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Abstract In this article, liquid water cloud microphysical properties are retrieved by a combination

of microwave and infrared ground-based observations. Clouds containing liquid water are frequently
occurring in most climate regimes and play a significant role in terms of interaction with radiation. Small
perturbations in the amount of liquid water contained in the cloud can cause large variations in the radiative
fluxes. This effect is enhanced for thin clouds (liquid water path, LWP <100 g/m?), which makes accurate
retrieval information of the cloud properties crucial. Due to large relative errors in retrieving low LWP
values from observations in the microwave domain and a high sensitivity for infrared methods when the
LWP is low, a synergistic retrieval based on a neural network approach is built to estimate both LWP and
cloud effective radius (r.¢). These statistical retrievals can be applied without high computational demand
but imply constraints like prior information on cloud phase and cloud layering. The neural network retrievals
are able to retrieve LWP and r for thin clouds with a mean relative error of 9% and 17%, respectively.

This is demonstrated using synthetic observations of a microwave radiometer (MWR) and a spectrally highly
resolved infrared interferometer. The accuracy and robustness of the synergistic retrievals is confirmed

by a low bias in a radiative closure study for the downwelling shortwave flux, even for marginally invalid
scenes. Also, broadband infrared radiance observations, in combination with the MWR, have the potential
to retrieve LWP with a higher accuracy than a MWR-only retrieval.

1. Introduction

Assessing the impact of clouds on the global circulation represents a major task in improving climate models.
Quoting the fifth assessment report (AR5), the Intergovernmental Panel on Climate Change (IPCC) states that
clouds and their associated macrophysical and microphysical processes are still responsible for large uncer-
tainties in the estimation and interpretation of the Earth’s energy budget [Intergovernmental Panel on Climate
Change, 2013]. Clouds drive the atmospheric circulation through complex interactions with solar and thermal
fluxes from the surface and the atmosphere [Stephens, 2005]. In situations with a low liquid water path (LWP),
the radiative fluxes are especially sensitive to liquid water variations [Turner et al., 2007b; Sengupta et al., 2003].
Thus, special emphasis needs to be put on thin liquid water clouds, which are here defined as clouds contain-
ing low amounts of liquid water (LWP below 100g/m?2). Furthermore, Turner et al. [2007a] revealed that a high
frequency of occurrence (between 43% and 67%) of thin liquid water clouds can be observed in most climate
regimes, including the Arctic (Barrow, Alaska), a continental midlatitude site (Lamont, Oklahoma), and the
tropical Western Pacific (Darwin, Australia). Thus, in order to better represent thin liquid water clouds and their
impact on radiative fluxes and heating rates in climate models, it is extremely important to develop instru-
ments and retrieval algorithms that can be used to accurately derive properties of these clouds like LWP and
cloud droplet effective radius (r.¢) [Lohnert and Crewell, 2003].

Microphysical and optical cloud properties, such as LWP and r., can be used to describe the interactions
of clouds with radiation [Hu and Stamnes, 1993; Stephens, 1978]. Most notably, the impact of clouds on the
radiative fluxis mainly dependent on the total amount of condensed water contained in the cloud [Turneretal.,
2007al. The effective radius is also valuable for understanding the mechanisms of cloud formation, dissipation,
and interactions with aerosol and drizzle [Kubar et al., 2009].

Ground-based remote sensing instruments, like active cloud radars or passive instruments, are commonly
used for observing liquid water clouds [Turner et al., 2007b]. Typically, automated observation methods are
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able to obtain long-term records of cloud properties with a high temporal resolution from the radiative energy
that is emitted, transmitted, or reflected by the cloud. Passive remote sensing instruments are preferable
because they are typically more affordable than active remote sensors [Crewell et al., 2009] but do not provide
vertical cloud information.

Comparisons of state-of-the-art retrieval methods show large discrepancies in retrieving LWP and r. for
liquid water clouds. Turner et al. [2007b] evaluated different MWR-based LWP algorithms for a cloudy case with
a LWP less than 100g9/m? and found a spread of 40g/m? between the LWP algorithms, which was primarily
due to the retrieval technique and the assumptions used in the methods. This result agrees with the conclu-
sions of Marchand et al. [2003] and Sengupta et al. [2003], both of which included random uncertainties in the
microwave brightness temperatures in the retrieval. This emphasizes the demand for improving the accuracy
of retrieval algorithms for thin clouds.

The microwave radiometer (MWR) is the most common single-instrument approach to retrieve LWP [L6hnert
and Crewell, 2003; Liljegren et al., 2001] and has been used for decades [e.g., Westwater, 1978]. Observations in
the microwave region can be used to retrieve LWP, because of the semitransparency of clouds [L6hnert et al.,
2004] and the increase of the liquid water contribution in the emitted signal with higher frequency [Crewell
etal., 2009]. The MWR s able to retrieve wide ranges of LWP without saturation but with a LWP retrieval error of
around 20-30g/m? [Marchand et al., 2003; Léhnert and Crewell, 2003]. This results in high relative uncertainties
for clouds with low LWP values.

Similar to the passive MWR, also, techniques in the infrared domain make use of the energy emitted by the
atmosphere to gain information on cloud properties. If the cloud is single layered and contains low amounts
of liquid water, the infrared methods are able to obtain simultaneous estimates of LWP and r [Turner et al.,
2007b]. The infrared domain offers a significantly higher sensitivity to changes in LWP for low amounts of
cloud liquid water than the MWR [Turner, 2007]. Note that the infrared observations are also sensitive toward
ice clouds. Thus, prior information on the cloud phase must be available, because an incorrect phase determi-
nation can lead to errors in the estimates of the single-scattering properties [Turner et al., 2003]. The distinction
between liquid water and ice can be achieved by taking advantage of differences in the refraction index of
ice and water in the highly resolved infrared spectrum between 11 and 19um for a low amount of precip-
itable water vapor (PWV<1 cm, according to Turner et al. [2003]). This prevents Atmospheric Emitted Radiance
Interferometer (AERI) observations from being used in most midlatitude and all tropical locations. Thus, using
active remote sensors and an algorithm like the cloud classification scheme Cloudnet [/llingworth et al., 2007],
as done in the present study, provides a much more robust and consistent cloud phase identification over the
entire PWV range.

