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Abstract. A dataset of microphysical cloud parameters from optically thin clouds, retrieved from infrared spectral radiances
measured in summer 2017 in the Arctic, is presented. Measurements were performed using a mobile Fourier-transform infrared
(FTIR) spectrometer which was carried by the RV Polarstern. This-The dataset contains retrieved optical depths and effective
radii of ice and water, from which the liquid water path and ice water path are calculated. Fhese-The water paths and the
5 effective radii retrieved from the FTIR measurements are compared with derived quantities from a combined cloud radar, lidar

and microwave radiometer measurement synergy retrieval, called Cloudnet. Cemparing-The purpose of this comparison is to

benchmark the infrared retrieval data against the established Cloudnet retrieval. For the liquid water pathsfrom-the-infrared
ath, the data correlate, showin

a mean bias of 2.48¢ - m~2 and a root-mean-square error of 10.43¢-m 2. It follows that the infrared retrieval is able to

10 determine the liquid water path. Although liquid water path retrievals from mierowaveradiometerin the Cloudnet retrieval data
2 . . .

come with a-an uncertainty of at least 20g - m

resutts-of root-mean-square error of 9.48 ¢ - m~2 for clouds with a pfeerpﬁab}e—wafer—vapeiﬁef—}e%—fhaﬁ—}e&r&ﬂd—&hquld water

path of at most 20g - m~2 re

15 of thin clouds of the

CloudnetframeworkCloudnet retrieval can be determined with higher accuracy than expected. Apart from this, the dataset of
microphysical cloud properties presented here altews-allow researchers to perform calculations of the cloud radiative effects,
when the Cloudnet data from the campaign are not available, which was the case from the 22nd July 2017 until the 19th August
2017. The dataset is published at Pangaea (Richter et al., 2021).

20 Copyright statement. CC-BY: Creative Commons Attribution 4.0 International
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1 Introduction

Clouds play an important role in the radiation budget of the earth. In the visible regime, clouds mainly reflect and prevent solar
radiation from reaching earth’s surface, whereas in the thermal regime clouds prevent surface radiation from escaping to space
and re-emit it back to earth, where it warms the surface. A-big-challenge-is-the-deseription-of-optically-thin-clouds-with-In
the Arctic, about 80% of the liquid water containing clouds have a liquid water path (LWP) below 100g - m ™2 —Jn-the-Areties

%-of the Hiquid-water containing clouds-are-below-this-threshold-(Shupe-and-Intrieri; 2004)(Shupe and Intrieri, 2004),
therefore observation of clouds bearing low amounts of liguid water is crucial to understand the effect of clouds on atmospheric

radiation in the Arctic. The change of the broadband surface longwave radiative flux is largest up to a visible optical depth be-

tween 6 to 10 corresponding to a LWP of approximately 40g - m~2, depending on the effective droplet radius (Turner et al.,
2007).

Tn-the-Areties—a—muchfaster—warming—than—en—The observed warming in the Arctic is much greater than the warming of
the rest of the earth-takesplaces;ealled-Aretic-amplificationEarth (Wendisch et al., 2019). This phenomenon is called Arctic

Amplification. A large number of processes are known to influence the Arctic amplification, but the quantification of each pro-
cess and its importance is difficult. The project Arctic Amplification: Climate Relevant Atmospheric and Surface Processes and
Feedback Mechanisms (AC )3 (Wendisch et al., 2019) aims to close this gap of knowledge by performing various campaigns,
model studies and enduring measurements in the Arctic. The measurement campaign and the data presented in this paper is-are
part of (AC)®.
Usually microwave radiometerradiometers (MWR) are used for ground-based observations of liquid water clouds. MWR can
detect liquid water paths above 100g-m~2, also they have the ability to operate continiously 24 hours a day, but LWP re-
trievals from MWR measurements suffer a high uncertainty in the LWP of at least 15g - m~2 (Léhnert and Crewell, 2003).
For more accurate observations of optically thin clouds, Fourier Transform Infrared (FTIR) speetrometer-spectrometers can
be used. Calibrated FTIR spectrometer are used for the observation of trace gases in absence of the sun or the moon as light
source, done for example by Becker et al. (1999) and Becker and Notholt (2000), as well as for the observation of optically thin
clouds, performed within the scope of the network of-the-Atmespheric Radiation-Measurement-(ARM)-Atmospheric Radiation
Measurement (ARM) using Atmospheric Emitted Radiance Interferometer (AERI) (Knuteson et al. (2004a) and Knuteson et al.
(2004b)). Retrievals-of infrared radianees from FTIR speetrometers show-a-smaller uncertainty for eloud parameters-ofclouds
vi -4 apa , / ath th s—ThereforeAlthough the
sensitivity of the FTIR retrieval decreases from approximately 50 - m~? (Turner et al., 2007), they can be used to supplement

existing cloud observation techniques. In addition, an FTIR spectrometer can be used to determine the effective radii of the
cloud droplets and the phase of a cloud. An emission FTIR spectrometer has been set up on the German research vessel Po-

larstern to perform measurements in summer 2017 in the Arctic around Svalbard.
Lacking freely available physical retrieval algorithms at the time of the measurement campaign, we decided to retrieve mi-
crophysical cloud parameters from spectral radiances using the retrieval algorithm Total Cloud Water retrieval (TCWret).

TCWret uses the radiative transfer model LBLDIS (Turner, 2005), which includes LBLRTM (Clough et al., 2005) and DIS-
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Table 1. Number of radiance measurements per cruise leg. Only measurements for which there is a successful retrieval are considered.

‘ NCgustlgALQ& ‘ Days with measurement ‘ Measurements

|
| psioel | 9 | oams |
| Psio62 | 17 |15
| esio7 | 15 s

ORT (Stamnes et al., 1988). TCWret works on the spectral radiances from 558.5cm ™" to 1163.4cm ™!, which are taken from
(Turner, 2005) and adapted to the present instrumental setup, TCWret uses spectral windows where low absorption of gases
occur and therefore the atmosphere is transparent for emissions from clouds. It uses an optimal estimation approach (Rodgers,
2000) and retrieves the liquid water optical depth 7;;,, the ice water optical depth 7;.. and their respective effective radii r;;4
and ;... From this, the LWP and Ice Water Path (IWP) are calculated. The principle of this retrieval technique has been proven
already for mixed-phase clouds by the Mixed-phase cloud property retrieval algorithm (MIXCRA) by Turner (2005) and tater
by the CLoud and Atmospheric Radiation Retrieval Algorithm (CLARRA) by Rowe et al. (2019) and for single-phase lig-
uid clouds using the thermal infrared spectral range (extended line-by-line atmospheric transmittance and radiance algorithm
(XTRA) by Rathke and Fischer (2000)).

Section 2-2 describes the measurement area —ta-seetion3-we-give-and gives an overview of the measurement setup and proce-
dure. In section 43, the ancillary data from radiosondes and ceilometer are introduced. Section S—deseﬂbes—TG\er{—me}udiﬂg—a

64 gives a brief description
of the infrared retrieval TCWret and shows the error estimation for this measurement campaign. Section 5 presents the results

of the measurement campaign. After the description of data and code availability, a summary and conclusion is-are provided.

2 Avreaof measurementsObservations
2.1 Area of Measurements

Measurements were performed around Svalbard i#-20+7-from the 24th May 2017 until the 19th August —Fhe-measurements

with-the-FTIR-were-performed-during-2017 within the scope of the cruise legs PS106.1 (PASCAL), PS106.2 (SiPCA) and
PS107 (FRAM)et-, performed by the RV Polarstern. PS106.1 and PS106.2 are collectively referred to as PS106. Ferfurther
deseription-see The cloud cover was observed by meteorologists of the German Weather Service, who reported a cloud coverage
of 7 or 8 oktas in approximately 75% of the time. For further descriptions refer to Macke and Flores (2018) and Schewe (2018).

