixel, KD(1a,1b)

is the autocorrelation function of the detector pixel, and
µdet(1a,1b) is the field correlation at the detector plane
(Goodman, 2007, p. 108). In order to accurately describe
µdet, one needs to account for the evolution of the speckle 60

size during the summation in Eq. (13). Let us consider a
single speckle correlation area I1(Sd/2≤ |x− x1| ,Sd/2≤
|y− y1| ,λ1) with a spatial extent denoted by Sd centered at
(x1,y1) in the slit. Its correlation relative to this position is
described by the following: 65

9(1x,1y)=

∫
∞

−∞
|P(g,h)|2e

−i 2π
λ̃z
(g1x+h1y)dg dh∫

∞

−∞
|P(g,h)|2dg dh

, (19)

with1x = x−x1 and1y = y−y1 being relative coordinates.
The function F (λ1,λn), introduced previously, characterizes
how the correlation area develops after n wavelength steps at
the same position, In(Sd/2≤ |1x| ,Sd/2≤ |1y| ,λn), with 70

n > 1. In other words, it denotes the number of spectral steps
after which a single speckle ceases to exist at a fixed po-
sition in the slit. The initial position of the speckle at the
detector is (a1,b1)= (Mxx1,Myy1+ kλ1). The subsequent
contributions relative to the initial position are shifted in the 75

b direction by k |λ1− λn| and have a magnitude denoted
by F (λ1,λn). Therefore, the resultant speckle correlation
function at the detector |µdet(1a,1b)|

2 is a convolution of
|9(1a,1b)|2 with |F (λn,λm)|2 as follows:

|µdet(1a,1b)|
2
= |9(1a,1b)|2 |F (λn,λm)|

2. (20) 80
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Table 1. Sample spectrometer parameters used for the measure-
ment and prediction. They were chosen to represent a proposed in-
strument for the European Space Agency’s CO2M mission (Meijer
et al., 2019).

Parameter Value

Magnification Mx 0.34
Magnification My 0.30
Aperture diameter 40.0 mm
Slit dimensions (x and y direction) 295 and 152 µm
Detector dimensions (a and b direction) 105 and 45 µm
Telescope focal length 131 mm
Diffuser thickness d 3 mm

NIR specific

Spectral resolution λres 0.128 nm
Spectral tuning range λ1. . .λN 776.4–777.7 nm
Tuning step size 1λ 1 pm
Refractive index of diffuser material ns(λ) 1.454
Mean free path lt(λ) (59.3± 0.4) µm

SWIR specific

Spectral resolution λres 0.4 nm
Spectral tuning range λ1. . .λN 1571–1577.5 nm
Tuning step size 1λ 3.1 pm
Refractive index of diffuser material ns(λ) 1.444
Mean free path lt(λ) (67.8± 0.5) µm

The symbol denotes the convolution.

5 Results and discussion

In the following, we present and compare the SFA results
from the measurement chain of Sect. 3 with the ones from
the prediction model of Sect. 4 in the NIR and SWIR regime.5

Mspectral can be interpreted as the average number of speckle
patterns generated by the diffuser per spectral channel at the
given wavelengths. Mdetector can be understood as the av-
erage number of speckle correlation areas influencing the
measurement in a detector pixel. The values of relevant pa-10

rameters used are given in Table 1. They were chosen to
represent a proposed instrument for the European Space
Agency’s (ESA) CO2M mission (Meijer et al., 2019). In
Fig. 4, the measured Pearson correlations between speckle
patterns In(λn) and Im(λm), with respect to their relative15

spectral distance, are shown as blue stars for the NIR band
at 776 nm and the SWIR band at 1571 nm, respectively. All
wavelength shift combinations up to 0.1 nm are averaged for
120 images. Error bars are omitted, because the standard er-
ror of the mean is too small to be displayed. The red line20

denotes a fit to Eq. (10), leading to the values for lt given
in Table 1. They are in agreement with the supplier’s given
value of lt = 56 µm at 500 nm wavelength.

