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Abstract

To assess if current radar-based liquid cloud microphysical retrievals of the Atmo-
spheric Radiation Measurement (ARM) program can provide useful constraints for
modeling studies, this paper presents intercomparison results of three cloud prod-
ucts at the Southern Great Plains (SGP) site: the ARM MICROBASE, University of5

Utah (UU), and University of North Dakota (UND) products over the nine-year period
from 1998 to 2006. The probability density and spatial autocorrelation functions of
the three cloud Liquid Water Content (LWC) retrievals appear to be consistent with
each other, while large differences are found in the droplet effective radius retrievals.
The differences in the vertical distribution of both cloud LWC and droplet effective ra-10

dius retrievals are found to be alarmingly large, with the relative difference between
nine-year mean cloud LWC retrievals ranging from 20 % at low altitudes to 100 % at
high altitudes. Nevertheless, the spread in LWC retrievals is much smaller than that
in cloud simulations by climate and cloud resolving models. The MICROBASE effec-
tive radius ranges from 2.0 at high altitudes to 6.0 µm at low altitudes and the UU15

and UND droplet effective radius is 6 µm larger. Further analysis through a suite of
retrieval experiments shows that the difference between MICROBASE and UU LWC
retrievals stems primarily from the partition total Liquid Water path (LWP) into super-
cooled and warm liquid, and from the input cloud boundaries and LWP. The large differ-
ences between MICROBASE and UU droplet effective radius retrievals are mainly due20

to rain/drizzle contamination and the assumptions of cloud droplet concentration used
in the retrieval algorithms. The large discrepancy between different products suggests
caution in model evaluation with these observational products, and calls for improved
retrievals in general.
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1 Introduction

It has been long recognized that inadequate representation of clouds is largely re-
sponsible for the high degree of uncertainty associated with the magnitude of model-
predicted climate change induced by changes of carbon dioxide, other trace gases,
and aerosols (Stephens, 2005). The outstanding issues of cloud parameterizations5

are not only the result of the complexity of the cloud problem itself but also the diffi-
culty in observing and measuring cloud properties and cloud life cycles (Randall et al.,
2003). The spatial distribution of cloud microphysical properties such as cloud-droplet
size distribution and liquid water content (LWC), in particular, affects the cloud’s inter-
action with solar and infrared radiation that ultimately contributes to the energy budget10

at the surface, at top-of-atmosphere, and in the atmospheric column. Observations of
the cloud microphysical structure and life cycle are also essential for high-resolution
modeling studies that are essential for improving our understanding of the processes
acting to form and maintain cloud systems.

Cloud microphysical properties are traditionally obtained by in-situ probes and sen-15

sors aboard research aircraft. In-situ measurements of cloud microphysics are expen-
sive and the spatial and temporal coverage of such measurements is unsatisfactory
for gaining statistically significant insights into the climate system. On the other hand,
satellite remote sensing provides a means to acquire long-term global cloud observa-
tions of cloud macrophysical and vertically-integrated properties such as cloud base20

and top heights, cloud fraction, liquid water path (LWP), and optical thickness. Cloud
microphysical properties, in particular range-resolved cloud microphysics, are keenly
needed in cloud process and parameterization studies but are at best poorly measured
even with recently-launched space-borne active sensors such as CloudSat (Stephens
et al., 2002).25

The Atmospheric Radiation Measurement (ARM) Climate Research Facility of the
US Department of Energy is a scientific user facility that provides long-term continuous
cloud and radiation datasets from surface-based observations sites in several different
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climate regimes around the globe (Ackerman and Sotkes, 2003). The site at the South-
ern Great Plains (SGP) of the USA (36◦36′18.0′′ N, 97◦29′6.0′′ W) has been collecting
observations of clouds, radiation and atmospheric state since the spring of 1992. The
main tools used by ARM scientists for cloud observation include ground-based mil-
limeter wavelength cloud radars, lidars, passive microwave radiometers, and a variety5

of shortwave and longwave radiation sensors. Various retrieval algorithms have been
developed to obtain the cloud properties using the ARM observations (Dong et al.,
1998; Mace et al., 2006; Dunn et al., 2011).

Given the importance and complexity of cloud representations in climate predictions,
an increasing number of studies have been devoted to evaluating model performance10

in simulating cloud microphysical properties using observed cloud properties (Xie et
al., 2005; Klein et al., 2009). However, without comparison of different retrievals, previ-
ous studies often used a single retrieval product as observational truth. For the various
cloud microphysical retrieval products to be useful for modeling studies across vari-
ous applications including global model evaluation, model parameterization develop-15

ment, and understanding cloud processes, the uncertainty in the retrievals has to be
quantified. Given the large variety of different cloud observation/retrieval techniques,
the community has become increasingly aware of the importance of quantifying the
uncertainty of different cloud retrievals. One approach to characterize the cloud re-
trieval uncertainty is to track how the uncertainty in the input measurements and in20

the underlying forward model propagates to the final retrievals. However, most ex-
isting algorithms are empirical to some extent and the uncertainties associated with
the underlying assumptions are difficult to quantify. The second approach could be
comparing the retrievals with direct cloud measurements such as those from in-situ
cloud probes. This approach is hampered by a scarcity of coincident surface-based25

and aircraft measurements and the dramatic mismatch between the radar and in-situ
probe sampling volumes. The third approach is to compare different cloud retrieval
products and quantify the spread between the products. This approach will not provide
a quantification of the true uncertainty in the cloud retrievals but rather will provide a
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quantification of the difference between various products. The quantitative information
on the spread of existing retrievals is useful for model evaluation. This is the focus of
this paper.

This paper compares the cloud LWC and droplet effective radius retrievals from sev-
eral different approaches for liquid phase clouds. The retrievals for ice clouds are5

generally less accurate due to the complexity of radiation scattering and transport
through highly inhomogeneous crystalline clouds (Comstock et al., 2007). We also
attempt to pinpoint the primary causes of the large differences between different radar-
based cloud products and to understand the limitation of the single-frequency radar
approaches. The paper is organized as follows. Section 2 provides the theoretical10

basis of microphysics retrieval using combined radar and microwave radiometer mea-
surements. Section 3 provides a description of the retrieval algorithms used to produce
the three cloud microphysical products. Section 4 describes the dataset used in the
intercomparison studies. Section 5 presents the comparison results and Sect. 6 dis-
cusses possible reasons for the discrepancy between various cloud retrieval products.15

Section 7 discusses the implication of these comparison results for model evaluation.
Section 8 summarizes the findings of this study.

2 Background of warm cloud microphysics retrieval

The cloud LWC for a droplet size distribution n(r) is given by:

LWC=
4
3
πρL

∫ ∞

0
n(r)r3dr (1)20

where r is the droplet radius, ρL is the density of liquid water. Similarly, the radar
reflectivity can be written as:

Z =64
∫ ∞

0
n(r)r6dr (2)
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The cloud droplet effective radius re can be expressed as the ratio of the third moment
to the second moment of droplet size distribution:

re =
∫ ∞

0
n(r)r3dr/

∫ ∞

0
n(r)r2dr (3)

There are many functional distributions one might use to represent cloud droplet size
distribution and usually the choice of the functional form has only minimum impact on5

radar retrieval algorithms. Here we use the lognormal distribution as an example due
to its wide use in radar retrieval algorithms (Frisch et al., 1995),

n(lnr)=
N

σ
√

2π
exp

[
−(lnr− lnr0)2/2σ2

]
(4)

where N, r0, and σ are the total droplet number concentration, geometric mean droplet
radius, and standard deviation of droplet size distribution, respectively. For the log-10

normal distribution, radar reflectivity can be related to cloud LWC and effective radius
using the following equations:

Z =48LWC2exp(9σ2)/(πρLN) (5a)

Z =64Nr6
e exp(3σ2) (5b)

It is clear from Eq. (5) that, if the total droplet number concentration and the standard15

deviation of the droplet size distribution are known, cloud LWC as well as cloud droplet
effective radius can be readily calculated from radar reflectivity measurements.