Figure (1) shows the positions of the measurement sites and the ship.
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Figure 1. Map of the measurement area. Red markers indicate measurements during PS106.1 (24th May 2017 until 21st June 2017), green

markers indicate measurements during PS106.2 (23rd June 2017 until 19th July 2017). Blue markers indicate measurements during PS107

(22nd July 2017 until 19th August 2017). The black line shows the ship’s track.
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Figure 2. Sketch of the IFS 55 Equinox. The blackbody SR-80 can be removed, then atmospheric radiation is measured.
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Table 2. Technical specifications of the FTIR spectrometer IFS 55 Equinox.

Beamsplitter Potassium bromide (KBr)

Detector Mercury-Cadmium-Tellurium (HgCdT)

Temperature of Detector Cooled with liquid nitrogen (77 K)

Optical path difference 3cm
Spectral resolution 0.3cm™!
Diameter of entrance arperture 3.5cm

3 Measurement-setup
2.1 Measurement setup

Measurements of the atmospheric radiances were—are performed with a mobile FTIR spectrometer (IFS 55 Equinox by
BrukerBruker-Optics GmbH) in emission mode (without-using-the-sun-as-measures atmospheric radiaton without external light
source), which will be from now on referred to as EM-FTIR. The instrument was located in an air-conditioned and insulated
container on the A-Deck of RV Polarstern. The roof of the container has-is two openings. Below one opening the EM-FTIR
was located. Both openings eeuld-can be closed in case of precipitation. The interferometer inside the FTIR spectrometer has

a movable mirror whieh-gives-giving a maximum optical path difference of 3 cm, which results in a maximum spectral reso-

lution of Az = 0.3cm™ L. : 5 insed-To prevent damage on the hygroscopic substance of the

beamsplitter (Potassium bromoide), the spectrometer is permanently purged with dry air. Further specifications are described in
table (2). A blackbody (SR-80 by CI Systems) was-is placed manually on the EM-FTIR opening at regular intervals to perform

a radiometric calibration.
2.2 Radiometric calibration and emissivity of the blackbody radiation

To obtain the spectral radiance Ly,,, a radiometric calibration of the EM-FTIR is necessary. To do so, the blackbody radiator

SR-80 swas-is used. Its temperature can be set from —10°C to 125 °Cand-has-an-aceuracy-of-. The homogenity of the radiator
surface is better than £0.05K. The emissivity of the coating is shown in figure (3). The mean emissivity of the blackbod
radiator is € = 0.976. An emissivity below 1 means, that the radiaton of the blackbody is a mixture of the Planck radiation at

Tpp and the temperature of the container which is assumed to be Planck radiation at 73, The radiation by the EM-FTIR is
the sum of the radiation of the radiator plus a term which takes into account the temperature of the environment -

B=eB(Tgg)+ (1 —&)B(Tiup) ()
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Figure 3. Speetral-Smoothed spectral emissivity of the blackbody radiator.

with the temperature of the blackbody 7T’z g and the temperature of the laboratory T},;, weighted by the blackbody emissivity &
(Revercomb et al., 1988).The . o

of the spectrometer is performed then-using
BD (Thot) - BD (Tamb)

Latm - gBﬂ(Tamb) +e : F(Iatm - Iamb) + (1 - E)BD (T’lab) (2)

F(Inot — Lamb)
B(Tamb,hot 1ab) are the Planck function ef-at high temperature (T},,)-ambient, setting to 100°C), surface air temperature
(T'4mp) and at the temperature of the laboratory (T}.1). Ihot,amb,atm are the inteferegrams-interferograms of the hot blackbody,
blackbody at ambient temperature and the atmospheric measurement. F is the operator for the Fourier transform. In contrast
to the preeedere-procedure described in Revercomb et al. (1988), here the difference of the interferograms is calculated before
applying the Fourier transform.

pectra-ot-the-blackbody-radiator-are-measured-at-high-temperature—o X 60 and-at-ambien mperature—+m5—1 he

following cycle was-seleeted-is applied for the radiometric calibration: blackbody at T},¢, atmospheric radiation, blackbody at
Tamp, atmospheric radiation, blackbody at 7},,; and so on. Each measurement cycle of the blackbodies eentains12-individual
meastrements-which-are-averaged-took about 10 minutes to get one blackbody interferogram Iy, or I,,,;,. 40-measurements
of atmospherie radiance-were performed-in-each-eyeleThe duration of the atmospheric measurements was approximately
15 minutes. The measurements time and schedule was chosen based on the time it took the blackbody to reach the desired
temperature.

2.3 OCEANET measurements and Cloudnet synergistic retrieval

Retrievals of microphysical cloud parameters are compared with results of the synergistic retrieval Cloudnet. The OCEANET-

Atmosphere observatory from the Leibniz Institute for Tropospheric Research (TROPOS) in Leipzig (Germany) performed
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continuous measurements during PS106.1 and PS106.2 (Griesche et al., 2020f). Its container houses a multi-wavelength Ra-
man polarization lidar Polly-XT and a microwave radiometer HAFPRO-Humidity and Temperature Profiler (HATPRQO) which
was complemented during PS106 by a vertically-pointing motion-stabilized 35-GHz cloud radar Mira-35. The OCEANET
measurements provide profiles of aerosol and cloud properties and column-integrated liquid water and water vapor content. To
retrieve products like liquid and ice water content the instrument synergistic approach Cloudnet (Illingworth et al., 2007) was

applied to these observations. The retrieved Cloudnet dataset during PS106 has been made available via Pangaea (see table

7). As atmospheric input, radiosondes launched from the RV Polarstern were used. If no radiosonde is available, radiosondes
from Ny-Alesund (if the ship was neas Svalbard) or model data from the Global Data Assimilation System model (GDASI

were used. A short summary of the Cloudnet retrieval is given in Appendix A. For a detailed description please refer to
Griesche et al. (2020f) and the publications cited there.

3 Atmospheric profiles and cloud height informations

3.1 Cloud-eeiling

Aucxillary data obained in the ship cruise itself were used to construct the atmospheric setup used in the retrieval. This includes
temperature and humidity profiles as well as cloud ceiling measurements.

3.1 Cloud ceilin

Infermations-Information about the cloud ceiling wererecording-was obtained using a Vaisala Ceilometer CL51 operated by the
German Weather Service. The maximum cloud detection altitude is 13km with a vertical resolution of 10 mand-a-measurement
aeenraey-of >—==5m, The uncertainty of the retrieved ceiling is £1, %, but at least +5m. Temporal resolution of the results is
60s. Although only data of the cloud base height is given, it was decided to use these data instead of the Cloudnet height profile,
because the ceilometer data was available during the entire cruise, whereas the Cloudnet measurements were only available
for the PS106. Without changing the input data, a consistent dataset for the retrieval should be created. Pata-However, there is

a mean bias between the cloud base height stated by Cloudnet and the ceilometer of —639m (median bias of —47m), which

means on average the Cloudnet cloud base height is larger than the ceiling given by the ceilometer, and a root-mean-square
error of 1870 m. Data of the ceilometer are available at Schmithiisen (2017a), Schmithiisen (2017b) and Schmithiisen (2017c).

