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Abstract. This paper presents a statistical comparison ofl Introduction

three cloud retrieval products of the Atmospheric Radiation

Measurement (ARM) program at the Southern Great Plains

(SGP) site from 1998 to 2006: MICROBASE, University of It has been long recognized that inadequate representation
Utah (UU), and University of North Dakota (UND) products. of clouds is largely responsible for the high degree of un-
The probability density functions of the various cloud liquid Certainty associated with the magnitude of model-predicted
water content (LWC) retrievals appear to be consistent with¢limate change induced by changes of carbon dioxide, other
each other. While the mean MICROBASE and UU cloud trace gases, and aerosols (Stephens, 2005). The outstanding
LWC retrievals agree well in the middle of cloud, the dis- issues of cloud parameterizations are not only a result of
crepancy increases to about 0.03 gt cloud top and cloud the complexity of the cloud problem itself but also the dif-
base. Alarmingly large differences are found in the dr0p|etficulty in observing and measuring the cloud properties and
effective radius #) retrievals. The mean MICROBASE; cloud life cycles used in model evaluation (Randall et al.,
is more than 6 um lower than the Ukd, whereas the dis- 2003). The spatial distribution of cloud microphysical prop-
crepancy is reduced to within 1 pm if columns containing erties such as cloud liquid water content (LWC) and droplet
raining and/or mixed-phase layers are excluded from theeffective radius#e), in particular, affects the cloud’s interac-
comparison. A suite of stratified comparisons and retrievaltion with solar and infrared radiation ultimately contributing
experiments reveal that the LWC difference stems primar-t0 the energy budget at the surface, at the top-of-atmosphere
ily from rain contamination, partitioning of total liquid later (TOA), and in the atmospheric column. Observations of the
path (LWP) into warm and supercooled liquid, and the inputcloud microphysical structure and life cycle are also essential
cloud mask and LWP. The large discrepancy amongrghe for high-resolution modeling studies, which are essential for
retrievals is mainly due to rain contamination and the pres-mproving our understanding of the processes acting to form
ence of mixed-phase layers. Since rain or ice particles aré@nd maintain cloud systems.

likely to dominate radar backscattering over cloud droplets, The Atmospheric Radiation Measurement (ARM) Cli-
the large discrepancy found in this paper can be thought of ag'ate Research Facility of the US Department of Energy
a physical limitation of single-frequency radar approaches. ItProvides long-term continuous cloud and radiation datasets
is therefore suggested that data users should use the retrievd[§M surface-based sites in several different climate regimes

with caution when rain and/or mixed-phase layers are preserfifound the globe (Stokes and Schwartz, 1994; Ackerman and
in the column. Stokes, 2003). The site at the Southern Great Plains (SGP)

of the USA has been collecting observations of clouds, radi-
ation and atmospheric state since the spring of 1992. Various
retrieval algorithms have been developed to obtain the cloud
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1410 D. Huang et al.: Radar-based liquid cloud microphysics retrievals and implication

properties using ARM ground-based millimeter wavelengtha conclusive measure of the quality of cloud retrievals be-
cloud radars, lidars, passive microwave radiometers, and aause different combinations of cloud properties can result
variety of shortwave and longwave radiation sensors (Dongn similar radiation closure results although using both sur-
etal., 1998; Mace et al., 2006; Dunn et al., 2011). face and top-of-atmosphere closure approaches does mitigate
Given the importance and complexity of cloud representa-this issue somewhat. A fourth approach is to compare differ-
tion in climate predictions, an increasing number of studiesent cloud retrieval products and quantify the spread between
have been devoted to evaluating model performance in simuthe products in light of physical constraints on what is known
lating cloud microphysical properties using observed cloudfrom in-situ data. This approach does not provide a quantifi-
properties (Xie et al., 2005; Klein et al., 2009). However, cation of the true uncertainty in the cloud retrievals but rather
without comparison of different retrievals, previous stud- provides a quantification of the differences between various
ies often selected a single retrieval product as observationghroducts. The quantitative information on the spread of exist-
truth. For the various cloud microphysical retrieval prod- ing retrievals is useful for model evaluation. This is the focus
ucts to be useful for various applications — including model of this paper.
evaluation, parameterization development, and understand- This paper compares the cloud LWC adetrievals from
ing cloud processes — the uncertainty in the retrievals haseveral different approaches for liquid phase clouds. The
to be quantified. The estimated uncertainties by data profetrievals for ice clouds are generally less accurate due to
ducers in retrieved LWC, liquid droplet, IWC, and icere the complexity of radiation scattering and transport through
range from 10-100 %, 10—60 %, 10—100 %, and 10-50 %, rehighly inhomogeneous crystalline clouds (Comstock et al.,
spectively (Zhao et al., 2012). However, these estimation2007). We also attempt to pinpoint the primary causes of
are usually based on a limited number of cases over limthe large differences between different radar-based cloud
ited periods. As Zhao et al. (2012) indicated, the differencegretrievals and to understand the limitation of the single-
among various cloud products could be much larger tharfrequency radar approaches. The paper is organized as fol-
these estimated uncertainties. Considering the large varietiows. Section 2 provides the theoretical basis of cloud mi-
of different cloud observation/retrieval techniques, the com-crophysical retrievals using combined radar and microwave
munity has become increasingly aware of the importance ofadiometer measurements. Section 3 provides a description
guantifying the uncertainty of different cloud retrievals. of the retrieval algorithms used to produce the three cloud
Given the complexity of cloud processes themselves andnicrophysical products. Section 4 presents the comparison
the huge scale mismatch between in-situ and remotely sensa@sults and Sect. 5 discusses possible reasons for the discrep-
observations, systematic studies that employ different unancy between various cloud retrieval products. Section 6 dis-
certainty quantification techniques are necessary to obtaigusses the implication of these comparison results for model
a comprehensive image of the accuracy of cloud retrievalsevaluations. Section 7 summarizes the findings of this study.
(zZhao et al., 2012). One approach to characterize the cloud
retrieval uncertainty is to use Observation System Simulation . . .
Experiments (OSSESs) to track how the uncertainty in the in—2 Background of warm cloud microphysics retrieval