The potential of millimeter wavelength radar to observe clouds has been recognized
for many years (Hobbs et al., 1985; Lhermitte, 1987; Frisch et al., 1995, 1998; Kollias
et al., 2005; Matrosov, 2005). The theory of cloud detection by millimeter radar can20

be found in Doviak and Zrnic (1993) and Clothiaux et al. (1995). In the Rayleigh ap-
proximation radar reflectivity is proportional to the sixth moment of cloud droplet size
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distribution while cloud physics and shortwave/longwave radiation transfer processes
are directly related to lower-order moments. Retrieving lower-order moments of the
cloud droplet size distribution from radar reflectivity measurements is a challenging
task. Because the radar reflectivity is proportional to the sixth power of particle size,
a small number of large drizzle and rain drops are likely to dominate the measured5

radar reflectivity while contributing negligibly to total water content and optical depth.
Recently, several studies indicate that drizzle is almost ubiquitous in marine and con-
tinental stratocumulus clouds from both field campaign and satellite observations (Fox
and Illingworth, 1997; Mace et al., 2007; Kollias et al., 2011a, b).

According to Eq. (5), radar reflectivity is a function of cloud LWC (or effective radius),10

total cloud droplet number concentration, and standard deviation of the droplet size dis-
tribution. In order to obtain more climate-relevant moments like cloud LWC and droplet
effective radius from radar reflectivity measurements, certain assumptions have to be
made about the cloud droplet size distribution (number concentration and standard
deviation). Early radar retrieval algorithms are usually based on empirical Z-LWC rela-15

tionships that are derived from aircraft measurements or numerical model simulations
(Liao and Sassen, 1994). Deviations from the underlying assumptions of size distribu-
tion, especially the presence of large particles (e.g., drizzle and rain drops), result in
non-unique relationships between LWC and radar reflectivity (Liu et al., 2008). Further-
more, the applicability of such relationships for other meteorological regions or other20

types of clouds is questionable and difficult to evaluate. Several algorithms have been
developed that use not only cloud radar observations but also passive observations to
retrieve microphysical properties of clouds. Among them are the algorithms of Frisch et
al. (1995, 1998) that use column-integrated cloud LWP together with millimeter cloud
radar reflectivity to constrain cloud microphysical retrievals. There are also algorithms25

that use the solar transmission as additional independent information to constrain cloud
microphysical retrievals (Dong et al., 1997, 1998; Mace and Sassen, 2000), The algo-
rithms that use LWP and/or solar transmission usually assume that cloud droplet size
distribution can be described by a functional form (lognormal or gamma) that can be
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characterized using only three independent parameters. As a result, such algorithms
have similar issues as the early Z-LWC algorithms, e.g., they are also vulnerable to the
presence of large particles like drizzle and rain drops.

3 Description of retrieval algorithms

This section provides a brief description of the three different radar retrieval algorithms5

that are used to produce three different cloud products: the ARM baseline cloud mi-
crophysical properties product (MICROBASE; Dunn et al., 2011) , University of Utah
(UU) cloud product (Mace et al., 2006), and University of North Dakota (UND) cloud
product (Dong and Mace., 2003). The underlying assumptions of these algorithms are
also discussed in this section.10

3.1 ARM MICROBASE algorithm

The MICROBASE value-added product combines several available algorithms that in-
terpret radar reflectivity profiles, microwave brightness temperatures and detailed en-
vironmental temperature estimates into the context of the underlying cloud microphys-
ical structure (Dunn et al., 2011). The MICROBASE algorithm provides a continuous15

baseline microphysical retrieval including vertical profiles of the liquid/ice water con-
tent and liquid/ice cloud particle effective radius for all cloud condtions with ten-second
time resolution and 45 m vertical resolution. A best estimate radar reflectivity from
the Active Remote Sensing of CLouds(ARSCL) value-added product (VAP) (Clothiaux
et al., 2000), the LWP from the ARM Microwave Retrieval (MWRRET) VAP (Turner et20

al., 2007), and atmosphere thermodynamic profiles from the ARM Merged Sounding
value-added product (Troyan, 2010) are used as ancillary data for the MICROBASE
algorithm. The ARSCL product uses a combines observations from varying operating
modes of a 35 GHz cloud radar in order to product a single best estimate of radar re-
flectivity for each 10-second time-step. The MWRRET product uses a combination of a25
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physical-iterative and a statistical retrieval technique to provide estimates of LWP from
two-channel microwave radiometer observations. The Merged Sounding value-added
product combines observations from radiosondes, surface meteorology, and output
from the European Centre for Medium-range Weather Forecasting (ECMWF) model to
produce vertical profiles of environmental temperature at one-minute time resolution5

and 20–200 m vertical resolution. The specific transformations from radar/radiometer
observations to cloud microphysical properties were chosen through a series of short-
wave/longwave radiative closure studies (Mlawer et al., 2008). Candidate transforms
were required to be included in the peer-reviewed literature and to avoid the use of
shortwave/longwave transmission in their formulation.10

The first step of the MICROBASE algorithm is to identify the phase of cloud parti-
cles. The MICROBASE phase partition is based on a simple criterion of temperature
(from the Merged Sounding product). Cloud particles are assumed to be all ice if air
temperature is colder than −16 ◦C, all liquid if temperature is warmer than 0 ◦C, and
mixed phase if temperature falls between 0 ◦C and −16 ◦C. When a mixed phase cloud15

is identified, the liquid fraction is calculated as a linear function of temperature as given
by:

fL = (T +16)/16,−16◦C≤ T ≤0◦C. (6)

The boundaries of the cloud layer are determined from the ARSCL best estimate radar
reflectivity. Under non-precipitating conditions, the LWP can be obtained with reason-20

able accuracy from a co-located microwave radiometer (MWRRET; Turner et al., 2007).
Conventional algorithms based on empirical Z-LWC relationships require absolute cal-
ibration of the cloud radar, which can be hard to perform in many cases. Using the
LWP from a passive microwave radiometer as an overall constraint can mitigate the
impact of absolute radar calibration on the retrieved cloud LWC profiles. With the LWP25

from the microwave radiometer, the only problem left is how to distribute the total liquid
water vertically within the cloud layer(s). The MICROBASE algorithm distributes the
microwave radiometer measured LWP into layers where the air temperature is warmer
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than −16 ◦C according to the following formula:

LWCi =LWP
Z0.5556
i

M∑
j=1

Z0.5556
j ∆z

. (7)

where ∆z is the length of each radar range gate. The summation is for all the gates
with a measureable radar reflectivity with j = 1 denoting the lowest gate and j =M
denoting the highest gate that includes liquid water. The exponent 0.5556 is based on5

the results of Liao and Sassen (1994). For the range gates where mixed-phase clouds
are present, the radar reflectivity factor Zliq due to liquid water particles is used in place
of Z :

Zliq = fL.Z (8)

The MICROBASE algorithm assumes that cloud droplet size distribution follows a log-10

normal distribution. Once cloud LWC is obtained (Eq. 7), cloud droplet effective radius
is calculated using the following equation:

re =exp(2.5σ2)
[

3LWC
4πNρLexp(4.5σ2)

]1/3

=0.0062exp(σ2)

 LWP

N
M∑
j=1

Z0.5556
i ∆z


1/3

exp[0.426log10(Z)].
(9)

Because the conversion of raw radar measurements to geophysically meaningful quan-
tities are typically under-constrained, specific assumptions for site location and cloud15

type need to be made in order to produce a continuous time series of the effective
radius profile. For all the clouds at the SGP site, the droplet number concentration
N is assumed to be equal to 200 cm−1 and the standard deviation of the droplet size
distribution is assumed to be 0.35.
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3.2 University of Utah algorithm

The UU algorithm is similar to the MICROBASE algorithm in many aspects. The cloud
phase classification scheme used by the UU algorithm is also mainly based on tem-
perature. Cloud particles are assumed to be all liquid if the temperature is above the
freezing point. When the temperature at radar echo top is colder than −35 ◦C and the5

maximum reflectivity occurs at temperature colder than −20 ◦C, the cloud is consid-
ered to be pure ice cirrus. Otherwise, the cloud is classified as mixed phase, i.e., cloud
volume contains both ice and supercooled liquid water(Mace et al., 2006).