Table 2 shows the SFA values of the measurements and
predictions with their corresponding intermediate averaging 25

factors Mpolarization, Mspectral, and Mdetector, as introduced
in Sect. 4. Their counterparts from the measurement are
deducted by calculating the speckle contrast at intermedi-
ate steps in the measurement chain. To verify the factor
Mpolarization = 2, a linear polarizer is placed after the diffuser, 30

and the measured speckle contrast, compared to the nom-
inal case, rises by a factor of

√
2. Additionally, the polar-

ization axis is rotated to different random positions without
changing the result, which confirms the assumption made in
Sect. 4 that the light exiting the diffuser is depolarized. With 35

an ideal measurement chain the speckle contrast expected
in the slit plane for monochromatic polarized speckles is
Cslit,ideal = 1. This is the numerator in Eq. (8). The measured
contrast in the slit is smaller, probably due to detector noise,
as suggested by Postnov et al. (2019). Webster et al. (2003) 40

attributed the reduced measured contrast to straylight from
multiple reflections in their setup. The experimental factors
Mspectral,measured and Mdetector,measured are calculated in simi-
lar way, using the following relations:

Cspectral,measured =
〈Cslit,measured〉√
Mspectral,measured

, (21) 45

Cdetector,measured =
Cspectral,measured√
Mdetector,measured

. (22)

The results show a good agreement between the prediction
model and measurement and are well within the estimated
error margins, which are given in the 1σ interval. While the
spectral extent of a speckle correlation area at the detector 50

can be derived from the width of µdet, one can also see from
the values of Mdetector that the extent must be small com-
pared to a pixel. This allows for the treatment of the SFA as
white noise on a detector level, which can be a goal of the
instrument design. The uncertainties 1Mspectral,measured and 55

1Mdetector,measured are estimated by considering fluctuations
in the two contributors of F and 9 to the field correlation
µmn in Eq. (12) and µdet in Eq. (20). For F , the measured
standard deviation of each data point in Fig. 4 is taken as a
measure, which amounts to 1 %–2 % in the NIR and 2 %– 60

3 % in the SWIR band. The average fluctuations of 9 were
determined by measuring its width over 120 speckle pat-
terns with autocorrelation to be 1.3 % and 2.7 % in the NIR
and SWIR, respectively. The impact on the Mspectral,measured
andMdetector,measured is estimated by a Monte Carlo propaga- 65

tion of both uncertainties. It yields that those two factors are
the major contributors to the uncertainty1Mspectral. This ap-
proach also accounts for detector noise, if it caused the fluc-
tuations. The impact on Mdetector, however, is small. It was
deduced from Ahn and Fessler (2003), that 1Mdetector is pri- 70

marily caused by the uncertainty of the standard deviation es-
timator for a small number of samples. In our case, the sam-
ple number equals the number of detector pixels (see Fig. 2),
which is n= 30 for the NIR and n= 48 for the SWIR mea-
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Figure 4. Measurement of the correlation function |F (λn,λm)|2 in (a) the NIR (776 nm) and (b) the SWIR band (1571 nm). Blue stars
denote the measured Pearson correlations between speckle patterns In(λn) and Im(λm). All wavelength shift combinations up to 0.1 nm are
averaged for 120 images. Error bars are omitted because the standard error of the mean value is too small to be displayed. The red graph
denotes the fit of the measured data points to Eq. (10), with (a) lt = (59.3± 0.4) µm and (b) lt = (67.8± 0.5) µm.

Table 2. Comparison SFA results of the measurement chain with the prediction model. Measurement uncertainties are given in the 1σ
interval.

Type Mpolarization Mspectral Mdetector SFA (%)

Measurement NIR 2 55.9± 0.7 (6.1± 1.8)× 102 0.38± 0.06
Prediction NIR 2 56.5 5.7× 102 0.39

Measurement SWIR 2 29.9± 0.8 (1.7± 0.4)× 102 0.99± 0.12
Prediction SWIR 2 30.0 1.8× 102 0.96

Figure 5. Scaling of the SFA with the wavelength of a CO2I-like
instrument in the (a) NIR and (b) SWIR band, using the prediction
model.

surement. The uncertainties presented also reflect the fact
that the SFA is not constant over a wavelength range of a
few nanometers, as illustrated in Fig. 5. It shows plots of the
SFA scaling, with the wavelength of a CO2I-like instrument
in the NIR and SWIR band, calculated with the prediction5

model. The linear dependency only holds under the assump-
tion of a constant dispersion, which is usually not the case
for a realistic instrument. However, this result gives a clear
indication of the general scaling of the speckle effect.

