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Radar–Radiometer-Based Liquid Water Content
Retrievals of Warm Low-Level Clouds: How the

Measurement Setup Affects Retrieval Uncertainties
Nils Küchler and Ulrich Löhnert

Abstract—Here, we propose a new methodology that increases
the understanding of uncertainty sources of liquid water content
(LWC) retrievals, which are caused by the combination of instru-
ments having different beam widths and are horizontally displaced.
Furthermore, we give first quantitative uncertainty estimates. This
paper is based on a case study of a single-layer, warm, stratiform
cloud observed at the Jülich Observatory for Cloud Evolution. The
LWC profiles of this cloud have been forward-simulated with the
passive and active radiative transfer model providing radar and
microwave radiometer (MWR) observables for all cloud columns.
These observables have been converted back into LWC profiles,
whereas, in this case, the MWR and radar observables from differ-
ent columns were combined, representing horizontal displacement.
We investigate the influence of horizontal distance between a radar
and an MWR on a commonly used retrieval for LWC, which scales
radar reflectivity profiles with the liquid water path given by the
MWR. We found that a displacement of only 10 m already intro-
duces an additional relative uncertainty of 10%. At 100 m displace-
ment, the relative error grows up to 30%. Additionally, different
beam widths decrease the retrieval accuracy by a few percent; how-
ever, at large displacements, radiometers with larger beam widths
slightly decrease the error due to the displacement. Finally, we show
that cloud edge studies require optimally matched beams between
the radar and the radiometer, and already a displacement of 10 m
leads to unreasonable results.

Index Terms—Ground-based remote sensing, liquid water con-
tent (LWC) retrievals, microwave radiometer (MWR), radar, sen-
sor synergy, uncertainty.

I. INTRODUCTION

LOW level clouds, such as stratus and stratocumulus, cover
a large area of the planet and thereby strongly influence the

Earth’s radiation budget [1]. In general, clouds are a major uncer-
tainty source in numerical weather and climate prediction mod-
els [2], and therefore, clouds must be correctly characterized by
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observations to enable accurate model validation. Furthermore,
advancing model resolutions in space and time [3] increases the
demand for highly resolved retrievals of cloud properties, such
as liquid water content (LWC) with well-quantified uncertainty
estimates.

Long-term observations of LWC with temporal and spatial
resolutions of a few seconds and meters, respectively, can be
recorded using ground-based remote sensing. A common ap-
proach to retrieve LWC is to combine radar with microwave
radiometer (MWR) measurements by scaling the vertical reflec-
tivity profile (Ze) derived from a radar with the column liquid
water path (LWP) derived from an MWR [4], [5]. Both instru-
ments are standard equipment at measurement sites observing
cloud processes and properties [6]–[9] and are used mostly by
the community to retrieve LWC profiles [10].

Retrievals are always associated with uncertainties that: can
be instrument specific, such as calibration bias, instrument noise,
and finite bandwidths [11], [12]; can be caused by inherent re-
trieval assumptions and algorithm uncertainties [5], [13]; and
can be caused by combining two instruments, which may lead
to mismatching sampling volumes [14]. The latter is often as-
sumed to be of minor importance, especially, when temporal av-
eraging to several seconds or minutes is applied. However, when
conducting high-frequency sampling (e.g., 1 Hz), different half
power beamwidths (HPBW) and horizontal distance between
two senors (henceforth “sensor displacement ΔX”) can affect
the retrieval accuracy.

Current state-of-the-art cloud radars have HPBWs varying be-
tween 0.2◦ and 0.58◦ [15]–[17], whereas state-of-the-art MWRs,
retrieving LWP, span a range from 0.58◦ to 6◦ HPBW [17]–[19].
Information onΔX is often not discussed or not given at all in lit-
erature describing comprehensive observatories and campaigns
[8], [20], although it can range from about 10 m [21] up to about
100 m [22], and which has significant influence on the retrieval
accuracy.