put measurements and in the underlying forward model Prop=rp,q potential of using millimeter wavelength radar to ob-

agates 'to the final retrievals. Observed or S|mu!ated CIOUdserve clouds has been recognized for a few decades (Hobbs et
properties can be used t_o gerjerate Fem"te sensing measu%ei_-, 1985; Lhermitte, 1987; Frisch et al., 1995, 1998; Kollias,
ments and then the retrieval is applied, allowing the quan-et 41, 2005; Matrosov, 2005). The theory of cloud detection

tification of the error directly by comparison with original e : : :
observations or simulationsébr?lert et gl 2007) Howgver by m|II|me_ter radar can be found_ n D_owa_k and Znic (1993)
" ) ' and Clothiaux et al. (1995) and is briefly introduced below.

most existing algorithms are empirical to some extent anda The radar reflectivity factorZ) for non-raining clouds
the uncertainties associated with the underlying assumption\%li,[h a droplet size distribution(r) is given by:

are difficult to quantify. A second approach involves com- -

paring the retrievals with direct cloud measurements such ag, _ 64/ n(r)r8dr. 1)
those from in-situ cloud probes (Sassen et al., 1999; Mace 0

and Sassen, 2000). This approach is hampered by a scarcijyherer is the droplet radius. Similarly, the cloud LWC can
of coincident surface-based and aircraft measurements angke written as:

the dramatic mismatch between the radar and in-situ probe 00

sampling volumes. A third approach is to use retrieved C|0udLWC=—7TPL/ n(ryridr, 2
properties in radiative transfer calculations and evaluate the 0 ) o

shortwave and longwave radiation closure (Mace and BenWherepL is the density of liquid water. . _
son, 2008). The discrepancy between calculated and mea- Cloud dropletre can be expressed as the_ratlo_ of _the_thlrd
sured radiation can serve as an indicator of the quality ofmoment to the second moment of droplet size distribution:
the cloud retrievals (McFarlane and Evans, 2004; Ebell et o0 3 o0 2

al., 2010). The radiation closure approach cannot providé’GZ/O n(ryr dr//o n(r)redr. @)
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A functional form of the droplet size distribution is often as- limitations as the early Z-LWC algorithms, e.g., they are also
sumed in retrievals and usually the choice of this functionalvulnerable to the presence of precipitation.

form has only a minimum impact on radar retrieval algo-

rithms (Frisch et al., 1995). Here we use the lognormal dis- o ) .

tribution as an example due to its wide use in radar retrieva3 Description of retrieval algorithms

Igorithms, . . . . - :
aigorithms This section provides a brief description of the three dif-

ferent radar algorithms used to retrieve cloud microphysical
properties: the ARM baseline cloud microphysical proper-
ties product (MICROBASE; Dunn et al., 2011), University
whereN, rg, ando are the total droplet number concentra- of Utah (UU) cloud product (Mace et al., 2006), and Univer-
tion, geometric mean droplet radius, and standard deviatiorgity of North Dakota (UND) cloud product (Dong and Mace,

of droplet size distribution, respectively. For the lognormal 2003). The underlying assumptions of these algorithms are
distribution, radar reflectivity can be related to cloud LWC also discussed in this section.

andre using the following equations:

n(nr) =
o 21

\I/Vz_exp[—(lnr — Inro)2/202], 4)