6 Conclusions 10

We demonstrated a comprehensive and numerical approach
to quantify diffuser-induced spectral features during the solar
calibration of space imaging spectrometers, which is based
on established speckle theory concepts. We compared our
prediction results with our current measuring method and ob- 15

served a good agreement. We also gave an indication regard-
ing the wavelength dependency of the effect. The presented
speckle averaging mechanisms are not a complete represen-
tation of the real in-orbit situation of an instrument. The ef-
fect of the Sun’s disk, which consists of many incoherent 20

point sources distributed over a 0.5◦ angle, needs to be taken
into account together with the averaging due to the move-
ment of the instrument relative to the Sun. Also, unlike the
used laser point sources for the measurements, the Sun’s light
features an additional orthogonal polarization state, adding 25

two polarization configurations to Mpolarization in the case of
a high-scattering volume diffuser. The presented approach
can be used for other diffuser types and optical geometries
as well. It provides a solid starting point for future investi-
gations into angular averaging mechanisms, which will com- 30

plement the description of speckle reduction effects in imag-
ing spectrometers of this type.

https://doi.org/10.5194/amt-14-1-2021 Atmos. Meas. Tech., 14, 1–11, 2021



10 F. Richter et al.: Prediction model for diffuser-induced spectral features in imaging spectrometers

Data availability. The data sets generated and/or analyzed for this
work are available from the corresponding author on reasonable
request, subject to the confirmation of Airbus Defence and Space
GmbH.

Author contributions. FR was responsible for the acquisition and5

the analysis of the measurement data and was supported by all co-
authors. FR developed the prediction model, which was supported
by JC, who provided insights about polarization contributions, spec-
tral averaging, and the properties of coherency matrices, and revised
by CK and MW. FR prepared the paper, with contributions and crit-10

ical revision from all co-authors.TS7

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. The fused silica diffuser HOD®-500 used in
this work was provided by Frank Nürnberg and Bernhard Franz,15

Heraeus Conamic, Germany.

Review statement. This paper was edited by Saulius Nevas and re-
viewed by Peter Gege and one anonymous referee.

References

Agarwal, G. S., Gbur, G., and Wolf, E.: Coherence20

properties of sunlight, Opt. Lett., 29, 459–461,
https://doi.org/10.1364/OL.29.000459, 2004.

Ahlers, B., Courreges-Lacoste, G. B., Schrijvers, C., and van
Brug, H.: In-orbit detection of spectral features in SCIA-
MACHY, in: Sensors, Systems, and Next-Generation Satellites25

VIII, edited by: Meynart, R., Neeck, S. P., and Shimoda, H.,
SPIE, https://doi.org/10.1117/12.565565, 2004.TS8

Ahn, S. and Fessler, J.: Standard Errors of Mean, Variance, and
Standard Deviation Estimators, 2003.TS9

Bevan, A.: Statistical Data Analysis for the Phys-30

ical Sciences, Cambridge University Press,
https://doi.org/10.1017/cbo9781139342810, 2009.

Bianco, V., Memmolo, P., Leo, M., Montresor, S., Distante, C.,
Paturzo, M., Picart, P., Javidi, B., and Ferraro, P.: Strategies for
reducing speckle noise in digital holography, Light: Science and35

Applications, 7, 48, https://doi.org/10.1038/s41377-018-0050-9,
2018.

Burns, T., Ferreria, L., Keim, C., Prieto, L. P., Krauser, J. S., and
Weise, D.: Sentinel-5: a novel measurement approach to quantify
diffuser induced spectral features, in: International Conference40

on Space Optics – ICSO 2016, edited by: Karafolas, N., Cugny,
B., and Sodnik, Z., SPIE, https://doi.org/10.1117/12.2296079,
2017. TS10

Clermont, L., Mazy, E., Marquet, B., and Plesseria, J.-Y.: An
in-flight calibration assembly for the earth observation in-45

strument Sentinel-4 UVN, in: Astronomical Optics: Design,
Manufacture, and Test of Space and Ground Systems II,

edited by: Hallibert, P., Hull, T. B., and Kim, D. W., SPIE,
https://doi.org/10.1117/12.2529572, 2019.TS11

Dainty, J. C., Ennos, A. E., Françon, M., Goodman, J. W., 50

McKechnie, T. S., and Parry, G.: Laser Speckle and Re-
lated Phenomena, Springer Berlin Heidelberg, Germany,
https://doi.org/10.1007/bfb0111434, 1975.