Also similar to the MICROBASE, the UU cloud retrieval is constrained by the LWP
obtained by a microwave radiometer using a statistical retrieval method (Liljegren et10

al., 2001). The cloud base height is determined by ceilometer measurements and the
cloud top is given by the last significant radar echo. The cloud boundaries used by
the UU algorithm are slightly different than the ARSCL cloud boundaries used by the
MICROBASE algorithm due to the difference in their data processing procedures and
choices of threshold values.15

With the column LWP and cloud boundaries, the next important step is to distin-
guish between that portion of the LWP from warm (i.e., temperature greater than freez-
ing) cloud volumes and that portion from supercooled cloud volumes. This process is
done by using a parameterization used in Community Climate System Model Version
3 where cloud LWC is assumed to decrease exponentially with height or temperature20

(Kiehl et al., 1998; Mace et al., 2006). The parameterization of Kiehl et al. (1998) is
first used to determine the fraction of warm and supercooled liquid water contents. And
the supercooled liquid water is distributed vertically in the supercooled portion of cloud
layers using the same parameterization (i.e., decrease exponentially with height). In
the portion of the profile where temperatures are above the freezing point and sig-25

nificant cloud returns are detected by the millimeter cloud radar (MMCR), the warm
fraction of the LWP is distributed vertically using the Frisch et al. (1998) parameteri-
zation where the normalized square root of the radar reflectivity is used as a vertical
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weighting function:

LWCi =LWPwarm

Z0.5
i

M∑
j=1

Z0.5
j ∆z

. (10)

Similar to Eq. (7), the summation is for all the cloudy gates with j =1 denoting the gate
at cloud base and j =M denoting the highest gate of measureable radar reflectivity
that contains liquid water It can be seen that both algorithms distribute LWC using the5

radar reflectivity factor as a weighting function; they differ only slightly in the choice of
the exponent (0.5556 for the MICROBASE algorithm and 0.5 for the UU algorithm).

In the UU algorithm, the liquid droplet effective radius is obtained using the following
empirical formula (Mace et al., 2006):

re =19.5exp[0.384log10(Z)]. (11)10

Note that the unit for the effective radius calculated using Eq. (11) is µm. This em-
pirical relationship is based on a statistical regression of aircraft Forward Scattering
Spectrometer Probe measurements collected during an intensive observational period
(IOP) at the ARM SGP site in March 2001 (Dong and Mace, 2003). The formula is as-
sumed valid only for re < 10 µm. Droplet effective radius retrievals greater than 10 µm15

could possibly be contaminated by precipitation and thus the cloud droplet effective ra-
dius are set to 10.0 µm. For supercooled liquid, the liquid cloud droplet effective radius
is assumed to be 15 µm.

3.3 University of North Dakota algorithm

Both the MICROBASE and UU algorithms are designed to produce cloud microphysical20

retrievals for almost all types of liquid clouds that are able to produce a significant radar
return. The UND algorithm, on the other hand, is designed to produce microphysical
properties for only low-level stratus clouds. The low-level stratus clouds are defined
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mainly by the following criteria: (1) LWP is between 20 and 600 gm−2, (2) cloud-top
height is less than 3 km, and (3) the range of radar reflectivity is between −60 to 0 dBZ
(Dong and Mace, 2003).

In the UND algorithm, cloud LWC is obtained in almost the same way as the UU
algorithm, i.e., distributing the microwave radiometer-based LWP according to the 1/2th5

power of radar reflectivity. The LWP used in the UND algorithm is obtained using a
statistical retrieval method (Liljegren et al., 2001). The cloud-base height obtained
from the laser ceilometer is used to identify cloud base in the radar returns. The major
difference is their retrievals of effective radius.

Based on the availability of downward solar flux measurement at the surface, two10

methods are used to determine cloud drop effective radius: the M1 method and the M2
method. When solar flux measurements are available, the M1 approach is used. A
mean cloud droplet effective radius re is derived using the parameterization of Dong
et al. (1998). In the Dong et al. (1998) parameterization, the mean effective radius
depends on LWP, solar transmission ratio γ, and cosine of solar zenith angle µ0:15

re =−2.07+2.49LWP+10.25γ−0.25µ0+20.28LWPγ−3.14LWPµ0 (12)

where the units of effective radius and LWP are µm and 100 gm−2, respectively. The
cloud droplet effective radius is then calculated as the product of the mean cloud-
droplet effective radius, the cloud thickness and the ratio of the radar reflectivity to the
integrated radar reflectivity (Dong et al., 1998):20

rei = reH
Z0.5
i

M∑
j=1

Z0.5
j ∆z

. (13)

where H is the cloud thickness. The summation is from cloud base (j =1) to the highest
liquid cloud layer (j =M).

When the downward solar flux measurements are not available, e.g., during the
night time, a simple parameterization similar to that used in the UU algorithm (the25
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M2 approach) is employed to calculate cloud droplet effective radius (Dong and Mace,
2003):

re =22.0exp[0.384log10(Z)]. (14)

The empirical coefficients in this simple parameterization were determined by statisti-
cally fitting observed daytime radar reflectivity Z at the ARM SGP site during the 20015

IOP to the retrieved cloud droplet effective radius using the M1 approach (Dong and
Mace, 2003).

4 Data

The MMCR is a vertically pointing Doppler radar operating at a frequency of 35 GHz
(Moran et al., 1998). It is sensitive enough to see not only rain drops but also much10

smaller cloud droplets. It is one of the key cloud profiling instruments in the ARM
program. The MMCR has been deployed at the SGP site since November 1996. More
details on the theory of cloud detection using millimeter-wave radar and the MMCR in
particular can be found in Clothiaux et al. (2000).

The UU product has five-minute temporal resolution and 90-m vertical resolution15

and are available from year 1997 to 2008. The UND product has the same temporal
and vertical resolution as the UU product but are available from 1997 to 2006. The
MICROBASE product includes vertical profiles of the liquid/ice water content, liquid/ice
cloud particle effective radius and cloud fraction, at ten-second time intervals and 43-m
vertical intervals over 230 vertical levels. The MICROBASE product are available from20

1998 to 2009. The ten-second MICROBASE product is averaged to the same time
and spatial grids as the UU product. Note that the averaging is performed over only
the cloudy portion of the MICROBASE data and this is consistent with that of the UU
product.
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5 Intercomparison results

The intercomparison studies are based on data from year 1998 to 2006, the time pe-
riod when all three of the cloud products are available. Two sets of comparisons are
performed in this study. This first set of comparison is intended to provide a quantita-
tive estimation of the differences between the MICROBASE and UU cloud LWC and5

effective radius retrievals for all types of clouds (low-level, middle-level, and high-level
clouds). The second set of comparison evaluates the differences between the MI-
CROBASE, UU, and UND retrievals for only low-level stratus cloud whose cloud top is
below 3.0 km, as defined by the UND product (see Sect. 3.3).