7 _ 48LWC2exp(902)/(np|_N) (5a) 3.1 Instruments
The measurements used by the three algorithms are mainly
from the ARM millimeter cloud radar (MMCR), the two-
Z =64Nr§exp(302). (5b) channel microwave radiometer, and the Vaisala balloon-
) o ) borne radio sounding systems. The MMCR is a vertically
Accord!ng to Eq. (5), radar reflectivity can be written as pointing Doppler radar operating at a frequency of 35 GHz
a function of cloud LWC (or), total cloud droplet num- it 5 0.19 beamwidth. Itis sensitive enough to see not only
ber concentration, and geometric standard deviation of thgain grops but also smaller cloud droplets. The uncertainty
droplet size distribution. In order to obtain cloud LWC and i, MMCR radar reflectivity measurements is about 1dBZ
re from radar reflectivity measurements, certain assumptioniMoran et al., 1998). The microwave radiometer operates at
have to be made about the cloud droplet size distributiony3 g and 31.4 GHz frequencies with a 20-s sampling interval
(number concentration and standard deviation). Radar-base@l_"jegren et al., 2001). The beamwidth is 5.6t 23.8 GHz
algorithms usually employ empirical Z-LWC relationships 5,4 4.6 at 31.4 GHz, more than one order wider than the
that are derived from aircraft measurements or numerica\,\icR. Water vapor and liquid water signals can be sep-

model simulations (e.g., Liao and Sassen, 1994). Deviationyated by observing at these two frequencies. The retrieval
from the underlying assumptions of the size distribution, S-accuracy of LWP under low and intermediate liquid water

pecially the presence of large particles (e.g., precipitation).onditions is about 30 gr? (Turner et al., 2007).
results in non-unique relationships between LWC and radar

reflectivity (Liu et al., 2008). It should be emphasized that3.2 ARM MICROBASE algorithm
when large drops co-exist with cloud droplets, the radar re-
flectivity measurements will be dominated by the large dropsThe MICROBASE value-added product provides a continu-
and thus contain little information about cloud droplets. It ous baseline microphysical retrieval, including vertical pro-
is therefore expected that under such conditions, cloud mifiles of the liquid/ice water content and liquid/ice cloud parti-
crophysical retrievals based only on radar reflectivity areclere for all cloud conditions with ten-second time and 45-m
doomed to be challenging and uncertain. vertical resolution. The best estimate radar reflectivity from
Several algorithms have been developed that use not onlthe Active Remote Sensing of CLouds(ARSCL) value-added
cloud radar observations but also passive observations to rgroduct (VAP) (Clothiaux et al., 2000), the LWP from the
trieve microphysical properties of clouds. Among them areARM Microwave Retrieval (MWRRET) VAP (Turner et al.,
the algorithms of Frisch et al. (1995, 1998) andhbert et  2007), and the atmosphere thermodynamic profiles from the
al. (2001) that use column-integrated cloud LWP togetherARM Merged Sounding value-added product (Troyan, 2010)
with millimeter cloud radar reflectivity to constrain cloud mi- are used as ancillary data for the MICROBASE algorithm.
crophysical retrievals. There are also algorithms that use th&he specific algorithm used to convert radar/radiometer ob-
solar transmission as additional independent information tcservations into cloud microphysical properties were chosen
constrain cloud microphysical retrievals (Dong et al., 1997,through a series of shortwave/longwave radiative closure
1998; Mace and Sassen, 2000). The algorithms using LWRtudies (Mlawer et al., 2008).
and/or solar transmission usually assume that cloud droplet The first step of the MICROBASE algorithm is to identify
size distributions can be described by a functional form (log-the phase of cloud particles. The MICROBASE phase par-
normal or gamma) that can be characterized using only threétion is based on a simple criterion of temperature. Cloud
independent parameters (two if assuming a fixed spectral digparticles are assumed to be all ice if air temperature is colder
persion parameter). As a result, such algorithms have similathan —16°C, all liquid if temperature is warmer tharfQ,
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1412 D. Huang et al.: Radar-based liquid cloud microphysics retrievals and implication

and of a mixed phase, i.e., contains both ice and superThe droplet number concentratioN is assumed to be
cooled liquid water, if the temperature falls betwee©tand  equal to 200 cm?® and the geometric standard deviation of
—16°C. When a mixed phase cloud is identified, the liquid the droplet size distribution is assumed to be 0.35 for all
fraction is calculated as a linear function of temperature aghe clouds at the SGP site because radar reflectivity mea-
given by: surements alone do not provide enough information to de-
o fine them.
fu=T+16/16 -16C =T < 0°C. ©6) Several assumptions in the MICROBASE algorithm could
Conventional algorithms based on empirical Z-LWC rela- potentially introduce large uncertainties in the resultant cloud
tionships require absolute calibration of the cloud radar,microphysical retrievals. First, the linear relationship be-
which can be hard to perform in many cases. Using the LWPtween cloud LWC andZ%°%%6 (Eq. 7) is questionable when
from a passive microwave radiometer as an overall constrainkarge rain/ice particles coexist with cloud droplets since large
can mitigate the impact of absolute radar calibration on theparticles will dominate radar backscattering while contribut-
retrieved cloud LWC profiles. The cloud layer boundaries areing little to total water mass. Second, the calculation of radar
determined from the ARSCL best estimate radar reflectivity.reflectivity due to liquid water using Eg8)for mixed-phase
The LWP from the microwave radiometer is then distributed clouds lacks of a solid physical basis. Although in-situ ob-
vertically within the cloud layer(s) wher& > —16°C ac-  servations generally show that the probability of supercooled