3.2 Radiosounding

Radiosondes were launched four times per day (00 UTC, 06 UTC, 12 UTC, 18 UTC) during the PS106 and twice per day (06
UTC and 12 UTC) during the PS107 (Schmithiisen (2017d), Schmithiisen (2017¢) and Schmithiisen (2017f)). Data were mea-
sured using a RS92 radiosonde by Vaisala. Data of air pressure, temperature, relative humidity, wind speed and wind direction

were recorded. Accuracies are 0.5 K for temperature measurements, 5% for relative humidity and 1 hPa for air pressure. Wind

speed-and-wind-direction—arenet-Only atmospheric pressure, temperature and humidity were used here. Atmospheric pro-
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files between two radiosonde launches are acquired by linear interpolation. If the-a radiosonde stopped measurements before

reaching 30km, data were extended using the ERAS reanalysis (Hersbach et al., 2018).

4 Total Cloud Water retrieval (TCWret)

Total Cloud Water retrieval (TCWret) is a retrieval algorithm for microphysical cloud parameters from FTIR spectra. It is
inspired by MIXCRA (Turner, 2005) and XTRA (Rathke and Fischer, 2000) and uses an optimal estimation approach (Rodgers,
2000) to invert the measured spectral radiances for retrieving microphysical cloud parameters. For a complete description of

the retrieval, please refer to appendix B.

4.1 Radiative Transfer Models

Two radiative transfer models are used in TCWret: the Line-By-Line Radiative Transfer Model (LBLRTM) (Clough et al.,
2005) and the DIScrete Ordinate Radiative Transfer model (DISORT) (Stamnes et al., 1988). DISORT is called by LBLDIS
(Turner, 2005) to calculate spectral radiances.

LBLRTM calculates the optical depth for gaseous absorbers and the water vapour continuum. The profiles of HoO, CO», O3,
CO, CHy and N, O either can be set by the user, or a predefined atmosphere of EBERTM-ean-be-is used. A subarctic summer
atmosphere, implemented in LBLRTM, has been used for all gases except H2O, which has been read from radiosonde mea-
surements.

DISORT calculates the monochromatic radiative transfer through an—vertieally-inhomogenious-a vertically inhomogeneous
plane-parallel medium including scattering, absorption and emission. BYSORF-It provides the spectral radiances tndergiven

using single-scatter parameters.

D11 aKeS—ove §(o tratea—op S| cataoases—o

single-seatter-parameters-for-liquid-water-and-iee-Several databases are included in LBLDIS (Turner, 2014). These d

contain extinction cross sections, absorption cross sections, scattering cross sections, single-seatter-single-scattering albedo,

atabases

asymmetry factor and phase functions for different wavenumber-wavenumbers and effective radii. Refractive indices for liquid
water droplets and ice crystals are taken from Downing and Williams (1975) and Warren (1984) respectively. Temperature
depended-dependent refractive indices for liquid water are from Zasetsky et al. (2005). However, it is important to note that
they have large uncertainties from 1000cm ™! to 1300cm ™! (Rowe et al., 2013). Scattering properties for more complex ice
particle shapes like aggregates, bullet rosettes, droxtals, hollow columns, solid columns, plates and spheroids were calculated
by Yang et al. (2001) using a combination of Finite Difference Time Domain (FDTD), geometric optics and Mie theory.

Fhe-For all liquid droplets and ice crystals, the droplet size distributions follow a gamma size distribution. The gamma size
distributions were chosen is-in a way, that they fit to the data during the First International Satellite Cloud Climatology Project

(ISCCP) Regional Experiment (FIRE) Arctic Cloud Experiment (ACE). For further details, please refer to Turner et al. (2003).

4.2 Werkingprineiple-of TCWret
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4.2 Products of TCWret

Direct retrieval products are 7;iq, Tice, T1iq and 7;ce. From these parameters the water paths are calculated:

2
LWP =3 -Tiig"Tiiq " Qiiq .
j— N- V()(Ti,(:e) Tice N - ‘/O(Tice) * Tice - Oice (4)
Tice Qice

3

with the volumetric mass densities of liquid water g;;4 = 1000kg - m ™", ice water g;cc = 917kg - m~3, the particle number

xtinction coefficient ;.. = ;.. - IN. The total volume of an ice

crystal Vo (7. ) and the extinction cross section of an ice droplet ex4{#z=}0;.., both integrated over the gamma size distribution

density N and the

are read from the databases of single-scattering parameters. The formula for the liquid water path works for spherical droplet

only, while the formula for the ice water path is valid for ice crystals of any shape (Turner, 2005). The covariance matrix S, of

the optimal estimation procedure is used to determine the errors.

4.3 Covariance matrix and averaging kernels

Retrieval errors are calculated from the variance-covariance matrix S,. of the retrieval. It is calculated by
S, =T,8, T, ®)

~The index 1 denotes quantities of the final iteration. T is a transfer matrix and S, is the variance-covariance matrix of the

measurement. The retrieval uses a Levenberg-Marquardt algorithm, therefore the variance-covariance matrix and the transfer

matrix T are calculated iteratively, as described by Ceccherini and Ridolfi (2010). In-brief-In-eachstep-the-transfer-matrix-T
To=0
Ti+1 = C—;‘r7 + (I — GZKZ — MlS;l) Tz

quality is the Averaging Kernel Matrix A. The averaging kernel matrix contains the derivatives of the retrieved quantities with

respect to the true state vector

Oz,

A =
a(Et

(6)

10



—where x,, means the retrieved parameters and a; are the unknown true parameters. In TCWret, the averaging kernel matrix is

a4 x 4-matrix. The top two rows belong to 7;, and 7; .., the bottom two rows belong to 7;;, and ;... On the diagonal elements
one finds the derivatives of each element in the retrieved state vector with respect to its corresponding element in the true state

235 vector. Off-diagonal elements give the degree of correlation between the entries of the state vector

ATl'iq ATliquice ATZiq»"‘liq ATli,q7T7',cs:

A — ATiceyTliq Tice Tice Tliq TicesTice (7)
Tlig>Tliq ATLiqﬂ'ice Arliq Aniq,n‘ce
TicesTliq Ariceﬂ—ice Aruqﬂ“ice An‘ce

Here A, ., stands for the mutual dependence of the parameters v and w, where v is the parameter in x,. and w is the parameter
in x¢. The trace of the averaging kernel matrix gives the degrees of freedom of the signal, which can be interpreted as the

number of individually retrievable parameters from the measurement (Rodgers, 2000). The averaging kernel matrix sets the

240 retrieval and the a priori into context:
Tr=Tgq+ A(xe —2q) (®)

From this relationship it can be seen that in the optimal case the Averaging Kernel Matrix is the unit matrix. Smaller entries

mean a stronger influence by the a priori. Averaging kernels in TCWret are calculated via
A=TK, €))

245 {(Ceecherini-and Ridoli; 2010)FErrors- The matrix K. is the jacobian matrix of the retrieved parameters (Ceccherini and Ridolfi, 2010

. Uncertainties of LWP and IWP are calculated from error propagation:

oY ?
oy =%, <8m‘0mi> (10)

(2

where Y is either LWP or IWP, g—% is the partial derivative of Y with respect to an atmospheric parameter m = {7jiq, Tice, Tliq, Tice t

and o, is the variance of the i-th parameter m;, as stated in S,.