When combining a radar and a radiometer, being displaced
by 100 m and both vertically pointing, and having a HPBW of
0.5◦, the observed volumes of the two instruments will intersect
at 5.7 km the first time. Thus, if low-level clouds are present,
also the sampling volumes will be horizontally displaced, i.e., the
two sensors will observe different scenes, e.g., at 1.5-km height
the volumes are displaced by 75 m. That radar and radiometer
observe different scenes can also happen in case of overlap-
ping beams, namely, if the sensors have very different HPBWs.
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Fig. 1. Error of LWC retrieval (ΔLWC) combining radar and MWR measure-
ments after [13] that was applied to the reference cloud in Fig. 2(a). The error
is caused by displacing (here 10, 20, 50, 100 m) radar and MWR from each
other, both having a HPBW of 0.6◦. (a) Error at maximum of the LWC profile
in the cloud. (b) Frequency of occurrence of ΔLWC shown in (a) depending on
different displacements.

A radar–radiometer combination having HPBWs of 0.2◦ and
6◦, respectively, with ΔX = 0 m has overlapping beams; how-
ever, the footprint of the radiometer is 1000 times larger than
the footprint of the radar at any height. Hence, any variability in
the observed column will be less pronounced in the radiometer
signal than in the column integrated radar signal.

Fig. 1 illustrates the effect of ΔX on a retrieval at the maxi-
mum of an LWC profile (LWCmax) when combining a radar and
an MWR having both an HPBW of 0.6◦. The time series ex-
hibits how much LWCmax differs from a reference LWCmax, i.e.,
at ΔX = 0 m, for different sensor displacements. Deviations
above 0.4 g m−3 (about 300% relative error) are visible, being
on average larger for a larger ΔX . Such under or overestima-
tions can lead to strong under or overestimations of cloud top
radiative cooling of several Kelvin per hour [23].

In the following, we will discuss the effects of ΔX and dif-
ferences in the HPBWs on LWC retrievals of warm low-level
stratiform clouds, which combine radar and radiometer mea-
surements. Thereby, it is assumed that the LWC can be correctly
derived after [13] given that both instruments observe the iden-
tical field of view. We further investigate how these differences
influence the retrieval at cloud edges and when broken cloud
fields are present.

II. METHODOLOGY

The following analysis is based on the LWC retrieval by [13]
combining MWR and radar measurements. Thereby, the square
root of Ze is scaled with the LWP providing an LWC estimate

Fig. 2. (a) Reference cloud (RefCloud) that has been created applying reflec-
tivity and LWP measurements to (1). The measurements were recorded by a
W-band radar–radiometer at the JOYCE—CF in Jülich, Germany. (b) Slices of
RefCloud of (a) to mimic a broken cloud field. (c) Like in (b), but two times
more and smaller slices. (d) Like in (c), but two times more and smaller slices.

for the ith layer after

LWCi = LWP

√
Zi

∑M
j=1 Δhj

√
Zj

. (1)

Each of the M layers is associated with a reflectivity Zi and a
vertical resolution Δhi. Equation (1) can be applied as long as
the cloud droplet number concentration is constant within the
cloud and the third moment of the drop size distribution (DSD)
is linearly related to the sixth moment of the DSD. Both as-
sumptions were found to be valid in warm, non-drizzling stratus
clouds [13].

Assuming that (1) holds, a reference cloud (henceforth
“RefCloud”), containing only cloud droplets, was created
by converting a 1-h time series of Ze and LWP into a two-
dimensional spatial field of LWC [see Fig. 2(a)]. The Ze and
LWP time series have been recorded at the Jülich Observatory
for Cloud Evolution—Core Facility (JOYCE—CF) [8] with a
W-band radar–radiometer measuring with temporal and vertical
resolutions of about 3 s and about 20 m [17], respectively. At
JOYCE-CF, the so-called CLOUDNET classification product
[7] is available, which classified the cloud as containing cloud
droplets only.

Although the data of the W-band radar–radiometer has been
recorded every 3 s, the actual sampling time was 1 s. Cloud base
was located at about 800 m within this hour exhibiting a wind
speed of about 10 m s−1. The footprint of the radar has a diameter
of about 6 m at 800 m. On the basis of these values, we assumed
that the radar averaged over approximately 10 m horizontal cloud
extent, hence, one data point in time corresponds to about 10 m
horizontal extend in Fig. 2(a).