Since the interaction of atmospheric constituents with radiation changes with wavelength, spectrally diverse
measurements contain different information about the atmospheric composition. Therefore, the optimal
instrument and frequency combination needs to be determined [L6hnert et al., 2004]. Ground-based instru-
ments in the infrared domain have the advantage of high sensitivities to clouds with small LWP, when on
the other side the uncertainty in the MWR retrievals is relatively large. Conversely, the infrared signal satu-
rates at larger amounts of LWP (around 60g/m? [Turner, 2007]), leading to large uncertainties in the infrared
retrievals. Hence, we focus on LWP and r retrievals using a combination of ground-based microwave and
infrared observations. These synergistic LWP retrievals show a high sensitivity for low-LWP situations and are
still able to retrieve LWP over the entire dynamic range.

A combined LWP retrieval using the microwave and infrared spectral region has been developed by Turner
[2007] and showed improved skills in retrieving LWP relative to a MWR-only retrieval approach. That retrieval
algorithm was developed for mixed-phase clouds and used the optimal estimation approach [e.g., Rodgers,
2000]. Such physical algorithms are rather complex and computationally expensive, requiring vertical pro-
files of temperature and humidity as input (e.g., from radiosonde data). This study focuses on statistical
retrievals for LWP and r , i.e., a neural network approach, where vertical profiles are not required and
therefore the derivation of the retrievals is independent of the times of radiosonde ascents. Moreover, the
statistical retrievals are easy to handle: applying the retrievals only requires a matrix multiplication of the mea-
sured quantity together with the one-time-derived retrieval coefficients. However, it is not readily evident
that a statistical retrieval can be derived with a similar accuracy than the physical retrieval, due to the non-
linear response of the downwelling radiation to increasing LWP in the infrared domain [Turner, 2007]. Hereby
a neural network approach is chosen to accomplish this goal, and the scientific objectives of this study are
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Table 1. Wavenumber Ranges for AERI Microwindows

# Wavenumber (cm™1) # Wavenumber (cm~1)
1 770.9-774.8 8 872.2-877.5

2 785.9-790.7 9 891.9-895.8

3 809.0-812.9 10 898.2-905.4

4 815.3-824.4 11 929.6-939.7

5 828.3-834.6 12 959.9-964.3

6 842.8-848.1 13 985.0-998.0

7 860.1-864.0

as follows: performance evaluation for single-instrument and synergy retrievals in the microwave and infrared
domains using synthetic data, comparison of the retrievals using spectrally highly resolved or broadband
infrared observations, and retrieval validation in a radiative closure study using real measurements.

In the next section, the instruments that are deployed in this study and their specifications are described.
In section 3, the methodology is presented including the retrieval development and the compilation of syn-
thetic data for retrieval training and testing. In section 4, the retrievals are tested with the synthetic data, while
section 5 deals with the application of the retrievals to real measurements in a radiative closure study.

2. Instruments

This study includes three types of state-of-the-art passive ground-based remote sensing instruments: a
microwave Humidity And Temperature PROfiler (HATPRO-MWR), two broadband infrared radiometers (IRRs),
and the infrared Atmospheric Emitted Radiance Interferometer (AERI). In the following, the basic principles
and characteristics of each instrument are briefly specified. The measurements are taken from the Jilich
Observatory for Cloud Evolution (JOYCE) [L6hnert et al., 2015]. JOYCE is operated jointly by the University of
Cologne, the Research Centre Jilich, and the Transregional Collaborative Research Centre “Patterns in Soil-
Vegetation-Atmosphere Systems: Monitoring, Modelling and Data Assimilation.” The scientific goal of JOYCE
is to observe the spatial and temporal variability of atmospheric water cycle variables.

2.1. Infrared Interferometer AERI

The Atmospheric Emitted Radiance Interferometer (AERI) is an operational ground-based spectrometer. The
AERI measures the downwelling infrared radiance every 16-17 s at approximately 1cm~' resolution from
520 to 3000cm~" (corresponding to 3.3-19.2um), with a narrow zenith field of view. Since there is no sig-
nificant infrared emission from space in the downwelling radiance, the entire signal is provided by emission
from the atmosphere. Two detectors are used in a “sandwich” configuration, to provide the needed sensitivity
across the entire spectral range [Knuteson et al., 2004a]. Approximately 2500 spectral channels for each of
its two detectors are provided. This is accomplished by measuring the interference pattern created by the
interferometer. The two well-characterized blackbodies (one at ambient air temperature and the other fixed
at 60°C) and the application of a nonlinearity correction for the detectors result in the radiometric accuracy
of the radiance measurements being better than 1% of the ambient radiance [Knuteson et al., 2004b].

Turner [2005] has shown that the AERI high spectral resolution observations can be used to retrieve microphys-
ical cloud properties, utilizing “microwindows” between gaseous absorption lines and thereby minimizing
the effects of atmospheric gases. In this study, 13 microwindows are used (Table 1), which are described in
Turner [2005]. They are located between 770.9cm~" (13.0pm) and 998cm™~" (10.0um), which is a spectral region
with a high sensitivity to liquid water. The uncertainty in the AERI observations is less than TmW/(m? srcm=1).
The study of Turner [2007] shows that the AERI possesses a high sensitivity to changes in LWP until the LWP
increases above 60 g/m?. At LWP values below 60g/m?, the sensitivity of the downwelling radiance to changes
in LWP is higher than the AERI uncertainty. For optically thicker clouds, a further rise in the LWP produces only
aslightly increase in the infrared radiance, which can no longer be distinguished from the measurement noise.