Divitt, S. and Novotny, L.: Spatial coherence of sunlight and its im-
plications for light management in photovoltaics, Optica, 2, 95– 55

103, https://doi.org/10.1364/OPTICA.2.000095, 2015.
Fletcher, K., Rider, H., and Agency, E. S.: Report for Mission

Selection: Carbonsat Flex, ESA SP, ESA Communication Pro-
duction Office, available at: https://books.google.de/books?id=
nkyrDAEACAAJ (last access: TS12 ), 2015. 60

Goodman, J. W.: Speckle Phenomena in Optics: Theory and Appli-
cation, Roberts & Company Publishers, 2007.TS13

Gray, R. M.: Toeplitz and Circulant Matrices: A review, 2006.TS14

Grenander, U. and Szegö, G.: Toeplitz Forms and their Applica-
tions, University of California Press, 1958.TS15 65

Guehne, T., Keim, C., Bartsch, P., Weiss, S., Melf, M.,
and Seefelder, W.: Sentinel-5 instrument: status of
design, performance, and development, in: Sensors,
Systems, and Next-Generation Satellites XXI, SPIE,
https://doi.org/10.1117/12.2278564, 2017.TS16 70

Hecht, E. and Lippert, K.: Optik, De Gruyter, Berlin, Germany,
Boston, USA, https://doi.org/10.1515/9783110526653, 2018.

Heeman, W., Steenbergen, W., van Dam, G. M., and
Boerma, E. C.: Clinical applications of laser speckle
contrast imaging: a review, J. Biomed. Opt., 24, 1–11, 75

https://doi.org/10.1117/1.JBO.24.8.080901, 2019.
Irizar, J., Melf, M., Bartsch, P., Koehler, J., Weiss, S., Greinacher,

R., Erdmann, M., Kirschner, V., Albinana, A. P., and Martin, D.:
Sentinel-5/UVNS, in: International Conference on Space Optics
2018, edited by: Sodnik, Z., Karafolas, N., and Cugny, B., vol. 80

11180, 41–58, International Society for Optics and Photonics,
SPIE, https://doi.org/10.1117/12.2535923, 2019.TS17

Lorenzo, J. R.: Principles of Diffuse Light Propagation,
World Scientific Publishing Company, availalble at:
https://www.ebook.de/de/product/11434141/jorge_ripoll_ 85

lorenzo_principles_of_diffuse_light_propagation.html (last
access: TS18 ), 2012.

Martimort, P., Fernandez, V., Kirschner, V., Isola, C., and
Meygret, A.: Sentinel-2 MultiSpectral imager (MSI)
and calibration/validation, in: 2012 IEEE International 90

Geoscience and Remote Sensing Symposium, IEEE,
https://doi.org/10.1109/igarss.2012.6351960, 2012.TS19

Meijer, Y., Boesch, H., Bombelli, A., Brunner, D., Buchwitz, M.,
Ciais, P., Crisp, D., Engelen, R., Holmlund, K., Houweling,
S., Janssens-Meanhout, G., Marshall, J., Nakajima, M., B.Pinty, 95

Scholze, M., Bezy, J.-L., Drinkwater, M., Fehr, T., Fernandez,
V., Loescher, A., Nett, H., and Sierk, B.: Copernicus CO2 Moni-
toring Mission Requirements Document, techreport 2, European
Space Agency, Earth and Mission Science Division, 2019.TS20

Nieke, J. and Mavrocordatos, C.: Sentinel-3a: commissioning phase 100

results of its optical payload, in: International Conference on
Space Optics – ICSO 2016, edited by: Karafolas, N., Cugny,
B., and Sodnik, Z., SPIE, https://doi.org/10.1117/12.2296174,
2017.TS21

Olij, C., Schaarsberg, J. G., Werij, H. G., Zoutman, E., Baudin, 105

G., Chommeloux, B., Bezy, J.-L., and Gourmelon, G.: Spec-

Pl
ea

se
no

te
th

e
re

m
ar

ks
at

th
e

en
d

of
th

e
m

an
us

cr
ip

t.