cording to the following formula: liquid existence decreases with temperature, the linear par-
0.5556 titioning of radar reflectivity in Eq.8&) is unrealistic given
LWC;=LwPp——L (7)  the large difference between ice and liquid particle sizes
% 70.5556 (Cober et al., 1995). Third, the assumption of fixed cloud
=1 J droplet number concentration and spectral dispersion could

: also introduce large uncertaintiesrtoretrievals.
whereAz is the length of each radar range gate. The summa- 9

tion is for all the gates (i.e., radar resolution volumes) with a
measureable radar reflectivity with= 1 denoting the low-

est gate ang = M denoting the highest gate that includes h th -mint | uti ) )
liquid water. The exponent 0.5556 is based on the results of: e UU product has 5-min temporal resolution and 90-m ver

Li ds 1994 ical resolution. The UU algorithm also uses temperature as
120 and Sassen ( ): . . the main criterion for cloud phase classification. Cloud par-
The additional LWP constraint from a microwave ra-

_ . . ~ . ticles are assumed to be all liquid if the temperature is above
diometer alleviates the impacts of absolute radar callbratlor{he freezing point. When the temperature at radar echo top
an(;j helpts st\t;\z/agorr]] ssuchas ra%gr ?”E‘ The u;e OT mlctrgwa\(/j.s colder than—35°C and the maximum reflectivity occurs
rL%vgme ?Ir S" ovvtiver, could Intro gf:e a tlas n r?drleve at temperature colder thar20°C, the cloud is considered to

~~ Profiies. Since e microwave radlometer provices an#)e pure ice cirrus. Otherwise, the cloud is classified as mixed
estimate of only total LWP regardless of the temperature o hase (Mace et al., 2006)
the liquid water, it is necessary to use a parameterization & - i

determine th d led i £ LWP. Th Also similar to the MICROBASE, the UU cloud retrieval
etermine the warm and supercooled portion o N85 constrained by the LWP obtained by a microwave radiome-
partitioning of total LWP into warm and supercooled liquid

¢ ld ootentially introd bias in both dter using a statistical retrieval method (Liljegren et al., 2001).
water COT dﬁ)'o e.g a )t/ n r(t) : ucel al '?ﬁ ";MSROVSXQEN; The cloud base height is determined by a Vaisala ceilometer
supercooled liquid water retnievais. in the MILRE 4" and the cloud top is given by the last significant radar echo.
gorithm, the radar reflectivity factdfjiq due to liquid water

ticles | din ol of f ed-ph loud | _ The ceilometer operates at a 0.91 pm wavelength with a max-
particles IS used in place @r'for mixeéd-pnase cloud fayers. range of 7.5km. The UU cloud mask defined in this

Ziqg= fLZ. (8)  way can be different from the MICROBASE cloud mask due
to its explicit use of ceilometer measurements.

With the column LWP and cloud boundaries, the next im-
portant step is to distinguish between the portion of the LWP
from warm (i.e., temperature greater than freezing) cloud
3LwWC 1/3 volumes and that from supercooled cloud volumes. This pro-
47 NpL exp(4.502):| cess is done with a parameterization used in the Commu-

1/3 nity Climate System Model Version 3 where cloud LWC is
assumed to decrease exponentially with height or tempera-
LWP ture (Kiehl et al., 1998; Mace et al., 2006). The parameter-
v ization of Kiehl et al. (1998) is first used to determine the
N 3" 7995%6A, fraction of warm and supercooled liquid water contents. The
j=1 MWR-derived LWP is then separated into warm and super-
exp[0.426log 1QZ)]. (9) cooled components, and the supercooled liquid water path

3.3 University of Utah algorithm

The MICROBASE algorithm assumes that cloud droplet size
distribution follows a lognormal distribution. Cloud droplet
re is calculated using the following equation:

Fe= exp(2.5c72) [

= 0.0062 exfio?)
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is distributed vertically in the supercooled portion of cloud 3.4 University of North Dakota algorithm

layers using the same parameterization (i.e., decrease expo-

nentially with height) as a weighting function. It is assumed The UND product has the same temporal and vertical res-
that the radar reflectivity in the supercooled portion containsolution as the UU product. The UND algorithm is de-
information only from ice particles. The warm fraction of the signed to produce microphysical properties for only low-
LWP is distributed vertically using the Frisch et al. (1998) pa- level stratus clouds. The low-level stratus clouds are defined
rameterization where the normalized square root of the radafainly by the following criteria: (1) LWP between 20 and

reflectivity is used as a vertical weighting function: 600gnT?; (2) cloud-top height less than 3km; and (3) the
range of radar reflectivity is between60 to 0dBZ (Dong
z9° and Mace, 2003).
LWC; = LWPwarm————- (10) In the UND algorithm, cloud LWC is obtained in al-
VAR most the same way as the UU algorithm, i.e., distribut-
j=1 ing the microwave radiometer-based LWP according to the

1/2th power of radar reflectivity. Similar to the MICROBASE
and UU algorithms, the UND retrievals are also vulnerable
noting the highest gate of measureable radar reflectivity thaf® (he Presence of large particles. The main difference be-
contains liquid water. It is noteworthy that both the MI- tween'the UND algorithm and the UU algorithm lies in their
CROBASE and UU algorithms distribute LWC using the "e etrievals.

radar reflectivity factor as a weighting function; they differ  Based on the availability of downward solar flux measure-
only slightly in the choice of the exponent (0.5556 for the ment at the surface, two methods are used to determine cloud

MICROBASE algorithm and 0.5 for the UU algorithm). dropletre: the M1 method and the M2 method. Whgn solar
In the UU algorithm, the cloud dropleg is obtained using flux measurements are.a_va.ulable_, the M_l approach is use_d. A
the following empirical formula derived from the work of Mean cloud droplet radiug is derived using the parameteri-

Similar to Eq. ), the summation is for all the cloudy gates
with j = 1 denoting the gate at cloud base ghe M de-

Dong and Mace (2003): zatiqn qf Dong et al. (1998). In the Dong et al. (1998) param-
eterization, the mear, depends on LWP, solar transmission
re=19.5exp[0.38410g1QZ)]. (11) ratio y, and cosine of solar zenith anglg:

The leading term in Eq.1(), i.e., 19.5 microns, was ar- Te=—2.07+249LWP+10.25y
rived at by varying the constants reported in Dong and —0.2510 + 20.28LWPy —3.14LWPuo (12)

Mace (2003) so that the resulting produced a minimum . 2
bias between measured and calculated solar fluxes at thﬁ/@?;e;meeuggigfg%np?eiwi ?LZ#T:}QSI;& % as' :ﬁngg q
surface. This empirical relationship is based on a statisti ct of the mean, the cloud thickness and the ratio of the

cal regression of aircraft Forward Scattering Spectrometetu - ) .
Probe measurements collected during an intensive observ.e(-adar reflectivity to the integrated radar reflectivity (Dong

tional period (IOP) at the ARM SGP site in March 2001 etal., 1998):

(Dong and Mace, 2003). The formula is assumed valid only 705

for re <10 um;re retrievals greater than 10 um are consideredre j = r_eHM’—, (13)
to be unreliable in view of possible contamination by precip- Y 795Az7

itation particles. For supercooled liquic is assumed to be =1’

15 um. Several radiative closure studies have shown that the ) ) o

UU cloud retrievals are able to reproduce observed radiatiof"hereH is the cloud thickness. The summation is from cloud

fluxes at both the TOA and surface (Mace et al., 2006; MaceP@se { = 1) to the highest liquid cloud layey & M).

and Benson, 2008). When the downward solar flux measurements are not
Similar to the MICROBASE algorithm, the assumption of available, e.g., during nighttime, a simple parameterization

a linear relationship between cloud LWC ani® (Eq. 10) is _S|m|lar to that used in the UU algorithm (the M2 approach)

vulnerable to the presence of large particles. The parametetS €mployed to calculate cloud droplet (Dong and Mace,

ization used to calculate supercooled LWC in mixed phase2003)5

regions depends only on temperature and the estimated su-

percooled fraction of the MWR-derived LWP. Thus, the su- Te= 22.0exp[0.384|og 1QZ)]. (14)

percooled cloud retrievals should be considered as placeholdrhe empirical coefficients in this simple parameterization

ers that can be improved in the future when better Obseri/vere determined by statistically fitting observed daytime

vational constra_lints are included. Lastly, thg_ applicabil_ity of radar reflectivityZ at the ARM SGP site during the 2001
Eqg. (11) to a variety of cloud types and conditions remains to IOP to the retrieved cloud droples using the M1 approach

be evaluated. (Dong and Mace, 2003).
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1414 D. Huang et al.: Radar-based liquid cloud microphysics retrievals and implication