2.2, Microwave and Infrared Radiometers

The Humidity And Temperature PROfiler (HATPRO) at JOYCE consists of a passive microwave radiometer uti-
lizing direct detection receivers. Usually, a two-channel statistical or physical retrieval is applied to derive LWP
using observations of the downwelling microwave radiance at 23.8 and 31.4 GHz [e.g., Liljegren et al., 2001].
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n The former frequency is on the wing
MW and I Synthetic MW

Data Sample of Forward Models of the 22.2 GHz water vapor absorption
— and IR line, and the latter frequency is located

LWP and rq¢¢ . ) .
Observations in an atmospheric window, where the

signal is dominated by liquid water
emission when clouds are in the instru-
ment’s field of view. The estimated error
l' l in the two-channel MWR retrieved LWP
is usually considered to be at least
20-30g/m? because of uncertainties in
the microwave absorption model, the
applied retrieval method, and the mea-
surement accuracy [Turner et al., 2007b].
Multivariate Considering the low LWP values of thin
errzslsh':’e:;xk clouds (below 100g/m?), this uncer-
tainty converts into relative errors being

20% or more.

Training Data Set Test Data Set

Statistical Retrievals for LWP and T The MWR measures the brightness tem-
peratures (TB) at seven channels in the

K band from 22 GHz to 32 GHz and at
seven channels also in the V band from
52 GHz to 58 GHz. The instrument was
designed to observe liquid water path
with a high temporal resolution up to
1 s [Rose et al., 2005]. In this study, only
Application to Real Measurements zenith observations of the seven K-band
and Radiative Closure Study channels with a 1 s temporal resolution
are taken into account. The zenith mea-
surements alternate with full hemi-
Figure 1. Flow chart of the study setup. spheric scans for temperature profiling.
In contrast to the infrared domain, the
absorption has no dependence on the droplet size distribution (DSD) and thus r, since the cloud droplets
are significantly smaller than the wavelength and are therefore located in the Rayleigh scattering regime
[Crewell et al., 2009].

In addition, the microwave radiometer is equipped with two broadband infrared radiometers (IRRs). The first
IRR has a maximum sensitivity at around 11.17pm (bandpass 10.2-11.9um), and the second one provides a
maximum sensitivity at around 12um (bandpass 11.1-12.8um), which correspond to wavelength ranges of
840.3-980.4cm~" and 781.3-900.9cm™", respectively. The accuracy is denoted to be about 1 K. The IRR wave-
length bands are located in an atmospheric window where the measured longwave radiation is dominated
by clouds and saturation is expected to be around 40g/m?. The adjustment of the elevation angle of the IRRs
is linked to the MWR. The IRRs in this study are used to examine the potential of broadband infrared mea-
surements to retrieve cloud properties, in comparison to spectrally highly resolved observations of the AERI,
which are of much higher cost and have a higher calibration demand.

2.3. Shortwave Broadband Measurements

For the radiative closure study in the last part of this study, the Kipp & Zonen CMP 21 pyranometer is used to
measure the downwelling broadband hemispheric irradiance in the solar spectrum (285 to 2800 nm) with a
5 s temporal resolution. The instrument is bias corrected for a nighttime offset and the cosine effect. The error
estimation also includes the sensitivity of the data logger and its temperature dependence.

3. Methodology

The methodology of this study is summarized in Figure 1. First, a data sample of single-layer liquid water
cloud properties is generated. Using this data sample, MWR and IRR brightness temperatures, as well as
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AERI radiances, are simulated. The combined cloud property and measurement data set is separated into a
training and test data set. Statistical retrievals are developed based on the training data set, which are in turn
evaluated with the test data set. Finally, the retrievals are applied to real measurements. Each step will be
explained in detail in the following.

3.1. Data Sample of Single-Layer Liquid Water Cloud Properties

For the derivation of the statistical retrievals, a training and test data sample containing only cases of single-
layer liquid water clouds is prepared. These samples include the LWP and the cloud layer mean r. In addi-
tion to LWP and r.g, a thermodynamic profile of temperature, pressure, and humidity are needed to simulate
MWR, AERI, and IRR observations, which are then used for retrieval development. This compiled data set is
assumed to represent the characteristics of single-layer water clouds at JOYCE. In order to create the data set of
LWP and r., cloud radar and MWR measurements are used in combination with simple radar-MWR retrievals
for retrieving a r.¢ training data set. In order to ensure that the training data set contains only the desired
single-layer liquid water clouds and the measured signal is not influenced by any other clouds, information
on cloud phase and cloud layers is required. Both cloud phase and number of cloud layers can be deter-
mined by using the Cloudnet classification product. If the Cloudnet product is not available, a different cloud
classification, involving radar and lidar measurements, needs to be applied to allow for a physical interpreta-
tion of the retrieval results.

In order to create this data set of LWP and r.¢, JOYCE measurements in combination with cloud radar reflec-
tivity/MWR methods are used. First, single-layer liquid clouds are detected using the Cloudnet classification
product. The core instruments for Cloudnet are a Doppler cloud radar, a lidar ceilometer, a multiwavelength
microwave radiometer, and a rain gauge. The classification product provides vertically resolved information
on the cloud phase averaged for 30s. In addition, profiles of temperature, pressure, and humidity are included,
which are from either the European Centre for Medium-Range Weather Forecasting (ECMWF) model or the
numerical weather prediction model COSMO-DE [Baldauf and other, 2011]. Further details of the Cloudnet
product can be found in lllingworth et al. [2007].

The backscatter targets in each radar/lidar pixel are categorized into a number of different classes, including
precipitation. If drizzle or rain is present, the cloud radar reflectivity is dominated by large drops and simple
cloud radar reflectivity/MWR methods are not applicable. Thus, in this study, only nonprecipitating clouds are
included and determined by using the Cloudnet approach. The identification of clouds containing drizzle can
also be achieved by using thresholds in the radar reflectivity only [Krasnov and Russchenberg, 2002] or as a
ratio to ceilometer extinction [Frisch et al., 1995] to discriminate drizzle-free clouds. Furthermore, clouds must
be present for at least 2min in order to avoid spurious cloud detection and to ensure full cloud cover in the
instrument’s field of view.