Considering RefCloud as the physical truth, observables such
as Ze and brightness temperatures (BTs) can be forward sim-
ulated for any radar–MWR combination exhibiting different
HPBW, frequencies, and ΔX when applying some further as-
sumptions that will be introduced later in this section. After
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Fig. 3. Reference cloud with LWC. Fields of view from ground-based remote
sensing instruments, here radar and radiometer, are shown in gray, red, orange,
and yellow. Gray areas represent HPBW of 6.2◦, 3.5◦, and 0.6◦. Yellow, orange,
and red have an HPBW of 0.6◦, too. Instruments with gray areas are located at
the ground at 5-km horizontal extent. Yellow, orange, and red represent the field
of view of a radar that is displaced by 10, 20, and 50 m, respectively. Hence,
a radar being displaced by 50 m observes a different scene than a radiometer
with one of the gray fields of view. The solid lines within the beams indicate
paths along which radar reflectivities and BTs were forward simulated using the
passive and active radiative transfer model [25]. Simulations were performed
at all horizontal grid points, being spaced by 10 m. In addition to the LWC, a
log-normal DSD and an effective radius increasing from 5 to 9 µm from the
cloud base to cloud top were assumed. Finally, these observables can be con-
verted back into LWC profiles using (1) while assuming different displacements
between radar (reflectivity) and MWR (BTs). The derived LWC profile can be
then compared to the profiles of the reference cloud.

determining LWP combining the forward simulated BTs at sev-
eral frequencies [24], LWC profiles can be determined again
following (1).

Fig. 3 illustrates the geometrical concept of our study: because
of finite beam widths, the sensors receive signal from cloud re-
gions not directly located in the vertical field of view of the sen-
sor, which is typically the scene of interest. The larger the HPBW,
the more regions out of interest contribute to the measured sig-
nal. Forward simulations were performed at 31 angles equally
spaced (in radian) between −3.1◦ and +3.1◦ along slanted paths
providing 31 BTs and Ze profiles. Final (averaged) Ze profiles
and BTs were calculated for different HPBWs, i.e., averaging
a different number of slanted path simulations while assuming
a perfect Gaussian antenna pattern to weight contributions dif-
ferently from different directions. Note that we neglected any
effects due to antenna side lobes. Moreover, the radar HPBW
used here corresponds to the gain-squared pattern, i.e., the pat-
tern resulting from a two-way propagation of radiation through
the antenna, which is not the case for the radiometer where the
radiation passes only once the antenna. Usually, radar HPBW are
given in one-way HPBW. Comparing a one-way radar HPBW
with a radiometer HPBW of the same value would lead to dif-
ferent fields of view because the actual radar HPBW, i.e., the
gain-squared pattern, has a finer resolution than the one-way
HPBW.

Instrument displacement was imitated by combining Ze pro-
files and BTs from different horizontal positions (X). The in-
struments were displaced in steps of 10 m varying from 0 to

100 m. Thereby, the radar beam was shifted toward larger val-
ues of X with respect to the MWR, i.e., Xradar > XMWR, and
the column above the radar was considered as truth (lwctrue).
Hence, the LWC profile for a displaced combination (lwcdisplaced)
was calculated with the LWP derived at a horizontal distance of
XMWR = Xradar −ΔX compared to the radar location.

BTs and Ze of RefCloud were forward simulated with the
passive and active microwave radiative transfer model [25] for
ground-based, zenith pointing instruments at several frequen-
cies between 21 and 35 GHz. The radar frequency and the radar
Doppler spectrum noise floor at 1 km radial distance were set to
35 GHz and −38 dBZ, respectively. We assumed a log-normal-
DSD with a width of 0.38 having a random uncertainty of±0.14
[26] and an effective radius that linearly increases from 5 µm
at the cloud base to 9 µm at cloud top [14]. Note that RefCloud
was constructed using data from a W-band radar without consid-
ering any attenuation effects. This might have indeed led to an
(over-) under-estimation of LWC at the cloud (base) top when
constructing RefCloud with respect to the actual cloud structure.
However, constructing RefCloud using W-band radar data does
not affect the following analysis, because Ze profiles were sim-
ulated at 35 GHz where attenuation is negligible for an average
LWP of RefCloud of about 50 gm−2.