4 Intercomparison results | I (o dy without rain cloudy with rain [ N clear‘

The intercomparison studies are based on data at the SGI
site from year 1998 to 2006, during which all three cloud
products are available. The MICROBASE product is aver-
aged to the same time and space grids as the UU product
Note that the averaging is performed for only the cloudy
portion of the MICROBASE data and thus cloud fraction
cannot be defined for time scales shorter than five minutes.&
Two sets of comparisons are performed in this study. The'
first set of comparison is intended to provide a quantitative
estimate of the differences between the MICROBASE and
UU cloud LWC andre retrievals for all types of clouds.
To avoid complication of phase-partitioning and precipita-
tion, the second set of comparisons focuses on only non- 2oz 36 48 B0 72 B4 96 8
raining non-mixed-phase low-level stratus clouds from the Month from January 1998
MICROBASE, UU, and UND products. The definition of Fig 1 monthly mean cloud occurrence at the Atmospheric Radi-
non-raining non-mixed-phase low-level stratus clouds areation Measurement (ARM) Southern Great Plains (SGP) site from
based on Dong and Mace (2003) (see Sect. 3.3) and two ad998 to 2006 based on the MICROBASE product. The length of
ditional criteria: (1) total supercooled cloud LWC in the col- each bar represents the fraction of occurrence. The University of
umn is zero; and (2) the radar reflectivity factors through-Utah (UU) product (not shown here) shows almost identical sea-
out the column should not exceed?0dBZ (Kato et al.,  sonal variation. A profile is clear if the total cloud water content
2001; Kogan et al., 2005). It should be noted that the Sim_(l.iquid and ice) i§ zero, and qtherwise it is cloudy. A profile is con-
ple reflectivity-based criteria for precipitation identification Sidered to be raining if there is at least one layer below the freezing
can be improved if additional information is available, e.g., '€Ve! With radar reflectivityz > —20 dBZ.
large precipitation particles could be identified more accu-
rately using full Doppler spectrum if the cloud and precipi-
tation modes can be decomposed from the spectrum (Kolliagach month. The plot for UU cloud occurrence is not shown
etal, 2011a, b). here because it is almost identical to that of MICROBASE.
The columns where both the radar reflectivity and mi- The similarity between the MICROBASE and UU cloud oc-
crowave LWP are available are selected for the comparisonsurrence is likely due to the fact that both products rely
by using one of the MICROBASE QC flags. The data pointson the MMCR observations to determine cloud mask. Fig-
corresponding to the conditions where the microwave ra-ure 1 shows that the monthly-mean cloud coverage ranges
diometer precipitation flag indicates “wet window” (i.e., pre- from 0.12 to 0.75 and there is considerable month-to-month
cipitation at the ground level) are excluded from the inter- variation at the SGP site.
comparisons because the microwave radiometer cannot pro- Each cloudy column is further classified into raining
vide areliable retrieval of LWP when the radiometer window or non-raining using the aforementioned radar reflectivity-

c
e
=

oti

is wet (Liljegren et al., 2001). based criteria. It can be seen from Fig. 1 that about 20—-30 %
of the cloudy columns are raining and this fraction has large

4.1 MICROBASE and UU retrievals for all clouds month-to-month variation. As pointed out in Sect. 3, cloud
liquid retrievals in mixed-phase regions are likely to suffer

4.1.1 Cloud occurrence from large uncertainties. Table 1 further stratifies the cloudy

columns with regards to the existence of mixed-phase clouds.
In model evaluation studies, especially evaluation of mod-It can be seen that about 70 % of the cloudy columns do not
eled clouds against observations, statistical variation of cloudtontain mixed phase clouds. The percentage of non-raining,
occurrence as a function of time and height is often an im-non-mixed phase, cloudy columns is 60 % and without com-
portant feature to examine. In this study, cloud occurrence iglications by rain and ice particles these columns are ideal
defined as pixels (data points with 5-min temporal and 90-mcases for retrieval algorithm testing.
vertical resolution) whose cloud LWC or IWC is positive. A To avoid possible artifacts by very small cloud LWC re-
vertical column is considered to be cloudy if at least one layertrievals, we define liquid cloud fraction as the fraction of
in the column is cloudy and is considered to be clear if every5-min data points with LWG- 0.01 gnt2 in each one-hour
layer in the column is cloudless. Figure 1 shows the monthly-period. The reason for using a one-hour window to calcu-
mean MICROBASE cloud occurrence at the ARM SGP sitelate liquid cloud fraction is that this time scale roughly cor-
from 1998 to 2006, which is calculated as the fraction of responds to the typical resolution of climate model output
cloudy columns to the total number of 5-min columns in (Xie et al., 2010). Figure 2 shows the contour of frequency