With the previous described Cloudnet classification, 5780 cases (30 s averages) of single-layer liquid water
clouds without precipitation are identified for the JOYCE site in the period of 13 March to 31 December 2012.
For the liquid water path, the Cloudnet-derived LWP is used, which is based on a statistical retrieval using
microwave observations. Such retrievals may provide physically unrealistic negative values, which have been
excluded in this data sample. The LWP distribution shows the expected high occurrence of low LWP values
for the liquid water clouds with a median of 28.6g/m? (not shown). Clouds with a LWP below 100g/m?, which
represent the cloud type of main interest in this study, account for 87.9% of all observed single-layer liquid
cloud profiles in this period. Note that the statistical retrieval can only be as good as the training data set, which
is assumed to encompass the full range of atmospheric conditions. This results in site and cloud type-specific
training data set, which could be extended to more cloud types in future studies (mixed-phase clouds). If
other sites exhibit similar atmospheric conditions, it is sensible to apply the developed retrievals at these sites.
Otherwise, new retrieval coefficients based on a more appropriate training data set have to be found.

In order to have an estimate of mean layer r and vertical information on these cloud properties needed
for the forward simulations, a cloud radar/microwave radiometer method is deployed. A homogeneous mix-
ing model, described in Knist [2014], is used to derive profiles of LWC and r.4 from the cloud layer mean r.
Homogeneous mixing is described by a faster mixing process than the effects of evaporation. In this case,
evaporation reduces uniformly the DSD and the number concentration and the DSD shape parameter does
not change. If this process occurs, the microphysical cloud properties consequently change according to Boers
et al. [2006] and the impact of mixing accounts for the vertical variation in the radar reflectivity [Knist, 2014].
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Table 2. Main Cloud Properties of the Data Sample

Property Mean + SD Median Minimum Maximum
Base height 1769.6 + 889.9 m 19859 m 143.9m 4000.5 m
Thickness 337.9+1856m 287.8m 86.3m 1870.8 m
LWP 51.2 + 71.1 g/m? 28.69/m? 0.02g/m? 1032.2g/m?
LWC 0.2 + 0.2g/m3 0.2g/m3 1.6-107% g/m3 1.4g9/m?3
loff 6.3 + 2.2pm 4.0pm 1.0pm 32.4pm

For the homogeneous mixing model agamma DSD is applied, which is frequently used in liquid cloud studies
[Miles et al., 2000] and results in the following equations for the LWC and r as used in Knist [2014]:

Z1/2(h)

LWC(h) = LWP ——————,
", Z'2(h)Ah

M

where h is the height above cloud base and Ah is the radar range gate. The radar reflectivity Z is summed up
from the base to the top of the cloud. The LWP is taken from the Cloudnet output and is also used to derive
the r 4 in this approach:

w f’_ Z1/2(hi) /3
ra(h) = k. <%> 25k, @
ky = v+ 20 ez 3)
R\ raersy) o VT

The 4 derivation depends on the DSD shape parameter v through the coefficient kRv .Inthis study, continental
single-layer liquid water clouds are examined, which are expected to have larger droplet concentrations and
smaller particle sizes. Referring to several experimental data of such cloud types, the reported mean value of
v=28.7 for the gamma DSD shape parameter is used according to Miles et al. [2000].

In this study, mean values of the derived data sample are 4.2pm for r and 0.2g/m3 for LWC. In Chiu et al.
[2012], who also used the radar reflectivity for deriving r., the distribution of the effective radius peaks at
6-8um for single-layer liquid water clouds. The reason for the smaller derived values in this study is most likely
the uncertainty in LWP. Since negative values from the MWR-derived LWP are not considered for the radiative
transfer calculations, the mean value of the data set is higher than the “true” mean value. This can introduce
a negative bias in retrieving r in a LWP/Z relationship-based method, where r is inversely proportional to
the LWP. A further source of errors is the assumption on the droplet concentration, which is determined by
the constant choice of v and can cause large uncertainties [Zhao et al., 2012]. In order to increase the possible
range of the r values, the variability of the data set has been increased by 50%, resulting in an increased
mean value of 6.3um. An overview of the characteristics of the cloud data sample is given in Table 2.

3.2. Simulated Microwave and Infrared Observations
In this section, the infrared and microwave forward models to simulate the MWR, AERI, and IRR observations

using the previously described data sample are presented.

3.2.1. Infrared Forward Model

The LBLDIS [Turner et al., 2003] forward model combines a Line-by-Line Radiative Transfer Model (LBLRTM)
[Clough et al., 1992], computing infrared atmospheric emission spectra for gases and the Discrete Ordinate
Radiate Transfer (DISORT) [Stamnes et al., 1988] model, accounting for the scattering and absorption prop-
erties of the cloud. Input variables are, in addition to the cloud microphysical properties of the data sample,
thermodynamic profiles of temperature (T), pressure (p), and humidity (q), which are taken from COSMO-DE
model output. Figure 2 shows the simulated AERI spectrum for a clear-sky case and the high sensitivity to
increasing LWP values. But also, the saturation effect for higher LWP values is visible. For the simulated infrared
observations, the corresponding AERI spectral resolution using the previous described microwindows
(grey bars, Figure 2) and IRR spectral response functions (dashed blue and red lines in Figure 2) are taken
into account.
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3.2.2. Microwave Forward Model
A radiative transfer operator is used to
simulate the brightness temperatures for
the seven MWR frequencies f; between
22 and 32 GHz Léhnert et al. [2004].

TB, = RTO(T, p.q.LWC.f),  (4)

with i from 1 to 7, denoting the MWR
frequencies, and the COSMO-DE given
atmospheric state vectors (T, p, q, and
LWC).