Based on the averaged BTs, LWP was retrieved using seven
frequencies between 21 and 31 GHz, which are commonly used
to derive LWP [27]. The retrieval is a quadratic model [17] and
was developed with a training data set of 15 175 radiosondes, in
which the presence of a modified adiabatic cloud was assumed
when the relative humidity exceeded 95% [27]. A random uncer-
tainty of±1 K was added to BTs before determining the retrieval
coefficients. The uncertainty in the retrieval is characterized by
a root-mean-square error (RMSE) of 25 gm−2.

We used frequencies between 21 and 35 GHz to represent
most accurate state-of-the-art retrievals of LWP and to minimize
attenuation effects in the radar measurements. To investigate also
how cloud patchiness influences the retrieval accuracy of two
displaced instruments, RefCloud was sliced into broken cloud
fields with different degrees of patchiness [see Fig. 2(b), (c), and
(d)] before the forward simulations were performed.

III. RESULTS

Based on the methodology explained in Section II, we derived
median profiles of the relative error of LWC

Δlwcrel =
lwctrue − lwcdisplaced

lwctrue
(2)

which will be used in the following to quantify the retrieval
uncertainty depending on different measurement setups.

A. Sensor Displacement and Varying HPBWs

Figs. 4(a), (c), and (e) show the median of Δlwcrel

Md(Δlwcrel) = median(Δlwcrel) (3)

for 10, 20, and 50 m displacement depending on the in-cloud po-
sition h∗ (h∗ = 0 corresponds to cloud base and h∗ = 1 to cloud
top) and four different combinations of MWR and radar HPBWs:
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Fig. 4. Left column: Median relative error of LWC (Md(Δlwcrel)) depending
on position within the cloud h∗ (h∗ = 0 (= 1) corresponds to cloud base (top))
and different combinations of radiometer/radar HPBWs. (a) 10-m displacement
between radar and MWR. (c) 20-m displacement. (e) 50-m displacement. Right
column: Same as left column but showing median absolute deviation of Δlwcrel
(Mad(Δlwcrel)). (b), (d), (f) for 10, 20, and 50 m displacement.

0.6◦/0.6◦ (MWR HPBW/radar HPBW), 1.5◦/0.6◦, 3.6◦/0.6◦, and
6◦/0.6◦. We do not show different radar HPBWs, since varying
the HPBW between 0.6◦ and 1◦ has no significant effect on the
retrieval performance.

The profile of Md(Δlwcrel) is approximately constant for h*
values between 0.2 and 0.8. This is what is expected, since any
offset in Ze cancels out in (1) [13], thus, the remaining un-
certainty from the LWP measurement (ΔLWP) leads to a con-
stant relative error when normalizing with the LWC profile. The
influence of the random uncertainty of Ze is small compared
to the effect of ΔLWP and vanishes when considering statisti-
cal averages as done in Fig. 4(a), (c), and (e). At cloud center,
Md(Δlwcrel) is larger for larger MWR HPBW and increases
with ΔX . On average, Md(Δlwcrel) increases from about 3%
at ΔX = 10 m to 5% at ΔX = 50 m.

Close to the cloud base and cloud top, Md(Δlwcrel) increases
strongly exhibiting values of up to 12%. This is due to varying
cloud base and cloud top from column to column (data point X
to data point X +ΔX). In the setup investigated here, a radar
with an HPBW of 0.6◦ receives signals also from neighboring
columns. Therefore, a higher (lower) cloud base (top) in the
neighboring columns, i.e., volumes without signal, can lead to
a strong underestimation of Ze at cloud base (top) producing a
large Md(Δlwcrel).