250 4.4 RetrievalperformaneePerformance of TCWret applying to simulated data

255

11
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Table 3. Results of the testcase retrievals. |r| is the correlation coefficient of each quantity. Mean bias is the mean difference between retrieval

and the true size of the parameter. STB(FCS)-RMSE is the standard-deviationroot-mean-square of the difference between retrieval and true
parameter. For 74 jce and 754 ice, ERR (OE) is the standard deviation pfewdedrbycalculated from the posterior coviarance matrix of the

optimal estimationwitheut-covarianees,, stated in equation (Frigzees Frigrced)
. For the varianees(EWPAWP—Feficeother quantities, FERR(OE) is calculated by error propagation. Maximum of quantity in testcases

specifies the maximum value that can be used for this quantity in the test cases. A total number of 253 testcases are included in these

caleulations.

| Quantity | Il | MeanBias | STR4PC)RMSE | ERR (O) | Maxi
| Tiig (1) | 0.86 | —008-01 | 05205 | 63403 |
| Tice (1) | 078 | ea002 |  ese06 | 63203 |
| Tew = Tiig + Tice (1) | 099 | earon | earo2 | esror |
| fiee (D) oo | o008 | e2s03 | es006 |
| Piiq (um) | 059 | —237-24 | 33541 | 29329 |
| Fice (um) | 065 | 29430 | 968100 | 23924 |
| | 068 | 8519 | eer63 | 23123 |
| | 082 | +orrg | 9ss100 | 56651 |

the uncertainties indicated by the optimal estimation procedure, TCWret was applied to simulated data (Cox et al., 2016). The

description of the testcases and the

12
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0.87 0.09 —-0.15 -0.09
0.11 090 0.19 0.03
-0.04 0.07 0.50  0.05
—0.16 0.05 0.03  0.42

280 A=

285

290

uneertainties; ERR(OE)is-sealed-se-it-matehes-STD(TC)evaluation can be found in the appendix C. Results are shown in table
(3). When applied to the simulated data, it could be shown that TCWret can determine all variables entered in the table. Results
295 calculated by TCWret are comparable to the true cloud parameters from the simulated data.

4.5 Erorrs of atmospheric profile and calibration

Besides the uncertainties from the optimal estimation algorithm, uncertainties from atmospheric profile data and the calibration
cycle increate the total uncertainty of the data.

13



Table 4. Standard-deviations-ef-Mean partial derivatives, used for estimating the differences-betweenretrievals-witheut-parameter-errors-and
retrievals-with-parameter errors Apar.

‘ Quantity m ‘ o2 ‘ gq—m%% ‘ e dm ‘
| migest | 003 | eew02 | o001 |
| ey | es2012 | 602001 | e08-002 |
| rug ey | 2342058 | 627014 | 333-197 |
| ety | 523138 | +ee062 | 576701 |
| LWP (g-m=2)- | 284027 | 625015 | +35-047 |
| WP e-m=2 | 564243 | 664014 | 3141 |
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Figure 4. Combined-Total error as sum of device error and interpolation error.

4.6 Erorrs-of-atmospherieprofile-and-ealibration

300 4.5.1 Partial derivatives for non-retrieved quantities

medTo estimate the uncertainty which comes from the cloud
temperature, humidity profile and spectral calibration, the testcases from Cox et al. (2016) have been adjusted to incorporate

305 uncertainties in cloud temperature, humidity and radiance. Three datasets are creating, each of them with one of the followin

adjustments:

14
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— Increase cloud temperature by 1 K

— Increase atmospheric humidity by 10 %

— Increase radiance by 2mW - (cm ™! - m? - sr)~

With these datasets the partial derivatives are calculated, which are necessary to determine the errors due to cloud temperature,
humidity and spectral calibration and propagate them into the retrieved cloud parameters by application of

Am =4/ (27 AT 2+ om N : (9L i (11)
- aT ag 1 oL
with the cloud temperature 7', the relative humidity g, the radiance L and their errors AT, Ag and A L. To separate the influence

of the parameter errors from the retrieval performance, the results of the-parameter-error-data-these three datasets are compared
to the datase i i

neeretrieval results mentioned in section 4.3 instead of

the true cloud parameters. Fer-each-testease-Mean partial derivatives are then calculated as follows:

1. Retrieve the cloud parameters for each dataset

2. Calculate the difference between the re

standard-deviations-perunit-size-cloud parameters of the adjusted dataset and the undisturbed dataset (which has been
already used in section 4.3

3. Calculate the difference quotients, which will act as partial derivates in equation (11

The partial derivatives are shown in table (22)—TFhen;-the-parameter-erroris

Apar = 1/ (0r AT)? + (0,A9)° + (0L AL)?

4.5.2 Temperature and humidit

Device errors of the radiosonde are AT =05K-AT = 0.5K and Ag=5%. Additionally, the error introduced with the
linear 1nterp01at10n of the temperature and relative humldlty mﬂst—be—esﬁmated—%es&fﬂa{&ﬁﬁﬁmtefpelaﬂe&eﬁef—{he
~the-is estimated by comparing the
interpolated profiles to atmospheric profiles from ERAS. The interpolation error follows from the comparison between the
linear interpolation between two radiosonde measurements and the ERAS reanalysis—The standard-deviation of the difference
ERAS atmosphere for each hour, Then we calculate the atmospheric profiles from the radiosondes once per hour by linear
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interpolation. From this we calculate the difference, average over one day and calculate the standard deviation. Figure (4) gives
the eembined-total error as device error and interpolation error, as an example for the period from 11th June 2017 to 30th June

2017.

4.5.3 Calibration error

The accuracy of the blackbody temperature and emissivity are ATgp = +0.05K and Ae = £+0.02. The propagation of these
errors into the radiance is perfermed-by-

0Lt > (OLu 2
AL = . 0.02 2L 0.06K 12
\/( 86 + 8TBB ( )
To estimate aL‘”m , a spectrum is calibrated with an emissivity of e~-and-="+-h—The-differential-quotient-¢/_and ¢ + h. The

artial derlvatlve is calculated by aL‘“’" = L +h,2_L(E) with the-L(¢’)as—, the radiance under the emissivity &’ —From

E%W&ﬁmmmamwmmm h = 0.02 follows

OLatm .0.02 = —0.98mW - (sr-cm ™~ -m?) ™!, The second differential-quotient-partial derivative Sfetm is estimated using

equation (2). The emissivity is set to 1. The measured radiance of the hot blackbody is larger than the radiance of the atmo-

sphere (Fnor)>FFarmd (Inot) > F (Latn)) and therefore the quotient ff(g’:jj“f) 1—Setting ;((Ii’fojjs =1-as-an
it .

From the measurements it follows that L. is about five times larger than L,,,;, therefore there inequtaion (13) is set
FIhat—Iamb) . . .

Sttt = (0.2, Equation (2) thus can be written as =-5B5{For)- S

Lawm = Be(Tams) 0.2 By(Thot) = By (Tamy) (14)
With Tsp = Thor = 100°C and T, = 0°C is Zoatm . 0.05 =0.10mW - (sr-em ™! -m?)~! as an average for the spectral
BB

interval between 500cm ! and 2000cm L. This gives
AL=0.98mW - (sr-cm~!.m?)~ !

4.5.4 Resulting parameter error

Finally, from the calculations in this section, the resulting unvertainties are

“Tig — the interpolation error (1.5 K
— Aq =17.5%, as sum of the device error (5.0%) and the interpolation error (12.5%

16



- AL=0.98mW-(sr-cm ! -m?)~!

Applying these uncertainties to equation (11), Mg—mithe uncertainties for each parameter are A1y, = 0.4
365 AT =0.3, Arpg = 3.3um, Arje. = 13.1pum, ALWP =2.8g-m 2
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Figure 5. Distribution of retreived-retrieved optical depths for liquid water (upper ptotpanel) and ice water (lower ptotpanel). The binwidth
is set to the sum of the root-mean-square from table (3) and the errors discussed in section 4.5.

of-the-tee-erystals-than+;zZAIWP =5.6g- m~ 2. These values will be added to the retrieval errors in the next section.