IS S IR
|/\|\‘|\\|\\|‘\|\‘|\\|\\1

m™)
L S o e s s o s
_

The forward model performing the radia-
tive transfer calculation (RTO is the radia-
tive transfer operator) is only valid for
nonscattering cases. Therefore, the ap-
proximation is only applicable for non-

Figure 2. Simulated AERI radiances using LBLDIS for clear sky (solid
black line) and different LWP ranging from 5 to 30g/m? (solid colored
lines) with constant effective radius (re = 7 pm). Grey bars denote the
13 microwindows and dashed colored lines the IRR spectral response precipitating clouds and for frequencies
functions. below 100 GHz [Simmer, 1994]. The micro-

wave absorption for water vapor and
oxygen is calculated according to Rosenkranz [1998], with adjustments in the water vapor continuum [Turner
etal., 2009] and for liquid water according to Liebe et al. [1991].

3.3. Derivation of Statistical Retrievals Using a Neural Network Approach

Statistical retrievals for LWP and mean layer r are derived based on the data sets described in sections 3.1
and 3.2, which are divided into training and test parts. The training subset contains 70% of the original data
set, and 15% are used for the testing and 15% for validation within the neural network retrieval development.
In order to maintain the statistical properties, the original data set was divided randomly. This resulted in
data sets with similar statistical properties. For example, the median LWP (r) values for the training and test-
ing data subsets are 28.52g/m? (6.0pm) and 29.79g/m? (5.9um), respectively. Due to the limited sensitivity of
the infrared methods, saturation occurs for LWP values larger than 40-60g/m?2. This nonlinear effect cannot
be represented by a multivariate linear regression scheme. Therefore, a neural network (NNET) approach is
chosenin this study. Since the infrared observations are saturated above 60g/m?, they are only used in combi-
nation with the MWR. An overview of all retrievals that are derived and applied in this study is given in Table 3.
In the following only the short names will be used.

Neural network retrievals have been widely used for cloud property retrievals [e.g., Cadeddu et al., 2009; Turner
and Gero, 2011]. The NNET architecture possesses the advantage of finding nonlinear statistical relation-
ships between input parameters and target values [Faure et al., 2001]. The network in this study consists of a
two-layer feedforward network with sigmoid hidden neurons and linear output neurons. The input parame-
ters p contain the linear and quadratic simulated brightness temperatures of the MWR (seven channels), the
IRRs and the AERI radiances in the selected 13 microwindows. For the MWR 0.5 K was added to the brightness
temperatures as random noise. The noise contributions for the simulated infrared radiances are 1 K (IRRs) and
0.2 mW (m? srcm~")~" (AERI). In the first layer (hidden layer), the input is weighted (W,) and a bias b, is added
using the sigmoid function, giving an output a, in the range of 0 to 1:

a, = logsig(W,p + b,). 5)

The weights and biases need to be adjusted in several iterations, in order to optimize the performance of
the network in terms of the root-mean-square (RMS) error. In order to avoid overtraining, a validation set
is used to decide when to stop the network training (according to Hagan et al. [2014]). The training set is
used to compute the gradients and to determine the updated weight at each iteration. The error of the val-
idation set is monitored during the training: if the error increases or remains the same for six iterations, the
training is stopped. The testing data set is used as a further check that the network generalizes well. The
number of weights and bias values can be adjusted to optimize the network performance. After testing several
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MW_LWP Retrieval

configurations, the number was set to 20. In the

Table 3. Neural Network Retrievals Developed in This Study second layer, the retrieval output g, which rep
’ 21 -

Instrument(s) Variable ShortName  resents the LWP or r.g, is computed with a linear
MWR LWP MW_LWP transformation:
MWR + AERI LWP MW+AE_LWP .
a, = lin(W,a, + b,). (6)

MWR + IRRs LWP MW+IR_LWP
MWR MW_reff .

Teff 1€ The Levenberg-Marquardt algorithm was used
b Teff AL for the back propagation in the MATLAB neural
MWR + IRRs Teff MW+IR_reff

network toolbox, explained in detail in Hagan
etal. [2014].

3.4. Setup of Shortwave Radiation Closure Study

While for the synthetic data study the retrieval performance can directly be evaluated, since the “truth”
is known, it is more difficult to assess the retrieval performance using real measurements. To this end, a
shortwave downwelling radiation closure study is performed (section 5). In this closure study, the measured
shortwave radiation from the CMP 21 pyranometer at JOYCE is compared to the output of a broadband radia-
tive transfer model using the retrieved LWP and r4 as input. The deployed model is the broadband rapid
radiative transfer model RRTMG, which has been developed by the Atmospheric and Environmental Research
(AER) Incorporated [Clough et al., 2005]. RRTMG provides accurate atmospheric fluxes and heating rates in
the shortwave and longwave spectral regime and is widely used in numerical weather prediction and climate
models. The accuracy has been extensively validated, in particular with comparisons between the RRTMG and
the LBLRTM line-by-line calculations. The differences in shortwave fluxes in Clough et al. [2005] are found to
be less than 1.5W/m? for the net flux in the troposphere. In the following, all crucial input variables used in
this study are described in detail.

For the concentrations of ozone, methane, and oxygen, profiles of the midlatitude standard atmosphere
are applied. Also, the thermodynamic profiles of temperature, pressure, and humidity from COSMO-DE are
included. The effects of aerosols on the shortwave fluxes need to be accounted for. Therefore, vertical profiles
of aerosol optical depth (AOD), single-scattering albedo, and asymmetry parameter are inserted in RRTMG.
Values for the aerosol optical depths have been derived from AErosol RObotic NETwork (AERONET) [Holben
etal., 1998] measurements: The aerosol optical depths are calculated for all RRTMG midinterval wavelengths
via the measured aerosol optical depths and Angstrom exponent at 870nm, which describes the spectral
dependence of the aerosol optical depth. Here 870nm is taken as the reference wavelength, because of the
high sensitivity to LWP in this spectral area. In this study a monthly mean AOD is assumed, which is vertically
scaled using an exponential weighting function with a scaling height of about 1.3km. For the single-scattering
albedo and the asymmetry parameter, values for urban aerosol are applied, which were computed from the
Optical Properties of Aerosols and Clouds (OPAC) database [Hess et al., 1998].