Atmos. Meas. Tech., 5, 14090424 2012 www.atmos-meas-tech.net/5/1409/2012/
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Table 1. Cloud occurrence at the SGP site based on the 5-min res- @
olution MICROBASE and UU retrievals from 1998 to 2006. A ver-

tical column is considered to be cloudy when it contains at least ;- |
one cloudy layer. A cloudy column is non-raining/non-mixed-phase i

when it contains no raining/mixed-phase layer. i iillllﬁ'. ;' Y bk "'“L_ I

Non-raining i “ ]
Non- and non-
Non-  mixed- mixed-
(><105) Clear Cloudy raining phase phase |
MICROBASE  3.85 331 2.59 2.32 1.95 | Ir: !
uu 3.82 331 2.60 2.29 1.93 ol fom Jancary 1958 T ey

Fig. 3. Vertical profiles of monthly mean cloud LWC and droplet
effective radiuse) from the MICROBASE and UU products at the
SGP site for the period of 1998 to 2006.

There are several striking differences in the monthly vari-
ation of re between the two products (Fig. 3c and d). First,
the cloud dropletre from the UU product is always sev-
eral microns larger than that from the MICROBASE prod-
uct. Second, the vertical variation af from the two prod-

Altitude, km

0 06 08
Liquid cloud fraction

0 02 04 06 08 1 0 02
Liquid cloud fraction

Fig. 2. Contour frequency by altitude diagrams (CFADSs) of liquid
cloud fraction from the 5-min MICROBASE and UU data for the
period of 1998 to 2006. To avoid the artifact of very small cloud
liquid water content (LWC) retrievals at high altitudes, the liquid
cloud mask is defined as data points with L\W@®.01 gm*3.

ucts are quite different. The MICROBASE generally de-
creases with increasing altitude (but the decreasing trend is
not evident for some months), whereas the kiLfirst de-
creases with altitude below 2.5 km and then increases rapidly
with altitude above 3.0 km because theetrievals of the lig-

uid component of mixed phased clouds are contaminated by
large ice particles. However, since the water content at high
by altitude diagram (CFAD) for liquid cloud fraction for the  ajtitudes is negligible, the artifact should have no physical
MICROBASE and UU products. CFADs have been widely consequence.
used in model evaluation studies to examine the ability of
models to reproduce the observed statistical characteristic4.1.3 CFADs of cloud microphysical properties
of clouds (Yuter and Houze, 1995). Both the MICROBASE
and UU liquid cloud fraction shows a “U” shape distribu- Probability density functions (PDFs) of cloud microphysical
tion with high probability for very small or very large lig- Properties are not only useful for climate model evaluations

uid cloud fraction values and low probability for intermediate but also important for process studies. Figure 4a and b fur-
cloud fraction values. The U-shaped distributions are similarther show the CFADs of 5-min MICROBASE and UU LWC

to previous studies (Hogan et al., 2001). retrievals, respectively. The probability distributions of cloud
LWC from the two products appears to be similar. The dis-
tributions are wider at lower altitudes and the mean LWC
values in general decrease with increasing altitude. Simi-
Figure 3a and b show the monthly mean LWC from the MI- |ar to the monthly mean comparisons shown in Sect. 4.2.3,
CROBASE and UU products as a function of altitude andthe CFAD of UU LWC extends to higher altitudes than that
time. The overall pattern of the monthly averages of LWC is of MICROBASE, a manifestation of the difference in their
very similar and the vertical extent of cloud LWC shows a phase-partitioning algorithms.

similar seasonal cycle in the two cloud products. The top of The CFADs of MICROBASE and UUs retrievals are
the liquid layer is about 2.0 km higher in winter than that in shown in Fig. 4c and d, respectively. Several differences can
summer and this can be explained by the seasonal variatiope identified. Firstly, the width of the probability distribu-
of atmospheric temperature. In both products, the maximuntions decreases with altitude in the MICROBASE retrievals
cloud LWC occurs at low altitudes close to the surface andyhile it is almost constant in the UU retrievals. Secondly, the
the decrease of cloud LWC with altitude is also evident. Thep|CROBASE re decreases with altitude and the UYin
small cloud LWC values£0.01gn1?) in the UU product  general increases with altitude. Thirdly, the Walis mostly
above 7.0 km is a retrieval artifact which is not I|ke|y to have |arger than 3.0 pm, while there are a Signiﬁcant amount of
a significantimpact on radiation and other physical processe§||CROBASE retrievals smaller than 3.0 pm. Lastly, there is
(Mace et al., 2006). a spike around 15pm in the UU retrievals, which is likely

4.1.2 Monthly mean cloud properties
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Fig. 5. Nine-year average MICROBASE and UU cloud LWC and
re as a function of normalized distance from cloud base. Horizontal
error bars represent the corresponding standard deviations. The UU
profiles are shifted upward by 0.01 normalized distance for a better
illustration.
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Fig. 4. CFADs of MICROBASE and UU LWC ande at the SGP
site from 1998 to 2006.

due to the threshold value used by the UU algorithm for
supercooled liquid droplets.