5 Results
5.1 Statisties-of-optical-depths;effeetiveradii-Cloud parameters from infrared radiance measurements during the
PS106 and water pathsPS107

Thed i« published-atP Ric] 12021,
During the measurement campaign, most of the observed optical depth is due to liquid water insted of ice crystals. A his-

togram of all retrieved optical depths is-are shown in figure (5). In 66.4 % of the measurements, ice was observed in the clouds,

whereas in 92.4 % of the measurements liquid water was present. Mean optical depths are Tiig. = 2.6
and 7;.. = 0.8. Similar to the optical depth, most of the observed cloud water is liquid water (figure 6). Here the means are
LW P =1768e—m—2and WP =992e-m=—2LWP =17.7g-m % and IWP = 9.9¢ - m~ 2. Interquartile ranges for LWP
and IWP are ZQR -y r—1890g—m— 2 and LQRrypr—11-53e-m—2IQR =189g-m2and IQR =11.5g-m~2.

Whereas the range of LWP matches the LWP from the testcases, the IWP is near the lower threshold of the retrievable water
path.

The distributions of the effective radii is-are shown in figure (7). For 7,4 only cases with f;c. < 0.9 are used —Similar-and for
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Figure 6. Distribution of retrieved LWP (upper plotpanel) and IWP (lower plotpanel). The binwidth is set to the sum of the root-mean-square

from table (3) and the errors discussed in section 4.5.

Table 5. Key features of the dataset

| Key figure | size |
| Retrievals performed_ | sse4 |
| Accepted retrievals | 4590 |
| Mixed:phase clouds (0.1 < fic. < 0.9) | 2158 |
‘ Single-phase liquid ( fyee < 0.1) ‘ 2899 ‘
‘ Single-phase ice (fiee > 0.9) ‘ 507 ‘
| Minimum observed precipitable water vapour (PWY) | 0.67cm |
| Maximum observed precipitable water yapour (PWV) _ | 1.6%em |
Tice vWhere-only cases with f;c. > 0.1 are used. On average, ice crystals (#;ze=-2233pm1;, = 22.3um) are larger than liq-

uid droplets (r1;5="+0-88 w14 = 10.9um). Ice crystals show a wider range of retrieved effective radii than liquid droplets,

expressed by an interquartile range of JQR;.. =17.9um compared to
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Figure 7. Distributin-Distribution of retrieved effective radii for liquid water droplets (upper plotpanel) and ice crystals (lower plotpanel).
The binwidth is set to the sum of the root-mean-square from table (3) and the errors discussed in section 4.5. In each case, only cases are
considered in which the eorresponding-optical-depthsis-phase fractions are above 0.1 (Liquid water fraction for 7, and ice water fraction
for 7ice). This results in 4111 of 4590 cases for 7154 (89.67%) and 2153 of 4590 cases for 1ice (46.9%)-

1 Ri = 5.9um.

5.2 Averaging Kernels and posterior correlation matrices

For all measurements, the mean of the averaging kernels and degrees of freedom are calculated:

0.77 048 —0.17 —0.02
0.19 045 025 —0.01

A= (15)
~0.04 0.14 074  0.05

-0.03 —-0.1 0.29 0.3

tr(A) =2.25 (16)

This mean averaging kernel matrix contains both single-phase clouds and mixed-phase clouds. Since only two parameters are
determined in the single-phase cases, they perturb the mean number of degrees of freedom for all measurements. As seen in

the statistics, there are less cases with ice-containing clouds. This atse-deereases-lowers the entries on the diagonals for 7;c.
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Figure 8. Statisties-Histogram of the precipitable water vapour during the measurements of atmospheric radiances.

and ;.. as they are 0 in all-liquid clouds. Therefore, the mean averaging kernel was also calculated for all mixed-phase clouds:

0.62 0.22 -0.35 -0.03
0.32 0.7 0.47 —0.04

Amixedfphase = 17
—0.08 0.16 0.66 0.1

-0.14 -0.07 0.17  0.59

tr(Amized—phase) =2.57 (18)

—The number of degrees of freedom in this case is 2.57. The entries for the effective radii are at the same size as those for the

optical depth.

The posterior correlation matrix R gives the correlations of one retrieved parameter to another. For mixed-phase clouds, R is

1.00 0.50 —0.07 —0.40

0.50 1.00 0.02 —0.23
Rmimedfphase: (19)
OSSOSO hha —0.07  0.02 1.00 0.13

—-0.41 -0.23 0.13 1.00

Largest correlation appear between 7;, and 7;.. (|7| = 0.50), which points to a difficult phase determination. Apart from the

correlation of the optical thicknesses, the rest
comparatively high correlation between r;.. due-to-different-geometries—
and 7y, is striking, which suggests that both parameters cannot be determined completely independently of each other.

5.3 Precipitable water vapour

A crucial spectral region for the determination of the cloud phase are-the-speetral-windows-is the spectral window in the far-
infrared between 500cm ! and 600cm ! (Rathke et al., 2002). This spectral region is sensitive to the concentration of water
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Figure 9. Percentage of retrievals -divided-by-the-chosenfor each ice particle shape. Most particles are modelled as droxtals (37 %), solid
columns (35 %), plates (22 %) and bullet rosettes (4 %)

Table 6. Results of the comparison between TCWret and Cloudnet. Mean Bias and Root-Mean-Square error refer to the difference of both
datasets.

Il ‘ Mean Bias ‘ Root-Mean-Square erro

[ s | |
| WP | 065 | 252w | 104gm® |
| LWP <20g.m 2 | 052 | 408w | 95gm® |
| oweewv<iem 073 [tigm® | 83gm® |
| LWP<20g m 2 (PWV <lem) | 07 |26gm™® | 59gm® |
| WP |04l | 15gm | 168gm? |
| s o8 | aswm | sdwm |
| 0 (msimun) N -

vapour in the atmosphere. The amount of water vapour is expressed by the precipitable water vapour PWYV, which has been
calculated from the radiosonde measurements. The far-infrared spectral region becomes nearly intransparentopaque to infrared
440 radiation for PWV > 1cm (Cexetal52046)(Cox et al., 2015). During the measurement campaign the PWV was greater than

1cm in 62% of the cases. Therefore, the datasets for PWV greater than 1cm are not removed from the analysis. Statistics of
PWYV are shown in figure (8).
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5.4 Comparison to Cloudnet

To compare result from TCWret and Cloudnet, a combined dataset of TCWret restltresults is created in the following way:

were carried out for all ice crystal shapes. However, this procedure leads to up to 8 results per measurement, so a selection
was made. The aim of the following selection is that all ice crystals with 1, < 30um are modelled as droxtals-, while larger
ice crystals are modelled as either plates, bullet rosettes or solid columns. This choice is motivated by Yang et al. (2007). The
accepted result then is determined as follows:

1. If r;. is-abevefor plates, bullet rosettes and solid columns or for droxtals are less than 30 um, werandomlychose-the

crystals as droxtals is accepted.

2. If r;.. for droxtals are greater than 10um, the result that uses plates, bullet rosettes or solid columns is accepted. To

choose one of the datasets, a random number is drawn which selects plates in 35%, bullet rosettes in 15% and solid
columns in 50%.

3. If none of the conditions apply, the data for which the degrees of freedom of the outcome are highest is accepted.

The first condition ensures that all small ice particles are classified as droxtals, while the second ensures that all larger particles
are classified as plates, solid columns or bullet rosettes. Stricter thresholds would more often result in only the last condition
applying, which should be avoided as much as possible.