The direct-beam and diffuse shortwave surface albedo are included by using the Collection 5 products of
the Terra and Aqua Moderate Resolution Imaging Spectroradiometer (MODIS) combined data set at 500 m
resolution [Schaaf et al., 2002].
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Figure 3. Scatterplots of the true (test data set) and retrieved LWP of the NNET-LWP retrievals (a) MW_LWP, (b) MW+IR_LWP, and (c) MW+AE_LWP. The legend
describes the retrieval performance for low (LWP < 50 g/mz) and high (LWP > 50 g/mz) LWP situations to emphasize the different sensitivities of the infrared
and microwave retrievals. The 1:1 line is given in red.
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Table 4. Statistics (Correlation, Bias, and RMSE) for LWP and r.¢ Retrievals of the Synthetic Study for LWP Values
Below and Above 50g/m?

MW_LWP MW+IR_LWP  MW+AE_LWP ~ MW_reff ~ MW+IR_reff ~ MW+AE_reff

LWP < 50 g/m?

Correlation 0.88 0.95 0.99 0.36 0.80 0.95
Bias 0.5g/m? 1.0g/m? 0.2g/m? 0.04pm —0.05pm 0.01pm
RMSE 6.59/m? 4.4g/m? 2.4g/m? 2.2um 1.4um 0.7pm
LWP > 50 g/m?

Correlation 0.996 0.996 0.997 0.35 0.55 0.62
Bias —1.69/m? —1.99/m? —0.89/m? —0.2um —0.17pm 0.02um
RMSE 8.7g/m? 9.1g/m? 7.4g/m? 1.8um 1.6pum 1.5um

4. Retrieval Test With Synthetic Data

In this section, the previously described retrievals for LWP and r are tested with the simulated observations of
MWR, AERI, and IRRs. Since the microwave and infrared spectral domains have distinct sensitivities for different
LWP regimes, the performance of the single instrument and synergy retrievals is analyzed with respect to
varying LWP values.

4.1. Retrieval Results for LWP

Comparing the MW_LWP retrieval to the synergy retrievals (MW+IR_LWP and MW+AE_LWP), the wide spread
for low-LWP cases is noticeable in Figure 3a. If the IRR and AERI simulated radiances are combined with the
MWR in the NNET approach, the benefit of the infrared domain is visible for low LWP values (Figures 3b and 3c).
The absoulte root-mean-square error (RMSE) is reduced by 2.1g/m? for the MW+IR_LWP retrieval in the LWP
range up to 50g/m? and by 4.19/m? for the MW+AE_LWP retrieval (Table 4). In the range of higher LWP
values, only the MWR and AERI synergy is able to improve the RMSE compared to the MWR-only retrieval
(by 1.3g/m?). Note that the axis range in Figure 3 was limited to 100g/m?, but higher values do occur and the
statistics in Table 4 encompass all values.

In order to get a better insight into the retrieval performance, the relative RMSE of the different retrievals is
analyzed depending on the LWP for thin liquid water clouds up to 100g/m?. Figure 4 shows a decrease in rel-
ative RMSE with increasing LWP for all retrievals. The expected high errors for the MW_LWP retrieval for low
LWP values are also revealed, i.e., above 50%. At 100g/m? the relative error is decreased to around 8%. There
is a distinct improvement for the combination of microwave and infrared simulated observations compared
to the retrieval using only the MWR. Below 90g/m? the MW+AE_LWP retrieval shows a reduction in relative
RMSE up to 37 percentage points (pp) compared to the MW_LWP retrieval results. For the entire LWP range of
thin liquid water clouds, the MW+AE_LWP retrieval reveals the lowest relative RMSE of 7-17%, which trans-
lates into absolute errors of only 1.7 -8.8g/m?. Note that the relative error in the MW+AE_LWP retrieval, which
uses a NNET retrieval approach, is almost identical to the relative error in the physical retrieval method of
Turner [2007].

It has been demonstrated that the combination of the MWR and the highly spectrally resolved infrared mea-
surements of the AERI are very beneficial in retrieving LWP. The question is if also the simulated broadband
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Figure 4. Relative root-mean-square error as a function of LWP for the different NNET-LWP retrievals.
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Figure 5. Relative root-mean-square error as a function of LWP for the different NNET r retrievals.

infrared observations of the IRRs improve the MWR-derived LWP. In general, the relative RMSE increases if IRR
instead of AERI observations are used (Figure 4). Replacing the AERI with the IRR simulated observations in a
retrieval synergy leads to a reduced accuracy up to 9 pp in the retrieved LWP, with the larger impact at smaller
LWP values. For the low LWP values the IRR and MWR retrieval combination still performs better than the MWR
alone (up to 28 pp lower relative RMSE).

4.2. Retrieval Results for r

In the following, the r 4 retrievals are discussed. In contrast to the NNET-LWP retrieval results in Figure 4, the
RMSEs of the r4 retrievals only show a strong dependence on the LWP for the MW+AE_reff retrieval (Figure 5).
The RMSE increases from 0.7 below 50g/m? to 1.5 above 50g/m? (Figure 6c). As expected, the MWR observa-
tions reveal no sensitivity to r.¢ (Figure 6a), which results in higher absolute errors of 1.3-2.4pm. However, the
brightness temperatures are additionally used in combination with infrared measurements to retrieve r g, in
order to examine if the MWR indirectly improves the r, estimation through constraining the LWP information.