Atmos. Meas. Tech., 14, 1–11, 2021 https://doi.org/10.5194/amt-14-1-2021

https://doi.org/10.1364/OL.29.000459
https://doi.org/10.1117/12.565565
https://doi.org/10.1017/cbo9781139342810
https://doi.org/10.1038/s41377-018-0050-9
https://doi.org/10.1117/12.2296079
https://doi.org/10.1117/12.2529572
https://doi.org/10.1007/bfb0111434
https://doi.org/10.1364/OPTICA.2.000095
https://books.google.de/books?id=nkyrDAEACAAJ
https://books.google.de/books?id=nkyrDAEACAAJ
https://books.google.de/books?id=nkyrDAEACAAJ
https://doi.org/10.1117/12.2278564
https://doi.org/10.1515/9783110526653
https://doi.org/10.1117/1.JBO.24.8.080901
https://doi.org/10.1117/12.2535923
https://www.ebook.de/de/product/11434141/jorge_ripoll_lorenzo_principles_of_diffuse_light_propagation.html
https://www.ebook.de/de/product/11434141/jorge_ripoll_lorenzo_principles_of_diffuse_light_propagation.html
https://www.ebook.de/de/product/11434141/jorge_ripoll_lorenzo_principles_of_diffuse_light_propagation.html
https://doi.org/10.1109/igarss.2012.6351960
https://doi.org/10.1117/12.2296174


F. Richter et al.: Prediction model for diffuser-induced spectral features in imaging spectrometers 11

tralon diffuser calibration for MERIS, in: Sensors, Systems,
and Next-Generation Satellites, edited by: Fujisada, H., SPIE,
https://doi.org/10.1117/12.298122, 1997.TS22

Postnov, D. D., Cheng, X., Erdener, S. E., and Boas, D. A.: Choos-
ing a laser for laser speckle contrast imaging, Sci. Rep., 9,5

https://doi.org/10.1038/s41598-019-39137-x, 2019.TS23

Richter, A., Wittrock, F., Ladstaetter-Weissenmayer, A.,
and Burrows, J.: Gome measurements of stratospheric
and tropospheric BrO, Adv. Space Res., 29, 1667–1672,
https://doi.org/10.1016/s0273-1177(02)00123-0, 2002.10

Richter, F., Krauser, J. S., Keim, C., Weise, D., and Wenig, M.: A
novel measurement approach to quantify diffuser induced Spec-
tral Features, in: Sensors, Systems, and Next-Generation Satel-
lites XXII, edited by: Neeck, S. P., Kimura, T., and Martimort,
P., SPIE, https://doi.org/10.1117/12.2501943, 2018.TS2415

van Brug, H. and Courrèges-Lacoste, G. B.: Spectral features, ef-
fects, and cures, in: Earth Observing Systems XII, edited by: But-
ler, J. J. and Xiong, J., SPIE, https://doi.org/10.1117/12.731012,
2007. TS25

van Brug, H. and Scalia, P. S.: New approach to spec-20

tral features modeling, in: Earth Observing Systems XVII,
edited by: Butler, J. J., Xiong, X., and Gu, X., SPIE,
https://doi.org/10.1117/12.931497, 2012.TS26

van Brug, H. H., Vink, R., Schaarsberg, J. G., Courreges-Lacoste,
G. B., and Snijders, B.: Speckles and their effects in spec-25

trometers due to on-board diffusers, in: Earth Observing Sys-
tems IX, edited by: Barnes, W. L. and Butler, J. J., SPIE,
https://doi.org/10.1117/12.559596, 2004.TS27

Voors, R., de Vries, J., Bhatti, I. S., Lobb, D., Wood, T., van der
Valk, N., Aben, I., and Veefkind, P.: TROPOMI, the Sentinel 5 30

precursor instrument for air quality and climate observations: sta-
tus of the current design, in: International Conference on Space
Optics 2012, edited by: Cugny, B., Armandillo, E., and Karafo-
las, N., vol. 10564, 442–446, International Society for Optics and
Photonics, SPIE, https://doi.org/10.1117/12.2309017, 2017.TS28 35

Webster, M. A., Webb, K. J., Weiner, A. M., Xu, J., and Cao,
H.: Temporal response of a random medium from speckle in-
tensity frequency correlations, J. Opt. Soc. Am. A, 20, 2057,
https://doi.org/10.1364/josaa.20.002057, 2003.