As additional constraint, we only allow results where r;;, < 7jc. This is motivated by the following: The results of r;;, and

Tice Witkshow—-show that 7, is usually smaller than r;... From-the-estimation-of the retrieval performanee-using-the-testeases

Therefore, cases with 134 > r;c. are likely cases with a too small 7;.. and a too large r;;,. For the comparison between
TCWret and Cloudnet, results from both datasets were averaged over a time period of two minutes. This has been done
because the underlying measurement systems have different temporal resolutions, also both measurement systems were at

different locations on the ship. Cloudnet results do not contain optical depths, but water paths and droplet radii, therefore we

will compare LWP and IWP, r;;, and 7;... Correlation coefficients, mean biases and root-mean-square errors are shown in table
©.

5.4.1 Ice Water Path and ice effective radius
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Figure 10. Ice water path of TCWret versus IWP from CloudnetferPW -V —<tem.

Re%uk%fe%fhe&ewe%&teekquwm&e&afe—siwfab}e;@%—F%Althou h TCWret can determine r;.. -ho-significant
from the simulated spectra, no correlation can be found

between the TCWret and Cloudnet data. From the error considerations in previous sections it was shown that the RMSE for
the simulated spectra is already 10.0pm. Taking into account uncertainties in the atmospheric data and the calibration, an
additional uncertainty term of 13.1um is obtained, so that .. of FEWretis16-77 m-smatler-than-is already subject to high
uncertainties. According to the posterior correlation matrix, ;.. fromthe-CloundnetretrievalIn-contrast-to-the-testeases-where

retrieval-correlates with 7y;,, so that there is no completely independent result of r;..-has-been-proven-to-be-possible;theiee

determination of ;.. could be achieved by a better A priori x,, but the problem remains that according to the averaging kernel
matrix only 2.57 degrees of freedom exist in the measurements.

Figure (10) shows the results for the IWP. Although fhe%Wllﬂ%?GerH%ea}etda%eeFﬁm%ﬁw—,aﬂgmﬁe&nkeeﬁehﬁeﬁ
a correlation can be found, there is large

spread between the datasets. The difference between TCWret and Cloudnet is H—E}%@Q}@—tﬁiaﬂdwfh—}mﬁmgfhe

the-measurementsare (1.5 £16.8 m~2. The IWP is calculated according to equation (4) from 7;.. and 7;.., where r;

2

influences the IWP of the TCWret data set. Furthermore, the IWP during the measurement campaign is 9.9¢ - m~“, very low
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Figure 11. Liquid water path of TCWret versus Cloudnet for PWV < 1cm. Left scatter plot contains all measurements, whereas the right

plot only shows clouds with LWP < 20g-m™ 2.

and within the RMSE of TCWret when retrieving the simulated spectra. The IWP is therefore at the lower threshold-of-the

mproved by-externaknowledge of the-fee-erystal-geometrylimit of what can be

determined with TCWret and is considered as less reliable.

5.4.2 Liquid Water Path and effective droplet radius

observed—Figure-(H)-eft-side)shows-Results of liquid water path from TCWret and Cloudnet are correlated. The difference
is 2.5¢-m~24+10.4g - m~2 with no restriction to the maximum water path. From this we conclude that the LWP from

otuahnctana ABL™ O asSe with—PW-Y Chi: nc anagaraaeviHatono . o =2 Oof—a a a N =2
the-cases with PW V- Fenrisdessthan the mean-crrorof the WP ronm Cloudnet €204 2 -1 2 TCWret-dataset is reliable. As
mentioned earlier, a large PWYV interferes with the retrieval, as the water vapour has a larger influence on the microwindows.
Therefore, we additionally remove all cases from the analysis, where the PWYV is larger than 1 cm. This reduces the mean bias
to 1.1g-m~2 and the RMSE to 8.3¢ - m 2. The results with PWV < 1cm are shown in figure (11, left panel).
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Figure 12. r;;, of TCWret versus r;;, from Cloudnet averaged over the entire cloud (left panel) and maximum value of the cloud from
Cloudnet.

compared-to EWP-from-TCWret—Theseresults-are-Since the LWP of TCWret correlates with that of the Cloudnet product
and since the RMSE of the LWP is far below the uncertainty of Cloudnet-but-as-the-standard-deviation-of-the EWP-for-all

elouds-is-below-20e—m=2the

-LWP of the Cloudnet product, we reduced the maximum LWP to investigate
whether a correlation can also be observed for clouds with an LW P < 20¢ - m—2. With a real uncertainty of £20¢ - m 2 the

correlation is expected to disappear.
Results for very thin clouds fand PWV < 1cm J-are shown in figure (11) (right side). Again, a-signficianteorrelation s} =072}
is-observed—The-standard-deviation-results are correlated. The RMSE for these clouds is %WMM

bias of 2.6 ¢ - m—2. Without any restrictions on the PWYV, there is a RMSE of 9.5¢ - m—2 and a mean bias of 4.0g - m~—2. From

the comparison with TCWret, it can be concluded that during this measurement campaign, Cloudnet’s results for thin clouds

with LWP < 20g - m~? are also reliable despite the stated error of 20.40g - m~2.

on the RV Polarstern. Apart from that, however, both the measuring instruments and the retrievals are different. Furthermore,
TCWret does not use information from Cloudnet as A Priori. Since TCWret has also shown comparable agreement with the
LWP of the simulated spectra in the test cases (mean bias is —1.6g-m~2, RMSE is 6.3g-m~?), it is to be expected that
Figure (12) shows the results for 7y;,. The left panel shows the results where ry;, of Cloudnet is averaged over the entire
cloud. The right panel shows the maximum 7;, of the cloud in the Cloudnet data. Only results from TCWret are considered
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530 if fice < 0.9. Aceordingly;pure-ice-clouds-areignoredAs in the LWP, a correlation between the data can be observed. Overall,

there is an overestimation of the mq of TCWret by 4—49—p1ﬂ'w/g\m on average. The%m&dafd—dewaﬁeﬁ—rs—Q—?Qwﬂ%high—P—\W

535
in Cloudnet, the mean bias decreases to 3.1um. The same applies to the RMSE, which decreases from 5.3um to 4.2 um.
These results indicate that 71iq is-thus-consis i strathr ~When-reaHlarger-iee
mmmmmmm
540 expected since the ;4 1 Ses-as—+ce Ses—Jus sce—in Cloudnet is determined using the altitude-resolved radar

reflectivity, while TCWret uses the radiance of the clouds measured on the ground. However, the observed correlation allows a

correction of ;i th sin TCWret as a function of

6 Data availability

545 For aceessability-accessibility of used and shown datasets, see table (7).

7 Code availability

The retrieval algorithm TCWret is available at https://doi.org/10.5281/ZENODO.4621127 (Richter, 2021) with external sub-
routines at https://doi.org/10.5281/ZENODO.4618142 and https://doi.org/10.5281/ZENODO.4618106. Jupyer-Notebooks-Jupyter-Notebo

to perform the comparisons to Cloudnet are available at https://github.com/Richter[UP/evaluation_tcwret.

550 8 Summary and Conclusion

In-this-publication;-a-A dataset of microphysical cloud parameters of optically thin clouds was-is presented. The measurements
were carried out on the ship RV Polarstern in summer 2017 in the Arctic Ocean around Svalbard and in the Fram Strait.

Measurements were performed using a mobile FTIR spectrometer, operated in emission mode (EM-FTIR). A calibration of the
EM-FTIR was performed with a blackbody radiator, whose temperature was alternately set to 100 °C and ambient temperature.