For the MW+AE_reff retrievals a relative RMSE below 15% (absolute error = 0.4-0.8um) can be seen up to
40g/m? in Figure 5, which is similar to the error only using the AERI (not shown). For higher LWP values, the
combined retrieval MW+AE_reff shows an improvement of about 0.2um. The average relative error of the
MW-IR_reff retrieval is around 22.5% in the LWP range up to 100g/m?. In terms of absolute errors the com-
bination of IRR and MWR is on average 0.2um lower than for the IRR alone. This implies that the brightness
temperatures of the MWR provide some additional information to improve the r. retrieval accuracy via con-
straining the LWP. Using the spectrally highly resolved AERI observations instead of the broadband IRR ones,
a significant improvement in the retrieval performance can be observed below 50g/m? (lower absolute error
by 1.5um).

5. Application to Real Measurements

With respect to synthetic data, the statistical NNET retrievals using the synergy of MWR and AERI show
potential for retrieving LWP and r for thin liquid water clouds. For this study it can be stated that the spec-
trally highly resolved AERI observations are favorable over the broadband IRR observations in a retrieval
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Figure 6. Same as Figure 3 for the NNET rq retrievals (a) MW_reff, (b) MW+IR_reff, and (c) MW+AE_reff. The data points are colored with the corresponding LWP
from the test data set. The 1:1 line is given in black.
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Figure 7. Cloudnet-derived cloud base and cloud top height. Results shown for 8 April 2015 (7.5-12 UTC).

combination with the MWR, especially for deriving the effective radius, although the combination of MWR
and IRRs exhibits only a minor difference in retrieving the LWP compared to the MW+AE_LWP retrieval and
displayed an improvement to the single instrument MWR retrieval. Thus, the LWP and r retrievals of MWR,
MWR+IR, and MWR+AERI have been chosen to be applied to real measurements at JOYCE. Since there is no
truth for the cloud properties at JOYCE, the retrieval performance is evaluated in terms of a radiative closure
study in this section. The focus is to show the potential of using both the LWP and r retrievals for the closure.
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Figure 8. (a—c) LWP and (d-f) r¢ time series derived with the MWR (Figures 8a and 8d), MWR+IRR (Figures 8b and 8e), and MWR+AERI (Figures 8c and 8f)
retrievals. Gaps in the measurements are due to MWR scans. Results shown for 8 April 2015 (7.5-12 UTC).
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Figure 9. Time series for the RRTMG-derived shortwave downward flux (black line) averaged over 5 min and the measured shortwave downward flux for the
CMP 21 pyranometer (blue line). (@) RRTMG calculation using the derived MW_LWP and MW_reff retrievals, (b) MW+IR_LWP and MW+IR_reff retrievals, and
(c) MW+AE_LWP and MW+AE_reff retrievals. Shaded areas are due to measurement errors of the pyranometer and a LWP error of +18% for the MW_LWP
retrieval (MW+IR_LWP: +14%, MW+AE_LWP: + 9%). Results shown for 8 April 2015 (7.5-12 UTC).

5.1. Ideal Case Study Description

For the application of the retrievals to real measurements at JOYCE we will focus on a case on 8 April 2012
with a persistent single-layer liquid water cloud between 7.5 and 12 UTC (Figure 7). This time period of rather
homogeneous cloud overcast condition has been chosen to minimize uncertainties in the radiative closure
study due to three-dimensional radiation effects, which can introduce large errors in the shortwave radiation
estimates based on 1-D radiative transfer calculations. Although the retrievals can be applied to broken cloud
scenes, which are common for low-LWP scenes, they cannot be evaluated in this way. The derived LWP and
ro from the NNET retrievals are used to calculate the shortwave flux in the radiative transfer model RRTMG.

The retrieved LWP values show an increase with time (Figures 8a-8c) corresponding to a higher cloud
thickness. The lowest LWP mean value of 75.7g/m? and highest standard deviation (by about 6g/m?) is
retrieved by the MW+AE_LWP retrieval. The r.4 retrieval results are typically between 5 and 7pm and show
a low variability. The combination of MWR and AERI (MW+AE_reff) shows the highest variations in r, espe-
cially in the beginning of the time series where the LWP is still low. As expected, the MW _reff-derived r is
almost constant around 5.3pm, which is caused by the low sensitivity of the MWR to the r4 (Figures 8d-8f).

5.2. Shortwave Radiative Closure Study

Since the shortwave fluxes of the CMP 21 pyranometer represent instantaneous hemispheric measurements,
the calculated shortwave fluxes based on the cloud properties from the narrow field of view of AERI, IRR, and
MWR are averaged over 5 min in order to improve the comparability. Using the derived LWP uncertainty from
the synthetic data study, i.e., 18% for MW_LWP, 14% for MW+IR_LWP, and 9% for the MW+AE_LWP retrieval,
the related bias error in the shortwave downwelling fluxes is assessed as an estimate for the uncertainty in
the shortwave downwelling flux.

Using the MWR retrievals, a clear underestimation of the measured shortwave flux is visible (Figure 9a),
resulting in a bias value of —36.1W/m?2. Adding broadband infrared observations in the LWP and r retrievals
(MWR+IRR approach), the calculated flux values are also lower than measured by the pyranometer, especially
between 7.5 and 8.5 UTC. During this time, Figures 8b and 8e show higher LWP values combined with a
lower variability in r4 than in the MWR and MWR+AERI cases, causing the high negative bias. However, the
MWR+IRR combination is still able to reduce the error in the shortwave flux to 12.3% compared to the RRTMG
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Figure 10. Cloudnet target classification for 11 November 2015. Gaps in the measurements are due to cloud radar
scanning times.
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Figure 11. Histograms of (a) LWP and (b) r.¢ derived with the MW (black), MW+IR (blue), and MW+AE (red) retrievals.
Results shown for 11 November 2015 (0-24 UTC).

results using the MWR retrievals (relative RMSE of 19.5%). The derived shortwave downward flux using the
MWR+AERI retrievals (Figure 9¢) in the RRTMG calculations shows the best agreement within the retrieval
uncertainties for the whole time period in comparison to the measured flux values (relative RMSE of 6.4%).
The good shortwave closure for the MWR+AERI approach confirms the high accuracy for a combined retrieval
using microwave and infrared observations for single-layer liquid water clouds with low LWP values.