The data points corresponding to conditions where the microwave radiometer precip-10

itation flag indicates “wet window” (i.e., precipitation at the ground level) are excluded
from all of the intercomparisons. These data are excluded from these studies because
the microwave radiometer cannot provide reliable retrievals of LWP when the radiome-
ter window gets wet (Liljegren et al., 2001). The above-mentioned data screening
strategy is able to rule out cases where precipitation is detected by the microwave ra-15

diometer on the surface. However, there are many cases where precipitation drops
(rain and drizzle) are present inside and/or below cloud base but never reach the sur-
face (also called virga). In order to examine the impact of rain/drizzle contamination on
cloud microphysics retrievals, two subsets of statistical analysis and comparisons are
performed in this study. The first subset of comparisons is for all cloud columns. The20

second subset of comparisons is for cloud columns where no precipitation particles are
detected throughout the vertical profile. Ideally, large precipitation particles could be
identified using full Doppler spectrum if the cloud and precipitation modes can be de-
composed from the spectrum (Kollias et al., 2011a, b). Here, a simple scheme based
on a threshold value of radar reflectivity is used to select precipitating profiles. If the25

maximum radar reflectivity in the warm region of a cloud vertical profile is larger than
−20 dBZ, the profile is considered as a precipitating profile (Kato et al., 2001; Kogan et
al., 2005).
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5.1 Comparison of MICROBASE and UU products for liquid clouds at all
altitudes

5.1.1 Monthly mean cloud properties

Figure 1a and b shows the time series of the vertical distribution of monthly averaged
cloud LWC from the MICROBASE and UU products. The overall pattern of the monthly5

averages of LWC is very similar. The location of the top of the liquid water layer shows
a similar seasonal cycle in the two cloud products – the liquid layers reach up to 5.5 km
in Winter and extend to two km higher at around 7.5 km in Summer. In both products,
the maximum cloud LWC is found at low altitudes close to the surface and it is also
evident that cloud LWC decreases with altitude in general.10

Figures 1c and d show the time series of the vertical distribution of monthly-averaged
cloud droplet effective radius from the two products. Several striking differences can be
identified immediately. First, the monthly-averaged effective radius from the UU product
is always several microns higher in magnitude than that from the MICROBASE product.
Second, the vertical variation of droplet effective radius from the two products are quite15

different. The droplet effective radius from the MICROBASE in general decreases with
increasing altitude (but the decreasing trend is not evident for some months), which
is in a great contrast with the UU product where cloud droplet effective radius first
decreases with altitude below 2.5 km and then increases rapidly with altitude above
3.0 km.20

Figure 1e–h is similar to Fig. 1a–d but for only non-precipitating clouds. It can
be seen that, in the MICROBASE product, the vertical distribution of cloud LWC for
non-precipitating clouds is noticeably different with that for all clouds. The maximum
LWC for non-precipitating clouds is located between 3–5 km instead of very low al-
titudes (Fig. 1e). The UU maximum LWC, however, is still located at low altitudes25

(Fig. 1f). The MICROBASE droplet effective radius for non-precipitating clouds is sim-
ilar in magnitude to that for all clouds (Fig. 1c and g) while the UU effective radius for
non-precipitating clouds is significantly smaller than that for all clouds (Fig. 1d and h).

7124

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/7109/2011/amtd-4-7109-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/7109/2011/amtd-4-7109-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
4, 7109–7158, 2011

An intercomparison
of radar-based liquid
cloud microphysics

retrievals

D. Huang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

5.1.2 Yearly mean cloud properties

Figure 2a–d show the vertical profiles of yearly-mean cloud LWC and effective radius
from year 1998 to 2006. The yearly-mean MICROBASE and UU products share more
similarity than the monthly-mean products (Fig. 2a and b). Both the MICROBASE
and UU product have most of the liquid water at low altitudes (<1.0 km). Figure 2c5

and d confirm the finding of Sect. 5.1.1 that cloud droplet effective radius from the
MICROBASE product is much smaller than that from the UU product. The yearly-mean
cloud droplet effective radius from the MICROBASE product decreases slowly with
altitude, while the UU effective radius decreases with altitude below 1.0 km, reaches a
minimum between 0.8 to 1.5 km, and increases with altitude above 2.0 km.10

Figure 2e–h show the yearly-mean vertical profiles of cloud LWC and effective ra-
dius for only non-precipitating clouds. The vertical profile of MICROBASE cloud LWC
appears to have two peaks: one is located at low altitudes below 1.5 km and the other
is located around 4 km. The UU cloud LWC profile has a dominant peak at very low
altitudes and the second peak between 3 to 4 km is much weaker. The yearly-mean15

MICROBASE effective radius for non-precipitation clouds is similar to that for all clouds,
while the UU effective radius for non-precipitating clouds is much smaller than that for
all clouds. The non-precipitating UU effective radius appears to increases with altitude.

5.1.3 Vertical profiles of nine-year mean cloud properties

To further illustrate the difference between the MICROBASE and UU products as a20

function of averaging time, all three products are averaged over the time period from
year 1998 to 2006. Figure 3a and b show the vertical profiles of the nine-year mean
cloud properties from the MICROBASE and UU products. The vertical distributions of
cloud LWC from the two products, on the nine-year average, are very similar to each
other. The MICROBASE algorithm allocates more liquid water at altitudes below 4.0 km25

than the UU algorithm. For altitudes higher than 4.0 km, the MICROBASE product
has less liquid water than the UU product. Figure 3b illustrates that the MICROBASE
effective radius decreases monotonically from 6 µm at the surface to 2 µm at 8.0 km,
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while the UU effective radius shows a minimum of 10.5 µm at 1.9 km and increases
steadily to 15 µm at 8.0 km. The difference between the MICROBASE and UU droplet
effective radius range from 5 µm at 1.8 km to 13 µm above 8.0 km. It should be noted
that, in the UU algorithm, effective radius retrievals larger than 10 µm are considered
to be contaminated by large particles such as drizzle or rain drops (Mace et al., 2006).5

Therefore, it can be inferred that a large portion of the UU retrievals at the SGP site are
contaminated by precipitation or large ice particles.

Comparing the retrievals corresponding to only non-precipitating cloud profiles will
provide further insights of cloud microphysical retrievals. Figure 3c and d show
the comparison results for non-precipitating profiles. The vertical profiles of non-10

precipitating cloud LWC from the two products appear to have similar shape above
4 km (Fig. 3c). The MICROBASE LWC increases with height between 0.5 to 1.2 km
and between 2.0 to 4.0 km while the UU LWC decreases with height at all altitudes.
The MICROBASE cloud LWC is much lower than the UU LWC below 2.5 km. For alti-
tudes higher than 2.5 km, the MICROBASE product has significantly higher liquid water15

values than the UU product. The MICROBASE effective radius, in general, has similar
magnitude as that for all clouds, decreasing from 5.0 µm at the surface to 2.5 µm at
8.0 km. The UU effective radius for non-precipitating clouds increases steadily from
5.8 µm at low altitudes to 8.7 µm at very high altitude and is about 5 µm smaller than
the UU effective radius for all clouds.20

In order to characterize the magnitude of difference in a relative sense, we define
relative differences as the ratio of the MICROBASE-UU difference to the UU retrieval.
Figure 4a and b shows relative difference averaged over the 1998 to 2006 period for all
clouds and for only non-precipitating clouds. The difference in the nine-year mean LWC
retrievals (all clouds) is within ±0.05 gm−3, which amounts to about 20 % of the LWC25

retrievals at low altitudes and more than −100 % of the LWC retrievals at high altitudes.
This difference is not trivial because the data are already averaged over a nine-year
period. The relative difference of droplet effective radius always takes positive values,
ranging from 55 % to 85 %.
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The relative difference between mean LWC for non-precipitating clouds is also alarm-
ingly large – reaching more than −100 % at high altitudes (Fig. 4b). The relative differ-
ence between effective radius retrievals for non-precipitating clouds ranges from 30 %
at low altitudes to 75 % at high altitudes and is consistently small than the difference
for all clouds (Fig. 4a).5

5.1.4 Mean cloud properties as a function of temperature

Environmental temperature is an important thermodynamic parameter that is closely
related to cloud lifecycle and it is also the primary parameter used in both the MI-
CROBASE and UU algorithms for determining the liquid/ice partitioning in mixed phase
clouds. This section thus presents the comparisons of cloud properties as a function10

of temperature. The original data are first interpolated linearly from the altitude-time
space to the temperature-time space using the ARM merged sounding. The mean
cloud properties at each temperature interval are then obtained by averaging all the
available data that fall into this temperature interval.