Wenig, M., Kuehl, S., Beirle, S., Bucsela, E., Jaehne, B., 40

Platt, U., Gleason, J., and Wagner, T.: Retrieval and
analysis of stratospheric NO2 from the Global Ozone
Monitoring Experiment, J. Geophys. Res.-Atmos., 109,
https://doi.org/10.1029/2003jd003652, 2004.TS29

Zhu, J. X., Pine, D. J., and Weitz, D. A.: Internal reflection of 45

diffusive light in random media, Phys. Rev. A, 44, 3948–3959,
https://doi.org/10.1103/PhysRevA.44.3948, 1991.

Pl
ea

se
no

te
th

e
re

m
ar

ks
at

th
e

en
d

of
th

e
m

an
us

cr
ip

t.

https://doi.org/10.5194/amt-14-1-2021 Atmos. Meas. Tech., 14, 1–11, 2021

https://doi.org/10.1117/12.298122
https://doi.org/10.1038/s41598-019-39137-x
https://doi.org/10.1016/s0273-1177(02)00123-0
https://doi.org/10.1117/12.2501943
https://doi.org/10.1117/12.731012
https://doi.org/10.1117/12.931497
https://doi.org/10.1117/12.559596
https://doi.org/10.1117/12.2309017
https://doi.org/10.1364/josaa.20.002057
https://doi.org/10.1029/2003jd003652
https://doi.org/10.1103/PhysRevA.44.3948


Remarks from the language copy-editor

CE1 Please note the slight adjustments to this section.
CE2 It is our standard to use italics sparingly, and thus, they have been removed from the paper after the first instance. Should
you feel very strongly that italics are necessary in some instances, please let me know, and we can try to find a solution.
CE3 Please note that I have added the construction “as follows” or “in the following” or variations thereof before each of the
equations in this paper (where applicable). This is in alignment with our house standard. However, if you wish to rework the
phrase from “as follows” to read “in the following” or something similar in some instances in order to reflect a more accurate
meaning of your text, please let me know, and I will gladly accommodate you.

Remarks from the typesetter

TS1 Please provide previous affiliation.
TS2 The composition of Figs. 1 and 3 has been adjusted to our standards. This also includes language adjustments to Figs.
1–3.
TS3 Please confirm.
TS4 Please make sure all vectors are identified in bold italic font and all matrices in bold roman font.
TS5 Please confirm line break in Eq. 10.
TS6 Please confirm ◦.
TS7 Please also mention JK and DW in this section. It should be clear who contributed to which part of the paper.
TS8 Please provide event, date and venue.
TS9 Please provide more information.
TS10 Please provide date and venue of the conference.
TS11 Please provide event, date and venue.
TS12 Please provide date of last access.
TS13 Please provide place of publication.
TS14 Please provide more information.
TS15 Please provide place of publication.
TS16 Please provide event, date and venue.
TS17 Please provide event, date and venue.
TS18 Please provide date of last access.
TS19 Please provide date and venue of the symposium.
TS20 Please provide place of publication.
TS21 Please provide event, date and venue.
TS22 Please provide event, date and venue.
TS23 Please provide page range or article number.
TS24 Please provide event, date and venue.
TS25 Please provide event, date and venue.
TS26 Please provide event, date and venue.
TS27 Please provide event, date and venue.
TS28 Please provide date and venue of the conference.
TS29 Please provide page range or article number.


	Abstract
	Introduction
	Spectral features amplitude
	SFA measurement chain
	Principle
	Materials and procedure

	Spectral features amplitude prediction model
	Polarization averaging
	Spectral averaging
	Detector averaging

	Results and discussion
	Conclusions
	Data availability
	Author contributions
	Competing interests
	Acknowledgements
	Review statement
	References