5.3. Retrieval Robustness Analysis

In the previous section, an ideal case was selected to investigate the potential of the retrievals in a radiative
closure study for a single-layer liquid water cloud. In order to demonstrate the robustness, the retrievals are
applied to a full day of measurements including scenes which were not included in the retrieval training pro-
cess (e.g., multilayer clouds, mixed-phase clouds, and drizzle; Figure 10). To increase the comparability, the

MWR temporal resolution (1 s) was used for all LWP and r retrievals for the whole day, resulting in 34,395
retrieved values.
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Figure 12. (a) Median calculated-observed shortwave irradiance difference (RRTMG — Pyranometer) and (b) number

of occurrences as a function of LWP for the MW (black), MW+IR (blue), and MW+AE (red) retrievals. Results shown for
11 November 2015 (7-13 UTQ).
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The MW+AE_LWP retrieval provides the lowest values peaking at 10-20g/m?, whereas the MW+IR_LWP and
MW_LWP retrievals peak around 60-80g/m? and display a 5-10g/m? higher median (Figure 11a). For LWP
values above 150g/m? all LWP distributions are in a similar range. The MWR+AERI combination also shows
the broadest distribution for the retrieved r values (Figure 11b). All median values are within 1um, but the
variability of the MW _reff and MW+IR_reff retrievals is much smaller, with no values below 4pm.

For the shortwave radiative closure study the time period from 7 UTC to 13 UTC was chosen due to sufficient
sunlight and a measurement gap between 13 to 14 UTC. In this time period light drizzle and ice clouds were
apparent. The differences of the computed and measured fluxes are analyzed in dependence of the retrieved
LWP. For LWP below 80g/m? the MWR+AERI retrieval approach shows a clear improvement, first of all due to
lower retrieved LWP values (Figure 12b) and with only a median difference around +10W/m?. In the range of
higher LWP values, all retrieval approaches show a good closure. Above 100g/m?, where the infrared methods
are not improving the retrieval performance and the MWR information dominates, the retrieved LWP values
of all retrievals fall within a 5% mean difference. The deviations between measured and calculated fluxes
are thus caused by the higher uncertainty in the r, with a 12% mean difference among the r 4 retrievals in
this range.

6. Summary and Conclusions

Regarding the large impact of thin liquid water clouds on the interaction with radiation, there is a great
demand for accurate retrieval representation of cloud microphysical properties. In this context, widely used
microwave radiometer retrieval showed large uncertainties for low amounts of cloud liquid water. Therefore,
the high sensitivity of the infrared spectral domain can be used to improve the retrieval performance in low-
LWP situations.

In this study, we focused on statistical retrievals based on a neural network approach in order to retrieve
microphysical properties of liquid water clouds using infrared and microwave observations. The derivation of
robust and fast applicable LWP and r retrievals for single-layer thin liquid water clouds (LWP < 100 g/m?)
was achieved using a synthetic data set of microwave observations and additional spectrally highly resolved
and broadband infrared observations.

For the synthetic study, the retrievals based on the microwave and infrared synergy showed a high sensitivity
and good performance for cases with low amounts of liquid water (relative error of 9-17%). In contrast,
the MWR retrieval provides reasonable low errors beyond the point of saturation for the infrared retrievals
(40-60g/m?). For the combined microwave and infrared LWP retrievals, the application of simulated broad-
band IRR observations showed on average a 5 pp higher relative error compared to the spectral highly
resolved ones from AERI but is still performing better than the MWR alone.

Considering the r retrieval performance, the higher spectral resolution of the AERI infrared observations
showed a clear improvement to the broadband IRR ones with a relative error below 20% (LWP < 60 g/m?). As
expected, there was no dependence on the r4 for the microwave retrieval results, but the MWR brightness
temperatures can still be used in combination with the infrared observations to improve the retrieval errors.

After applying the retrievals to real measurements at the Jiilich Observatory for Cloud Evolution (JOYCE), the
retrieval results need to be evaluated. In order to test the consistency of the retrieval results, a radiative clo-
sure study for the shortwave downwelling flux using a radiative transfer model (RRTMG) was performed. The
best closure, compared to pyranometer measurements, is achieved for the MWR+AERI retrievals with only
a 6.4% relative error in an ideal case. This retrieval also showed robust results for marginally invalid scenes,
which encourages to include scenes which are currently not supported by the retrieval approach (e.g. clouds
that partially fill the field of view of the instrument, mixed-phase clouds and drizzling clouds) in future studies.
However, estimates of LWP are more uncertain and thus hard to interpret in complicated scenes. More detailed
instrument system simulation experiments need to be conducted to fully understand the impacts of different
“nonideal” physical conditions on the retrieval. For future field campaign deployments, independent obser-
vations of LWP and especially r« gathered from in situ or Sun photometer [Chiu et al., 2012] measurements
could help to further evaluate the retrievals and derive a more site-specific training data set of r..

For the frequently occurring thin liquid water clouds, the neural network approach combining microwave and
infrared observations can provide good estimates of the LWP and r.4 with orders of magnitude less computa-
tional demand compared to physical retrievals [Turner, 2007]. In order to apply the retrievals, only information
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and CO, exchange (2014-2018).”
The MODIS albedo MCD43A1.005
data product was retrieved from the
online Data Pool, courtesy of the
NASA Land Processes Distributed
Active Archive Center (LP DAAQ),
USGS/ Earth Resources Observation
and Science (EROS) Center, Sioux
Falls, South Dakota. Access to the
aerosol optical depths was made
possible through AERONET and Birger
Bohn from the Research Centre Jiilich
(b.bohn@fz-juelich.de).

on the cloud phase must be available and nondrizzling water cloud cases need to be identified, since the train-
ing data set could only be derived for these conditions. Cloud phase determination can be obtained directly
from the AERI [Turner et al., 2003] or an additional data product like the Cloudnet algorithm, which is already
available at many atmospheric supersites like JOYCE.
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