555 The spectrometer was operated in an air-conditioned container. Radiances between 500 cm ! and 2000cm ™! were recorded.

The retrieval of cloud parameters was-is performed using the Total Cloud Water retrieval (TCWret). TCWret uses the opti-
mal estimation method to invert atmospheric radiances. The radiative transfer model used is LBLDIS, which utilizes optical
depths of atmospheric trace gases calculated with LBLRTM and then calculates the spectral radiances using DISORT. Single-

scattering parameters for clouds are read from pre-calculated databases. Retrieval products are the optical depths of water and
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ice and the corresponding effective radii. From these products, liquid water path and ice water path are calculated. TCWret also
uses profiles of air pressure, humidity and temperature from measurements with Vaisala RS92 radiosondes and information

about cloud height from measurements of the ceilometer CL51, which is on board the RV Polarstern.

and-tee—The-comparisen-with-During the measurement campaign, a data set with 5564 retrievals was created. A comparison to
the simultaneously performed retrievals of the Cloudnet network on the Polarstern shows that:

— The LWP of both data sets are in-agreementcorrelated. From this is concluded, that the retrieved LWP from TCWret
is reliable. In addition, it could be shown using the TCWret dataset that during this measurement campaign also the

measurement data of thin clouds (LWP < 20g-m~2) of the Cloudnet retrieval are reliable despite the given error of

20g-m~2,
— A-signifieant-As well as for the LWP, a correlation for r;;, is observed:—in-contrast-to—;-—In-the-testeases—;z—could
also-be-determined. However, the-shape-of-thetee-erystals-wasknown-there in-contrastto-the tee-erystalsknown-during

affeets—;5-which-is-overestimated-compared-to-there is a increasing bias with increasing 7;;,. This can be corrected
using the results from Cloudnet.

deviations—Only a low correlation can be found for the IWP, while ;.. does not correlate. Therefore the IWP is
considered to be less reliable than the liquid water-products.

Despite the difficulty in determining IWP and r;..., this presented data set is useful for downward cloud radiative flux calculations.
Since TCWret determines the cloud parameters from the spectral radiance, the calculated cloud parameters are those that match
the observed radiance. This is also true if IWP and ;.. are affected by errors.

In summary, the dataset of cloud parameters and water paths from TCWret provides a helpful complement to the results of
the LWP from Cloudnet, but at the same time benefits from its 7;,. Due to the consistent calculation of cloud parameters over
the entire cruise, the results from TCWret additionally provide information about clouds during PS107, where only EM-FTIR

measurements are available.

Appendix A: Brief description of the Cloudnet synergistic retrieval
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the retrieval of Frisch et al. (2002). The IWC was determined according to Hogan et al. (2006) via an empirical formula from
temperature and radar reflectivity. The IWP was determined by vertical integration of the IWC. The calculation of the IWP was
carried out specifically for this study. The determination of 7 is done analogously to the INC from the radar reflectivity and
the temperature by an empirical formula (Griesche et al., 2020f).

Appendix B: Description of TCWret

B1 Working principle of TCWret

TCWret retrieves optical depths of liquid water and ice water and the effective radii of liquid water droplets and ice crystals from

infrared spectral radiances. The retrieval of microphysical cloud parameters is a nonlinear problem, so an iterative algorithm is
needed:

Trtl = En T S B
Here x,, and x are the state vectors containing cloud parameters of the n-th and (n + 1)-th steps and s, is the modification

of the cloud parameters during the n-th iteration. The state vector contains the optical depths and effective radii

Tliq,n
Tice,n

xr, = (B2)
Tlig,n

Tice,n

The governing equation to determine s,, is

, the inverse of the variance-covariance matrix S

a priori x, of the cloud parameters and the inverse covariance matrix of the a priori S, ", the measured spectral radiances
the calculated spectral radiances F'(z,,) and the Levenberg-Marquardt term 2 - S, L.

The aim of the iterations is to minimize the cost function £2(x).

The quantities in the equation are the jacobian matrix K =

Convergence is reached, if the change of the cost function is below a given threshold, here set to 0.1%:

52($n+1) - 52(1%)
52(xn+1)

<0.001 (B5)

However, convergence in the sense of the cost function does not necessarily mean that the fitted and measured spectrum match.
For example, the step size parameter of the Levenberg-Marquardt method could be so large that the cost function changes
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little. Then the convergence criterion is fulfilled, but the fit does not agree with the measurement. To identify these cases, a
reduced-y2-test is performed. This test is used to calculate the distance between calculated and measured radiance, taking into
account the variance of the spectrum 2. It is defined as

N
1 Y(Vm) — F (X, V)
2 _ . ’
Xreduced = DOF mzﬂ o2 (B6)

620 with DOF = number of datapoints - number of parameters. The microwindow is denoted as 7. As empirical values, we
assume that all retrievals with §7 ,.cq < 1.0 converged correctly. Results with 74 + Tice > 6 are excluded.
As we do not necessarily have prior information about the optical depths and effective radii, we decided to set the covariance
of the a priori to large values. This shall ensure that the chosen a priori does not constrain the retrieval too strong. Initial values

and a priori are set to equal values: @

625 have similar size. The variance-covariance matrix of the a priori is set to

004 0 0 0
. 0 004 0 0

S. = (B7)
0 0 0047 0

0 0 0 0.047

The values in 4 and S, " are chosen empirically. Since initially no information about the cloud parameters is available, zq_

and S, should not restrict the retrieval too much, Therefore, the variances in S, are set to large values.

Variances in Sy~ are calculated from the spectral region between 1925cm " and 2000cm”", where no signal from the
630 atmosphere is expected, The variance-covariance matrix is assumed to be diagonal: Sy = gL It is assumed to be the variance

of the scene. To retrieve cloud parameters, only radiance from spectral intervals given in table (B1) is used. The variances of

Sy propagated into the covariance matrix S, of the result by applying a rransfer marrix T, In each step T is calculated taking.

into account the current step size parameter . by

To=0

(B3)
Ti+1 =G;+ (I - G;K,; — MZS;l) T;

635 with 0 as zero matrix and I as identity matrix. IM, is the inverse of the term in the brackets on the left side of (B3) and
G, = M,K7S~! Diagonal elements of S,. are the variances of the final cloud parameters.

Appendix C: Retrieval performance on simulated spectra

A set of simulated testcases containing spectral radiances of artificial clouds with known cloud parameters, created by Cox et al. (2016)
640 , will be used to test the ability of TCWret to retrieve Tyiq, Tices T1ig and 7;... Additionally, the derived quantities LWP and
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645

650

655

660

665

670

IWP are discussed. This dataset contains several representative cases of Arctic clouds. Clouds are set to be either verticall
homogeneous, topped by a layer of liquid water or with thin boundaries. Ice crystal shapes are mostly set to be spheres
but some cases where calculated with hollow columns, solid columns, bullet rosettes or plates. All spectra are convoluted

1

with a sinc-function to the resolution of the IFS 55 Equinox (0.3cm ™ ") and perturbed by a Gaussian distributed noise of

1

sr-cm—!-m~2)~1: We modified the spectral radiance at each wavenumber by drawing a random number from a

1., —2

normal distribution with the true spectral radiance as mean of the distribution and 1mW - —1 as its standard

deviation. This value has been chosen, because it is near the observed standard deviation of the real spectra from the measurement
campaign of 0.82mW - (sr-cm " -m~?) ", Ice crystals are chosen to be spheres, thus only the testcases which are calculated

with spherical ice crystals are used here. The influence of the chosen ice particle form will be adressed later.