Figure 5a shows the distributions of cloud LWC as a function of environmental tem-15

perature from the MICROBASE and UU products. The shapes of these two curves in
general look similar but have noticeable differences in some temperature intervals. The
MICROBASE cloud LWC is mainly distributed between 273 to 290 K with a remarkable
peak at 279 K (Fig. 5a). The UU product shows two peaks at 273 and 293 K. The
MICROBASE product has more supercooled LWC and less warm LWC than the UU20

product.
Figure 5b shows the comparison of nine-year averaged effective radius as a function

of temperature. It is obvious that the two sets of retrievals show totally different variation
with temperature: the effective radius-temperature curve for the MICROBASE product
is bell-shaped and has a maximum at 277 K while the UU curve is bowl-shaped and25

has a minimum at 288 K.
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Figure 5c and d show the mean MICROBASE and UU cloud LWC and droplet effec-
tive radius as a function of temperature for non-precipitating clouds. The MICROBASE
cloud LWC follows closely with that of UU below 284 K. Above 284 K, the MICROBASE
LWC is consistently lower than the UU LWC. The droplet effective radius retrievals from
the MICROBASE and UU products show quite different behaviors: the MICROBASE5

effective radius is bell-shaped function of temperature and the UU effective radius is
bowl-shaped function.

5.1.5 Probability distribution function of cloud LWC and droplet effective
radius

Figure 6a shows the probability distribution functions (PDFs) of cloud LWC and droplet10

effective radius derived from the nine-year MICROBASE and UU products. Overall,
the PDFs of MICROBASE and UU cloud LWC retrievals appear to be very similar. The
frequency of occurrence decreases exponentially with increasing LWC for both prod-
ucts. The small discrepancy between the two PDFs at high LWC values (>0.5 gm−3) is
negligible compared to the differences found between different cloud products.15

The PDFs of droplet effective radius, unlike the cloud LWC, appear to be quite dif-
ferent for the two products, as shown in Fig. 6b. The most probable effective radius of
MICROBASE is 4 µm with most of the retrievals falling in the range from 3 to 10 µm.
The probability density of MICROBASE effective radius decreases monotonically as
the effective radius increases. The effective radius retrievals from the UU product have20

very low probability density for values smaller than 3 µm and appear to be uniformly
distributed between 5 to 18 µm with a spurious spike at 15 µm. The spike at 15 µm in
the UU product is likely due to the fact that the UU algorithm set the effective radius of
supercooled liquid droplets to be 15 µm.

The PDFs of MICROBASE and UU cloud LWC for non-precipitating clouds is almost25

identical to the PDFs for all clouds (Fig. 6c). The probability density of cloud LWC de-
creases exponentially with increasing LWC values. In contrast with the large dissimilar-
ity between PDFs of effective radius for all clouds, the PDFs of the MICROBASE and
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UU droplet effective radius for non-precipitating clouds appear to have more similar-
ity: both PDFs are bell-shaped and the difference between the most probable effective
radius values of the two products is smaller than that for all clouds (Fig. 6d).

5.1.6 Autocorrelation function of MICROBASE and UU cloud LWC

PDFs are one-point statistical characteristic and only provide information about the5

probability of occurrence of each possible value. No information about the relationship
between two points, i.e., the spatial and/or temporal structure of the variable of inter-
est, can be inferred from a PDF. The autocorrelation function is used in this study to
characterize the spatial and temporal structure of cloud microphysical retrievals. Au-
tocorrelation is the cross-correlation of a field or signal with itself. It characterizes the10

similarity between the field and the shifted field as a function of the spatial and/or tem-
poral separation. Figure 7 depicts the two-dimensional autocorrelation functions of the
MICROBASE and UU cloud LWC retrievals. The first dimension of the autocorrelation
function is temporal separation and the other dimension is spatial separation. Overall,
the autocorrelation functions of the MICROBASE and UU LWC retrievals are very simi-15

lar. The correlation decreases monotonically with vertical separation while the temporal
correlation shows multiple peaks at seasonal, annual, and multi-annual time scales.

5.2 Comparison of MICROBASE, UU, and UND products for low-level stratus
clouds

MICROBASE, UU, and UND low-level stratus cloud retrievals are compared in a similar20

manner as the previous section. Since most of these comparison results are similar
to those from Sect. 5.1, only the results for nine-year average and PDF are presented
here.
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5.2.1 Nine-year mean cloud LWC and effective radius for low-level stratus
clouds

Figure 8 shows the MICROBASE, UU, and UND nine-year mean vertical profiles for all
types of low-level stratus clouds and for only non-precipitating stratus clouds. The cloud
LWC vertical profiles for all cloud types from the MICROBASE and UU products agrees5

reasonably well at all altitudes: the LWC values are comparable and both decrease
monotonically with increasing altitude (Fig. 8a). The decreasing of cloud LWC with
altitude in the MICROBASE and UU products is likely due to the scheme used by
the algorithms to distribute warm liquid water in each vertical profile. Both algorithms
distribute warm liquid water using weighting functions that increase monotonically with10

radar reflectivity. Since large particles like drizzle and rain are often found around
cloud base and they can significantly enhance radar backscattering in this region, the
above distribution schemes are likely to distribute more liquid water at low altitudes
than at high altitudes. The UND LWC profile appears to be slightly different with the
LWC profiles from the other two products. The UND LWC first decreases with altitude15

below 2.0 km and then remains constant or increases slowly with altitude above 2.0 km
(Fig. 8a).

The UU and UND droplet effective radius agree well in both magnitude and overall
shape at all altitudes except below 0.7 km. Both products have a minimum between
1.5 to 1.8 km altitudes (Fig. 8b). But the UU effective radius is significantly smaller than20

the UND effective radius at low altitudes (<0.7 km) and is much larger at high altitudes
(>3.0 km). The nine-year average of MICROBASE effective radius is much smaller
than that from the other two products at all altitudes and decreases monotonically with
altitude.

For non-precipitating low-level stratus clouds, the MICROBASE cloud LWC profiles25

are similar to the UND profiles with a minimum of 0.12 gm−3 at 2.5 km (Fig. 8c). The
UU cloud LWC, on the other hand, decreases monotonically from 0.25 gm−3 at low
altitudes to 0.07 gm−3 at high altitudes. The UU effective radius is about 1 µm smaller
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than the UND effective radius at altitudes above 1 km and the discrepancy is much
larger below 0.7 km (Fig. 8d). The MICROBASE effective radius varies from 5 to 7 µm
at different altitudes, while the UU and UND effective radius is consistently 2 to 3 µm
larger than that of MICROBASE (Fig. 8d). Overall, the discrepancy between the three
droplet effective radius retrievals for non-precipitating clouds are much smaller than5

that for all clouds.

5.2.2 PDFs of cloud LWC and effective radius for low-level stratus clouds

The PDFs of cloud LWC and effective radius of low-level stratus clouds from the three
products are shown in Fig. 9a and b. The three products, all constrained by LWP from
a microwave radiometer, have similar probability distributions of cloud LWC (Fig. 9a).10

At the low LWC region (LWC<=0.2 gm−3), there is a considerable difference between
the MICROBASE and UU products while the UND product falls in between. The occur-
rence of high cloud LWC values in the UU product is significantly less frequent than the
other two products. The PDF of effective radius from the MICROBASE product has a
peak at 4 µm, while the UU and UND products both have a peak at 8 µm (Fig. 9b). The15

spike at 15 µm found in the UU product in the first set of comparison is also noticeable
for low-level stratus.