The effect of different HPBWs has a magnitude similar to
the sensor displacement. Md(Δlwcrel) is about 2%–3% smaller
when combining 0.6◦/0.6◦ than the combination of 6◦/0.6◦.
Henceforth, we refer to the HPBW combinations 0.6◦/0.6◦ and
6◦/0.6◦ as beam combination–narrow narrow (BC–NN) and
beam combination–wide narrow (BC-WN), respectively.

When observing processes with a high temporal resolution,
the median absolute deviation

Mad(Δlwcrel) = median(|Δlwcrel − Md(Δlwcrel)|) (4)

Fig. 5. Median absolute deviation of relative LWC error (Mad(Δlwcrel)) at
the cloud center depending on sensor displacement ΔX and different HPBW
combinations (radiometer/radar).

which is similar to the RMSE, is a more reasonable choice as
uncertainty estimate than Md(Δlwcrel). Mad(Δlwcrel) is about
10% at ΔX = 10 m and increases to about 20% at ΔX =
50 m [see Fig. 4(b), (d), and (f)]. In contrast to Md(Δlwcrel),
Mad(Δlwcrel) is larger for BC–NN that for BC–WN, which is
due to smoothing effects at larger MWR HPBWs. This will be
further discussed in the following paragraph.

Fig. 5 shows Mad(Δlwcrel) depending on ΔX for BC–NN
and BC–WN at the cloud’s center. Since Mad(Δlwcrel) is ap-
proximately constant with height [see Fig. 4(b), (d), and (f)],
the curve in Fig. 5 is representative for any cloud level not
too close to cloud top or cloud base. For both combinations,
Mad(Δlwcrel) increases from about 5% at zero displacement
to about 30% at ΔX = 100 m. At ΔX = 0 m, BC–NN shows
a much smaller uncertainty than BC–WN, which is due to the
much wider MWR beam of BC–WN averaging over several data
columns and thereby smoothing the LWP signal. However, the
wider beam is beneficial once radar and MWR are displaced
from each other and the LWP varies on length scales of the dis-
placement. Thus, the LWP retrieved from an MWR with a large
HPBW will be on average closer to the LWP of the scene of
interest than an LWP retrieved with a small HPBW. This can be
seen in Fig. 5 where BC–NN has a greater Mad(Δlwcrel) than
BC–WN for any ΔX larger than zero.

A different way to assess the uncertainty of the retrieval fol-
lowing (1) is to investigate the correlation between the LWP and
the sum of

√
Ze (

∑√
Ze) within the observed column. Both pa-

rameters are linearly related based on (1). Fig. 6(a) shows the
correlation between

∑√
Ze and LWP depending on ΔX and

the HPBW combinations. It is evident that the correlation de-
creases with increasing ΔX , which confirms the findings that
Mad(Δlwcrel) increases withΔX . For any HPBW combination,
the correlation drops from about 0.85 to 0.58, which implies that
displacing instruments decreases the validity of (1). Addition-
ally here, we see the same effect as in Fig. 5: a larger MWR
HPBW shows lower uncertainty once ΔX > 0 m.
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Fig. 6. Linear correlation coefficients (corr(·, ·)) between the LWP and cumu-
lative square root of reflectivity (

∑
Z0.5
e ) depending on sensor displacement

ΔX and different combinations of HPBW (radiometer/radar). (a)–(d) Ze and
LWP were determined from reference clouds in Fig. 2(a)–(d).

B. Cloud Variability and Cloud Edges

To investigate the effect of cloud variability in terms of patch-
iness, we sliced RefCloud into three cloud fields with different
degrees of variability [see Fig. 2(b)–(d)]. Additionally, for these
cloud fields, we determined the correlation between

∑√
Ze and

LWP depending on ΔX [see Fig. 6(b)–(d)]. When comparing
Fig. 6(b)–(d) to Fig. 6(a), one can see that the correlation at
zero displacement is always larger in broken cloud fields, which
is due to the clear sky periods where both