Table (3) gives the correlation coefficients, mean biases and standard deviations between the retrieved cloud parameters of the

testcases and the true cloud parameters. Additionally, the standard deviations calculated via the variance-covariance matrix is

given. TCWret is able to determine optical depths and effective radii of the simulated spectra.

Of all direct retrieval products, the optical depths 73, and 7., have the highest agreement to the true cloud parameters. For

the liquid phase, the difference to the true optical depths is (=0.1 £ 0.5). For the optical depth of the ice phase, the difference

is larger with (0.2 £ 0.6). Since 744 and ;e include both optical depths and phase, the optical depth of the condensed water

Y are calculated. Here it becomes clear that

the optical depth can be determined accurately (|| = 0.99, mean bias and RMSE (0.1 40.2)). It then also follows that the
deviations of 74;
When considering the effective radii, only results of r;; than 0.9. For r;
fice > 0.1 are considered. The mean difference of the retrieval from the true parameters and the root-mean-square error are
(=24£4.1) for 1y and (3.0 +:10.0) for ric.

To estimate the influence of the A priori on the calculated result, the Averaging Kernel Matrix is used. The mean averagin

and 7;.. come from the phase determination. The deviation for the phase is (0.1 + 0.3) with a correlation

were used in where is less only results with

087 0.09 -0.15 -0.09
0.11 090 0.19 0.03

A= (ChH
—-0.04 0.07 050 0.05

—-0.16 0.05 0.03  0.42

From equation (8) can be seen that the diagonal elements show for each parameter how strong the retrieved parameter is
influenced by the a priori. Whereas the diagonal elements of the optical depths are near 1, indicating independence from the a
priori, results for 754 and 7y show a larger influence from the a priori. From the trace of the averaging kernels follow 2.69
degrees of freedom of the signal.

The water paths are calculated from the optical depths and effective radii, therefore both quantities are influenced by the

hase determination, as seen before in 7; . The difference from the testcases is (—1.6 4+ 6.3) for the LWP and
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675

680

685

690

695

700

1.9+ 10.0) for the IWP. However, the RMSE for the LWP is less than the minimum RMSE observed for LWP from microwave
radiometer of at least 15¢g - m—2 (Lohnert and Crewell, 2003).

Standard devations given by the variance-covariance matrix of the retrieval are shown in table (3) and named as ERR(OE).

ERR(OE) is below RMSE for 74, , LWP and IWP. This might be due to uncertainties from the forward model - which

Jdcex Tlig,i
are neglected here - propagated into the retrievals or due to the assumption of a diagonal variance matrix S,. To compensate

these effects, the uncertainties from the posterior covariance matrix are scaled by RMSE/ERR(OE) with the RMSE from table
3) for the discussion in section 6.

C1 Mean Bias and RMSE of effective radii

In the previous section, the results for 175, and 7;c. were only considered for a certain range of fic.. Thus, liquid drops were
only included in the consideration if the ice content was not higher than 90%. For ice crystals, the limit was at least 10% ice
content, In the following, these limits are shifted so that the results go in the direction of a single-phase retrieval for liguid
water and ice.

Table (C1) shows the results for liquid water. The entries at the top describe cases with a higher proportion of liquid water
than the cases at the bottom, which allow a higher proportion of ice. They are cumulative, which means that each record also
contains the data of the record above it. From the testcases it follows that the RMSE becomes lower the fewer ice crystals
are present. Also, the absolute mean bias decreases with lower ice content up to an ice content between 10% and 30%. These
results indicate that the presence of ice crystals lead to an underestimation of 75,5 by TCWret.

show the results for ice crystals. Here we introduced
consistent with table (C1). Here one can see that the RMSE of 7. is almost independent of the water content. However, there
is a dependence of the mean bias on water content. While removing clouds with very high water content leads to a decrease in
absolute mean bias, the absolute value of mean bias increases for clouds with high ice content, so that TCWret underestimates
Tice Of the simulated spectra.

which is defined as to create a table

Appendix D: Influence of trace gase concentrations on the retrieval

In LBLRTM, a standard atmosphere was used for gases except water vapour. Therefore, the concentration of CO3 is set to
330 ppm. although the real concentration in summer 2017 is about 410 ppm. To investigate the influence of an incorrect trace
gas_concentration, retrievals from the 11th June 2016 have been performed with both atmospheric concentrations of COs.
Differences are calculated for the cloud parameters 7iq. Tice, T1ig a0 Zice and shown in figure (D1). For all parameters,
correlation coefficients between
(0:1pm) and the maximum RMSE is observed for 7;c, (1.3um). From this it can be concluded that the influence of the trace
gas concentration is negligible compared to the other uncertainties.

r| =0.98 and |r| = 1.00 can be observed. The maximum mean bias is observed for r;;

32



705

710

120 |r| =1.00 |r] = 0.99
mmm Mean = -0.0 120{ W=m Mean = 0.0
RMSE = 0.1 RMSE = 0.1
100
100

80
80

60
60

20 I 20 I

0 Jl 0 JL

-1.0 -0.5 0.0 0.5 -1.0 -0.5 0.0 0.5
TIAWIO ppmv _ T/Z,;O ppmv T;LD ppmv _ Tiz() ppmv

40 40

100 Ir| = 1.00 120 |r| =0.98 ]
s Mean =0.1 mm Mean = 0.0
RMSE = 1.1 RMSE = 1.3

80 100 I
80

60

60

40

II 40

20
II 20
0 0-
-5 0 5

-10

-10 =5 0 5
410ppmv _ 330 ppmv 410ppmv _ 330 ppmv
Tliq ~Tiig Tice ~Tice

Figure D1. Histograms of differences for CO2 concentrations of 410 ppm and 330 ppm for 71,4, Tice, T1ig and 7;ce.

Appendix E: Ice crystal shapes in the netCDF-file

Table (E1) refers to each key in the field ice_shape in the netCDF-file the corresponding ice crystal shape.
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Table B1. Microwindows used in TCWTret to retrieve the microphysical cloud parameters of this dataset.

Interval (cm” ")

558.5 5620

57105740

785.9 7907

80958135

81538244

828.3- 8346

860.1 8640

81228775

898.2—9054

920.6-939.7

H |
|
|
|
|
|
|
84288481 |
|
|
|
|
|
|

959.9 - 9643

985.0-9915 |

1092.2 — 10981‘

1113.3 — 1116.6 \

1124.4 — 11326‘

1142.2 — 1148.0 \

|
|
|
|
|
|
|
|
|
|
| 89198958
|
|
|
|
|
| 113311166
|
| 142211480
| 155211634

1155.2 —1163.4 ‘
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Table C1. Determination of 7, depending on the cloud phase.

| Maximum fige | lr| | MeanBias | RMSE_| Datapoints |
I o T AT
o3 foso | —oawm [23mm | |
o Jom | ctow [2me | st |
I N e
oo Jos | 2 [ | 2 |

Table C2. Determination of 7;.. depending on the cloud phase.

| Maximum iz, | Ir| ‘Mean Bias | RMSE | Datapoints |
| o1 Jos | csom |20 | 3|
|03 s \Wuw\l‘wum\ 8 |
| os Josr | tswn [0z | 4|
| oz Joss | 26mm |102m | 130 |
oo Joss | 20w [lodun | 193 |

Table El. Ice crystal shapes in the netCDF-file and the corresponding number

ol o |
o | s
L | Do |
| 2| solid Columns |
| 3. | Hollow Columns |
| 4| spheroids |
| s | Paes |
| 6 | BulletRosetes |
| sees |

41