Figure 9c and d show the PDFs for only low-level non-precipitating stratus clouds.
The MICROBASE and UND cloud LWC has almost identical PDFs, while the UU
LWC has more low values (<0.2 gm−3) and fewer high values (>0.4 gm−3) than the20

MICROBASE and UND products. The effective radius PDFs from the UU and UND
products are similar to each other at small effective values (<10 µm) and the UND
product has more large droplet effective radius values (>10 µm) than the UU product.
The PDF of the MICROBASE effective radius is shifted by about 3 µm from the PDFs
of UU and UND effective radius.25
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6 Further analysis and discussion

Section 5 reveals the large differences between the retrieved cloud microphysical prop-
erties in particular the mean droplet effective radius from the MICROBASE product is
about 8 µm smaller than that of the UU and UND products. When precipitating cloud
profiles are excluded from the analysis, the MICROBASE and UU/UND cloud droplet5

effective radius retrievals show better agreement: the discrepancy is reduced to 3 to
4 µm. It can be inferred that the difference in the treatment of rain/drizzle contamination
to the radar reflectivity measurements contributes a great deal to the large difference
found in the droplet effective radius retrievals.

This section further pinpoints the possible reasons for the large differences between10

the MICROBASE and UU products. As described in Sect. 3, the UND algorithm is very
similar to the UU algorithm except: (1) it focuses on only low-level stratus clouds; and
(2) it uses solar transmission measurements. Therefore, the UND algorithm is not in-
cluded in this analysis. The input data for the MICROBASE and UU cloud retrieval
algorithms include radar reflectivity, LWP from the microwave radiometer, thermody-15

namic profile of the atmosphere, and cloud boundaries. Here, we demonstrate the
impacts of input cloud boundaries and total LWP, as well as the retrieval algorithms
themselves.

6.1 Factors for the difference in cloud LWC retrievals

The MICROBASE algorithm uses retrieved cloud LWC to calculate cloud droplet effec-20

tive radius, while the UU droplet effective radius is not directly related to cloud LWC. The
uncertainty in the LWC retrievals will certainly propagate to the calculation of droplet
effective radius in the MICROBASE algorithm. It is therefore necessary to examine
the difference in cloud LWC retrievals before we can pinpoint the causes for the large
difference in droplet effective radius retrievals.25

Based on the description of the MICROBASE and UU retrieval algorithms (Sect. 3),
the retrieved LWC profiles depend on the following factors:
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1. the input data – radar reflectivity, radar reflectivity boundaries (for the MI-
CROBASE algorithm) / cloud boundaries (for the UU algorithm), and total column
liquid water (LWP);

2. the parameterizations used to distribute warm liquid water in warm cloud layers,
i.e., the difference between the exponents used in Eqs. (7) and (10);5

3. the partitioning of total liquid water into warm and supercooled liquid water (or
phase classification).

The MICROBASE retrieval algorithm uses the 10-s resolution of ARSCL data as the
input radar reflectivity field; and UU retrieval algorithm uses the 5-min average of radar
reflectivity data (Mace et al., 2006). The ARSCL and UU algorithms use slightly dif-10

ferent approaches to merge the different MMCR modes into a single description of the
Doppler moments in the vertical column. The ARSCL algorithm uses the technique
described by Clothiaux et al. (2000) that performs interpolation to a basic temporal grid
(the temporal spacing of the individual modes). The UU algorithm, instead, estimates
the most reasonable measurements for a given vertical bin from one of the modes15

during the complete mode cycle and then averages these measurements to 5-minute
resolution (Mace et al., 2006).

The MICROBASE algorithm does not explicitly use cloud boundaries. Instead, the
first and last significant radar returns from the ARSCL product are used as the lower
and upper bounds for cloud retrievals. As described in Sect. 3, the UU algorithm uses20

a technique based on both radar and ceilometer measurements to determine cloud
boundaries.

As mentioned in Sect. 3, the input LWP of MICROBASE is based on a hybrid physi-
cal and statistical retrieval algorithm (Tuner et al., 2007) while the UU LWP is from the
statistical retrieval algorithm of Liljegren et al. (2001). Both MICROBASE and UU prod-25

ucts make their specific bias correction or quality check. The UU product computes the
bias as a function of precipitable water path; and MICROBASE product performs some
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quality check by indicating those questionable periods. These different bias corrections
and quality checks could result in non-negligible difference in the LWP constraints.

Figure 10 shows the scattering plots of various input data used in the MICROBASE
and UU algorithms from 1998 to 2006. It can be seen that the MICROBASE and UU
radar reflectivities in general agree with each other. There are also a considerable5

number of cases where the UU radar reflectivity is larger than that of MICROBASE
(Fig. 10a). Both the cloud lower and upper boundaries agree with each other reason-
ably well, although large differences are also occasionally found (Fig. 10b, c). The
MICROBASE and UU LWPs agree well when LWP is high while the agreement is not
as good for the more frequently-found low LWPs (Fig. 10d).10

To examine the impacts of different factors on the MICROBASE and UU cloud LWC
retrievals, a straightforward approach is to perform a suite of retrieval experiments us-
ing the different input data and/or with modified retrieval algorithms. The details are
given below. First, we modify the MICROBASE algorithm so that it can use various
combination of the UU input datastreams such as radar reflectivity, cloud boundaries,15

and cloud LWPs. Figure 11 summarizes the results of various MICROBASE experi-
mental runs. Experiment run 1 uses the UU radar reflectivity and other inputs remain
to be the same as standard MICROBASE. It can be seen from Fig. 11 that using UU
input radar reflectivity has a negligible impact on the LWC profiles below 2.0 km and the
difference between run 1 and UU LWC above 4.0 km is even larger than the difference20

between standard MICROBASE and UU LWC. Experiment run 2 uses both UU radar
reflectivity and cloud boundaries and the resultant LWC profile is very close to that of
run 1. This indicates that the difference in cloud boundaries may not contribute a great
deal to the large difference between standard MICROBASE and UU products. Run 3
uses UU radar reflectivity, cloud boundary, and UU LWP. The LWC profile of run 3 is25

noticeably different with those of runs 1 and 2 and it is much closer to the standard UU
LWC profile below 4.0 km. Large differences between run 3 and UU LWC profiles still
exist at altitudes above 4.0 km. The large differences between standard MICROBASE
and UU LWC above 4.0 km cannot be attributed to input differences because the LWC
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retrievals from all the experiment runs are higher than both the standard MICROBASE
and UU LWC retrievals at such altitudes.

In experiment run 4, the MICROBASE algorithm is modified to use the same pa-
rameterization or formula as that used in the UU algorithm (i.e., Eq. 10) to distribute
warm liquid water in each vertical profile. The inputs for run 4 is the same as those for5

run 3, i.e., it uses UU radar reflectivities, cloud boundaries, and LWPs. The resultant
cloud LWC retrievals are compared with the cloud LWC retrievals from the standard
MICROBASE and previous runs to evaluate the impact of factor (2). It can been seen
from Fig. 11 that the LWC profile of run 4 is almost identical to that of run 3. Therefore,
it can be concluded that the large difference between the MICROBASE and UU LWC10

retrievals cannot be explained by the difference in the exponents used in Eqs. (7) and
(10).

The comparison of the resultant retrievals from experiment run 4 with the standard
UU product will provide some clues on the impact of the warm and supercooled water
partition scheme on the retrieved LWC profiles because the algorithm in run 4 differs15

with the UU algorithm only in this partition scheme. It can be seen from Fig. 11 that
the differences between the standard MICROBASE and UU products above 4.0 to
evaluate the impact of factorkm cannot be explained by the differences in input data
and thus the warm/supercooled liquid partitioning schemes are likely to responsible for
these differences. There is a considerable discrepancy between run 4 and UU LWC20

below 4.0 km, which indicats the partitioning scheme may also be an important factor
explaining the MICROBASE and UU LWC differences below 4.0 km.