∑√
Ze and LWP

are approximately zero. However, the correlation coefficients at
ΔX = 100 m are larger in Figs. 2(b)/6(b) (0.62), much larger in
Figs. 2(c)/6(c) (about 0.77), but smaller in Figs. 2(d)/6(d) (0.45).
The effect of larger correlation at larger ΔX in Figs. 2(b)/6(b)
and Figs. 2(c)/6(c) does not reflect a decrease of retrieval uncer-
tainty, rather an optimal matching between the window size of
clear sky regions and ΔX . Hence, Figs. 2(b)/6(b) and 2(c)/6(c)
do not provide usable information. However, the strong decrease
of the correlation in Figs. 2(d)/6(d) compared to Figs. 2(a)/6(a)
tells the following: on the one hand, the retrieval by [13] is not
applicable once the cloud field varies on length scales similar to
ΔX but, on the other hand, as long as ΔX is small, LWC can
be retrieved also for very patchy cloud fields. Additionally, here,
beam width effects are small compared to sensor displacement.

As scattering of sunlight is very complex in broken cloud
fields, it is important to accurately determine the microphysics
at cloud edges. To gain a first estimate of how accurate cloud
edges can be described in terms of LWC by (1), we determined
Δlwcrel at the left cloud edges (N = 16) in Fig. 2(d). Thereby,
the radar position was fixed at the first cloudy column of each
cloud edge and the radiometer was shifted toward lower values
of X , i.e., Xradar ≥ XMWR. Since the LWC of the radar column
was used to normalize the error [see (2)], we considered only
left cloud edges to obtain non-infinite error estimates. Hence,
the maximum possible value of Δlwcrel is 1 (100%). Fig. 7 il-
lustrates the median of Δlwcrel (Md(Δlwcrel)) depending on the
HPBW of the MWR and ΔX at cloud center, i.e., at h∗ = 0.5.

Fig. 7. Median relative error of LWC Md(Δlwcrel) at cloud edges from
Fig. 2(d) depending on sensor displacement ΔX . The error curve is determined
at cloud center, i.e., at h∗ = 0.5. Md(Δlwcrel) = 1 indicates that no LWC pro-
file could be derived due to sensor displacement. The radar was located under
the first cloudy column at the lateral cloud edge and the radiometer was shifted
toward cloud free columns.

Δlwcrel is 100% once the MWR does not provide an estimate
for LWP, hence, no LWC can be retrieved although the radar
observes the cloud edge. One can see that almost for any com-
bination of HPBW and ΔX > 0, the retrieval does not provide
any information. Only the MWR–HPBW of 3.6◦ and 6◦ provide
information on LWP at ΔX = 10 m. Yet, Md(Δlwcrel) is larger
than 70% implying that in these cases the beam of the MWR is
only partially filled by the cloud.

IV. CONCLUSION

Our analysis provides relative uncertainty estimates of LWC
after [13] for varying distances between radar and MWR and
HPBWs of both, as well as the impact in overcast versus bro-
ken cloudy scenes. A comprehensive analysis of all influencing
variables was beyond the scope of this paper, but it proposes
a new methodology to investigate those uncertainties that have
not been discussed in the literature to date.

The following limitations of this study show how difficult it is
to assess the uncertainty that arises from the measurement setup:
the study is based on one case study that was associated with
certain boundary conditions, e.g., a certain cloud base height
that varied between 800 and 900 m. The yearly average cloud
base height of low-level, single layer, liquid clouds at JOYCE-
CF is about 1.2 km [17]. Increasing the cloud base height had
the following effects: the uncertainty due to sensor displace-
ment would decrease because of better beam overlap at larger
altitudes. How the uncertainty changes due to different HPBW
in this case depends on the ratio between the horizontal scale
of cloud variability and the footprint of the instruments within
the cloud. Additional parameters that can affect our analysis are
the assumptions on DSD and effective radii, both influencing
Ze. Furthermore, we present uncertainty estimates in relative
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units. However, knowing the absolute uncertainty is important
when calculating physical quantities that are not linearly related
to LWC.