6.2 Factors for the differences in droplet effective radius retrievals

After identifying the factors responsible for the difference in the MICROBASE and UU
LWC retrievals, the factors for the striking difference in droplet effective radius can25

be examined. We first show the similarity or connection between the MICROBASE
algorithm and the empirical UU algorithm. As described in Sect. 3, in order to re-
trieve cloud droplet effective radius, certain assumptions about the cloud droplet size
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distribution have to be made. According to Eq. (5b), if one assumes that the cloud
droplet size distribution is a lognormal distribution with fixed total number concentra-
tion N and standard deviation of the dropletsize distribution σ, cloud droplet effective
radius can be expressed as:

re =aexp[0.384log10(Z)]. (15)5

Equation (15) is very similar to the empirical relationship used in the UU effective ra-

dius retrieval algorithm. The first coefficient a= 0.5N−1/6exp(0.5σ2) depends on both
droplet number concentration and standard deviation of the droplet size distribution. It
is easy to verify that the coefficient a= 19.5 used in the UU algorithm can be obtained
by assuming N = 200 cm−1 and σ =0.35. The second coefficient 0.384 is a result of10

assuming radar reflectivity is proportional to the square of cloud LWC and a different
exponent in the Z-LWC relationship will result in a different coefficient. Roughly speak-
ing, the UU algorithm can be thought of as a variant of the algorithms that assume a
lognormal size distribution with fixed number concentration and standard deviation of
the droplet size distribution.15

The MICROBASE algorithm assumes a lognormal droplet size distribution with a
fixed total number concentration and standard deviation of the droplet size distribution
for each vertical profile. The total number concentration and standard deviation of the
droplet size distribution do not vary from profile to profile at each site. Cloud droplet
effective radius then can be readily calculated using Eq. (9) given the cloud LWC profile20

obtained using Eq. (5). Note that the LWC profile from Eq. (5) is rescaled using LWP
derived from a microwave radiometer. According to Eqs. (9) and (15), the effect of
rescaling the LWC profile on droplet effective radius is equivalent to rescaling coefficient
a in Eq. (15). On the other hand, the empirical relationship used by the UU algorithm to
calculate effective radius is solely based on observed radar reflectivity factor and has25

no dependency on the microwave radiometer LWP. The UU effective radius retrieval is
only indirectly related to cloud LWC retrieval.
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Below are three parameters that that we modifies in the MICROBASE algorithm
to examine which factor is largely responsible for the large difference between the
MICROBASE and UU effective radius retrievals: (1) cloud LWC; (2) choice of droplet
number concentration; (3) choice of standard deviation of the droplet size distribution.
Based on the discussions above, we will examine the impacts of the first two factors5

on droplet effective radius retrieval since both algorithms explicitly or implicitly use the
same standard deviation of the droplet size distribution.

To evaluate the magnitude of uncertainty propagated from cloud LWC retrievals into
the droplet effective radius retrievals, the standard MICROBASE algorithm is first modi-
fied to take the LWC profiles from the UU product as the input. The resultant droplet ef-10

fective radius retrievals are then compared with those from the standard MICROBASE
and UU products. Figure 12 shows that, at altitudes below 4.8 km, the difference in
the input LWC profiles explains about 10 % of the difference between the MICROBASE
and UU cloud droplet effective radius retrievals. For altitudes above 4.8 km, using the
UU LWC in the MICROBASE algorithm does not improve the comparison between15

MICROBASE and UU droplet effective radius retrievals at all.
The impact of the choice of droplet number concentration on effective radius is eval-

uated as follows. The MICROBASE algorithm is modified to use N = 50, 100, and
400 cm−1, respectively. The comparison between the resultant effective radius re-
trievals averaged over the period of 1998 to 2006 is shown in Fig. 12. It can be20

seen that the assumption of droplet number concentration can dramatically change
the magnitude of the effective radius retrievals. On the other hand, it is also evident
the shape of the vertical profiles of retrieved cloud droplet effective radius is hardly
changed when the number concentration changes from 50 to 400 cm−1. Above 2.0 km,
the UU effective radius increases with height while the effective radius from various25

MICROBASE experiment runs decreases with height. To summarize, the lack of con-
straint for droplet number concentration is partially responsible for the large difference
between MICROBASE and UU retrievals of cloud droplet effective radius.
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7 Implications for model evaluation

Cloud microphysical retrievals can be used in different types of model evaluation stud-
ies, e.g., evaluating cloud resolving models, evaluating global climate models where
clouds are instead parameterized, and studying radiation budget. Model intercom-
parison or model/observation comparison studies typically focus on quantities such5

as cloudiness, cloud LWC and LWP when evaluating cloud simulations. Such model
evaluating studies should be put in perspective of the uncertainties in observations or
retrievals. Zhang et al. (2005) shows that the majority of selected ten GCMs only sim-
ulate 30–40 % of middle-top clouds in the satellite datasets and half of these models
underestimate low clouds. Xie et al. (2005) evaluates the overall performance of nine10

SCMs and four CRMs in simulating a frontal cloud system using ARM observations.
It was found that these SCMs and CRMs typically captures the bulk characteristics of
the frontal system but significant differences exist in detailed structures of the frontal
clouds. Klein et al. (2009) shows that cloud LWPs for an arctic mixed phase cloud from
17 single column GCMs vary from 5.8 to 291.8 g m−2 with a median value of 56.0 g m−2,15

while the LWPs for the same cloud from 9 CRMs range from 1.6 g m−2 to 172.6 g m−2

with a median value of 57.3 g m−2. The spreads between SCM and CRM cloud LWC
vertical profiles are even larger: they are typically three to five times of the median
LWC values. Su et al. (2010) found that modeled LWC in the boundary layer is only
60 %–70 % of CloudSat LWC retrieval and the discrepancy between cloud water con-20

tent from three GCMs is more than a factor of 5 at some altitudes. It can be seen from
these studies that the spread in modeled cloud water content is much larger than that
in radar-based retrievals; this implies that, despite large spread in cloud LWC retrievals
of existing cloud products, these retrievals are still very useful dataset for evaluating
cloud models and cloud representations in GCMs.25

Cloud droplet effective radius, on the other hand, are not predicted by most
GCMs. Since its critical role in determining cloud radiative properties, droplet effec-
tive radius is often used in radiation budget studies. Slingo (1990) showed that the
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top-of-the-atmosphere radiative forcing by doubled carbon dioxide can be balanced by
increases of 20–35 % in liquid-water path, or by decreases of approximately 15–20 %
in mean cloud droplet radius. In other words, in order to effectively constrain cloud
radiative impacts and therefore climate sensitivity, an accuracy much better than 15 %
for cloud retrieval will be required. The relatively large discrepancy in cloud LWC and5

droplet effective radius retrievals indicates that cloud microphysical retrievals are yet to
be improved to effectively constrain climate sensitivity.

8 Concluding remarks

To examine if the existing ground-based cloud retrievals are able to provide a use-
ful constraint for model evaluation and radiation budget studies, this paper presents10

inter-comparison results of three cloud products using ARM data as inputs over the
nine-year period from 1998 to 2006. The MICROBASE, UU, and UND cloud products
are averaged over various time scales from a month to nine-years and the mean cloud
LWC and effective radius profiles from different data products are compared. It is found
that the difference between different cloud products is quite large: the relative differ-15

ence between nine-year mean cloud LWC retrievals ranges from 20 % at low altitudes
to 100 % at high altitudes, and the relative difference between different droplet effective
radius retrievals is larger than 55 % at all altitudes. Although large differences in the
vertical profiles of cloud LWC are found between the different data products, the PDFs
of LWC appear to be consistent with each other. The MICROBASE cloud droplet ef-20

fective radius retrievals are found to be 6–12 µm lower than the UU and UND effective
radius retrievals. The spread in the cloud retrievals is smaller than in GCM and CRM
simulations but it is much larger than the requirement set by Slingo (1990) for radiation
budget studies. The vertical distribution of cloud LWC and droplet effective radius is
also examined. The nine-year mean cloud LWC from the MICROBASE and UU prod-25

ucts monotonically decreases with increasing altitude, which is contradictory to most
aircraft measurements and conventional cloud physics. This can be explained by the
fact that both the MICROBASE and UU algorithms distribute warm liquid water using
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weighting functions that monotonically increase with radar reflectivity. Drizzle/rain con-
tamination is a universal challenge for all single-frequency radar retrieval algorithms.
When drizzle or rain drops are present around cloud base, the cloud LWC retrievals
will be positively biased and using microwave radiometer derived LWP as an overall
constraint does not help this problem.5

We then attempt to pinpoint the primary causes of the large differences between
different cloud retrievals and to understand the limitation of the single-frequency radar
approaches. Drizzle and/or rain contamination of radar reflectivity measurements is
found to be contribute a great deal to the large difference in droplet effective radius
retrievals. The MICROBASE algorithm is modified to perform a suite of retrieval exper-10

iments over the nine-year period of 1998 to 2006. Factors such as input LWP, cloud
boundaries, cloud phase classification, and partitioning of supercooled and warm liq-
uid water are examined to identify factors responsible for the large differences in cloud
LWC retrievals. It is found that the difference in input cloud boundaries and LWP data
explains about 40 % of the difference between MICROBASE and UU LWC retrievals15

at altitudes below 4.0 km. The scheme used to partition total LWP into supercooled
and warm liquid is found to be the primary factor responsible for the large difference
between MICROBASE and UU LWC retrievals at all altitudes. Similar retrieval experi-
ments are also performed to examine the large differences between MICROBASE and
UU droplet effective radius retrievals. It is found that the assumption of cloud droplet20

concentration is the most important factor for the MICROBASE effective radius retrieval
algorithm. Unfortunately, this difficulty, again, appears to be a physical limitation of
single-frequency radar reflectivity measurements since radar reflectivity alone cannot
provide useful constraints simultaneously for droplet number concentration and droplet
effective radius.25

Conventional radar algorithms for retrieving cloud LWC make use of empirical Z-
LWC relationships that are based on various questionable assumptions. They work
poorly under precipitating conditions and they also require absolute calibration. In
the ARM program, cloud radars are therefore used in combination with co-located
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microwave radiometers to alleviate the impacts of absolute radar calibration and to
improve the cloud microphysical retrievals. It is clear that the additional constraint from
microwave radiometers can help the situations such as radar drift. The use of mi-
crowave radiometer LWP, however, could introduce a bias in retrieved LWC profiles.
Since the microwave radiometer provides an estimate of only total LWP regardless of5

the temperature of the liquid water, it is necessary to use a parameterization to de-
termine the warm and supercooled portion of LWP. The partitioning of total LWP into
warm and supercooled liquid water could potentially introduce a bias in both warm and
supercooled liquid water retrievals. Furthermore, the microwave radiometer cannot of-
fer any information on how to distributed the liquid water within each vertical profile.10

As a result, some of the assumptions used in conventional Z-LWC algorithms are still
needed in the radar-radiometer algorithms.

The large spread among these different cloud retrievals suggests that caution is
needed in application of these products to evaluate model performance. Several recent
advances offer some new insights on how to improve cloud microphysics retrievals.15

Studies have already demonstrated that radar attenuation can be obtained from dual-
frequency radar observations and can be used to derive unbiased vertical profiles of
cloud LWC (Hogan et al., 2005; Huang et al., 2009). The dual-frequency radar at-
tenuation approach takes advantage of the fact that microwave attenuation is directly
proportional to the mass of liquid water in the Rayleigh scattering regime and thus re-20

quires no assumptions about the cloud droplet size distribution. The dual-frequency
approach is therefore immune to drizzle and light rain contamination. It is shown by
Huang et al. (2009) that a combination of ARM Ka- and W-band radars is able to pro-
vide unbiased cloud LWC retrievals in warm regions (in ice clouds no-Rayleigh effects
occur). Another promising approach is to use the full Doppler spectrum or multiple25

Doppler moments instead of using only reflectivity, as proposed by Luke et al. (2010)
and Kollias et al. (2011a, b). The Doppler spectrum based approach is able to sep-
arate (at least partially) cloud droplet contribution from the more dominant drizzle/ice
contribution and therefore cloud droplet properties can be better retrieved.
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Fig. 1. Vertical profiles of monthly mean cloud Liquid Water Content (LWC) and droplet effective
radius from the MICROBASE and UU products for the period from 1998 to 2006. The left col-
umn shows results based on all clouds, and the right column is based on only non-precipitating
clouds.
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Fig. 2. Vertical profiles of yearly mean cloud LWC and droplet effective radius from the MI-
CROBASE and UU products for the period of 1998 to 2006. The left column shows results
based on all clouds, and the right column is based on only non-precipitating clouds.
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Fig. 3. The vertical profiles of cloud LWC and droplet effective radius from the MICROBASE
and UU products averaged over the 1998 to 2006 period. Panels (a) and (b) show the results
for all clouds (including precipitating and non-precipitating columns) while panels (c) and (d)
are for only non-precipitating columns.
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Fig. 4. The relative differences between the nine-year averaged MICROBASE and UU cloud
retrievals. Panel (a) shows the results for all clouds while panel (b) is for only non-precipitating
columns.
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Fig. 5. The variation of MICROBASE and UU cloud LWC and droplet effective radius as a func-
tion of environmental temperature. The profiles of cloud microphysical properties are averaged
over the 1998 to 2006 period. Panels (a) and (b) show the results for all clouds while panels
(c) and (d) are for only non-precipitating columns.
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Fig. 6. Probability Density Functions of the MICROBASE and UU cloud LWC and droplet
effective radius. Panels (a) and (b) show the results for all clouds while panels (c) and (d) are
for only non-precipitating profiles.
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Fig. 7. Two-dimensional autocorrelation functions of daily average MICROBASE and UU cloud
LWC retrievals.
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Fig. 8. The profiles of low-level stratus LWC and droplet effective radius from the MICROBASE,
UU, and UND products averaged over the 1998 to 2006 period. Panels (a) and (b) show the
results for all clouds while panels (c) and (d) are for only non-precipitating columns.
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Fig. 9. Probability density functions of MICROBASE, UU, and UND cloud LWC and droplet
effective radius for low-level status clouds. Panels (a) and (b) show the results for all clouds
while panels (c) and (d) are for only non-precipitating profiles.
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Fig. 10. The comparison of cloud base height (a), cloud top height (b), and cloud liquid water
path (c) between MICROBASE and UU retrieval products for years of 1998 to 2006.
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Fig. 11. Cloud LWC retrievals averaged over the period from 1998 to 2006 from a suite of
retrieval experiments. The MICROBASE algorithm is modified to use various UU inputs. Run
1 is the same as the standard MICROBASE except that it uses the UU reflectivities as inputs.
Run 2 uses UU radar reflectivities and UU cloud boundaries. Run 3 uses UU reflectivities, UU
cloud boundaries, and UU LWPs. Run 4 is the same as Run 3 except the exponent in Eq. (7)
is 0.5 (the value used by the UU algorithm).
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Fig. 12. Cloud droplet effective radii retrievals averaged over the period from 1998 to 2006 from
a suite of retrieval experiments. The MICROBASE algorithm is modified to use UU cloud LWC
profiles and to use different assumptions of droplet number concentration.
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