The case scenario shown here is an idealized case because
both instruments observe always the same scene, yet, with a
spatial shift (time delay in observations). Moreover, steady state
was assumed. Both aspects are very special cases, hence, cannot
be generalized. It is likely that the uncertainties will be larger
in a non-idealized case than the one presented here. One of the
new findings of this study is that increasing the HPBW of the
MWR increases the uncertainty of the retrieval by 3%–5%, as
long as both sensors are located at the same position. If the
instruments are displaced from each other, a wider MWR beam
will be beneficial to sustain at least partial beam overlap, yet,
the effect of displacement will contribute most to the retrieval
error leading to uncertainties up to 30% at 100-m displacement.

To put the results of this study into the context of state-of-
the-art instrumentation, we discuss our results in the following
with respect to currently available technology while neglect-
ing uncertainties of the LWC retrieval after [13]. The latter will
be discussed at the end of this section. Combining an MWR,
measuring between 20 and 31 GHz (K-band), with a co-located
radar, measuring around 30 GHz, is a common approach to de-
rive LWC profiles [8]. In the best case, both instruments are
located within a few meters distance up to 10 m, which would
lead to 10% relative uncertainty. In addition to that, a further
uncertainty of about 40% due to the LWP retrieval must be con-
sidered, when assuming an uncertainty of 20 g m−2 [27] and
an average LWP of 50 g m−2 (as given in the used case study).
The latter was found to occur in various climate regimes [28].
The retrieval uncertainty of 20 g m−2 refers to a bias-free LWP
retrieval that includes a thorough offset correction [29].

To our knowledge, the W-band radar used here to construct the
reference cloud case is the only instrument combining radar and
MWR measurements using the same antenna. Thus, the retrieval
uncertainty is determined by the accuracy of the LWP retrieval
and the radar noise (neglecting LWC retrieval uncertainties). For
the LWP retrieval combining BT at 89 GHz and an a priori deter-
mined integrated water vapor (IWV), an uncertainty of 15 g m−2

was found by [17], when a thorough bias correction is applied.
In this study, radar reflectivities were simulated only at 35 GHz
for simplicity, so that attenuation effects could be neglected.
However, at 94 GHz attenuation must be taken into account as
further uncertainty source, which depends on LWC, IWV, and
cloud thickness. A back-of-the-envelope calculation yielded that
the relative error of LWC varies between 0% and 15% for LWP
values between 25 and 250 g m−2, a cloud thickness of 300 m
and an IWV of 10 kg m−2. Hence, a retrieval uncertainty be-
tween 30% and 45%, depending on attenuation (corrections), is
expected when using a W-band radar–radiometer with matched
beams. Because of the uncertainties associated with attenua-
tion effects, we cannot make a general statement about which
of the two measurement setups, i.e., W-band radar–radiometer
or MWR at K-band frequencies plus a co-located radar, is the
better choice to retrieve LWC in stratified of clouds. Yet, the
results indicate that matched beams have the potential to de-
crease the retrieval uncertainty by 10% and more compared to a

two-instrument setup, depending on the distance between radar
and MWR.

Note that the uncertainties found here are only based on the
instrument setup; however, do not include any biases in the re-
trieval assumptions themselves such as that the third moment
of the DSD must be linearly related to the sixth moment of the
DSD and that the droplet number concentration must be con-
stant with height [30]. This becomes even more important for
retrievals that require more information than radar reflectivity
profiles and BTs. For instance, it was shown by [31] that it is key
to characterize a priori information correctly to ensure reliable
retrieval results of LWC when using probabilistic approaches.
The need for accurate a priori estimates leads back to the inves-
tigations presented here: we need to quantify the uncertainties
of our measurement setups to be able to collect reliable data sets
that can serve as a priori estimates.

Finally, we show that cloud edge studies require closely
matched beams in case of sharp cloud edges. Already at a
displacement of 10 m, LWC profiles were associated with
uncertainties larger than 75% or could not be derived at all due
to missing LWP estimates. How much this uncertainty is at
smoother cloud edges will be part of future work. Future studies
should also investigate the influence of vertical resolution on
the retrieval accuracy, especially, in less homogeneous cloud
conditions.
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