Altitude, km

4.1.4 Mean cloud properties as a function of normalized
height

In some cases, e.g., in the comparsion of cloud retrievals un- o bz 04 06 08 L

der different environmental conditions, it is also useful to ex- Liquid cloud fraction

amine cloud properties as a function of normalized heightrig 6. CFAD of cloud fraction for non-raining non-mixed-phase
from cloud base (bhnert et al., 2007). The MICROBASE  |ow-level stratus from the University of North Dakota (UND) prod-
and UU LWC vertical profiles are similar in shape but the uct at the SGP site from 1998 to 2006.

locations of maximum LWC are slightly different (Fig. 5a).

The difference between the two LWC profiles is small in the

middle of cloud and increases to about 0.03@nat both  tions from the other two products are almost the same be-
cloud base and cloud top. The standard deviation of MI-cause the UND product is used to define the cloud mask). It
CROBASE LWC is slightly larger than that of UU and the is interesting to note that the “U” shape variation of cloud
differences between the two LWC retrievals are almost ondraction PDF in Fig. 2a and b is not seen here. Instead, the
order smaller than their standard deviations. The mean MI{PDF decreases monotonically with liquid cloud fraction. The
CROBASE and UU LWC values are both about 0.12¢gm  maximum liquid cloud fraction occurs around 1.5km. The
The shape of the MICROBASE and Uk profiles is al-  probability that liquid cloud fraction being larger than 0.5 is
most the same, while their magnitudes differ by more thanvery low.

a factor of two: the mean MICROBASE and Uy are 4.5

and 10.5 um, respectively (Fig. 5b). The standard deviatior#.2.2 Monthly-mean cloud properties of

of MICROBASE r¢ is about a half of that of UU. non-raining non-mixed-phase stratus
4.2 MICROBASE, UU, and UND retrievals for Figure 7a—c shows the monthly-mean vertical profiles of MI-
low-level non-raining non-mixed-phase stratus CROBASE, UU, and UND LWC retrievals for non-raining
non-mixed-phase stratus clouds. The monthly-mean profiles
4.2.1 Occurrence of non-raining non-mixed-phase appear to be quite similar to each other during most of the
stratus months. Large differences are also found for a few months,

e.g., the MICROBASE LWC has a spike of high values be-
Figure 6 shows the CFAD for low-level, non-raining, non- tween 2.5 to 3.0 km around June 2005 (month 90 in the fig-
mixed-phase, stratus cloud fraction (note that the cloud fracure), while the UND LWC does not have a spike in this
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Fig. 7. Vertical profiles of monthly mean cloud LWC angfor low-level non-raining non-mixed-phase stratus from the MICROBASE, UU,
and UND products for the period of 1998 to 2006.

month. To pinpoint the cause of this large difference requiresghe UND and UU retrievals that exceed 10 pm. The minimum
an in-depth examination of the retrieval algorithms as well asre from the UU product is about 2.0 um. On the other hand,
their input data. The UND monthly-mean profiles have morethe MICROBASE and UND effective radii are below 1 pm
liquid water below 1.5 km during the period of 1998 to 2000 in some cases. Overall, the U retrievals fall between the
(month 1 to month 36) than the other two retrievals. MICROBASE and UND retrievals.

There are considerable differences in both the magnitude
and vertical distribution of cloud droplet among the three  4.2.4 Mean cloud properties of non-raining non-mixed-
retrievals (Fig. 7d—f). The UND- retrievals, on average, phase stratus as a function of normalized height
are 1 um larger than the UU retrievals, and 1-2 um larger
than the MICROBASE retrievals. The MICROBASE de- The mean profile of MICROBASE LWC for low-level, non-

creases with altitude for most of the months while the de-'aining, non-mixed-phase, stratus clouds is similar to that of
creasing trend with altitude is less evident in the UU andYY- The MICROBASE LWC increases from cloud base to

middle of the cloud layer, and after reaching a maximum
value it starts to decrease toward cloud top (Fig. 9a). The
UND cloud LWC, on the other hand, remains almost constant
from cloud base to the middle of cloud and then decreases
monotonically toward cloud top. The discrepancy between
the three LWC profiles is within 0.02 gm, which is about
10 % of their mean LWC values. The UU LWC profile falls
between the MICROBASE and UND profiles.

The mean MICROBASE, UU, and UND droplet effec-

UND retrievals. The UND retrievals have some large values
(re > 10 um) around 2.5 km.

4.2.3 CFADs of cloud properties of non-raining
non-mixed-phase stratus

The overall shapes of the CFADs of MICROBASE, UU, and
UND LWC for low-level non-raining non-mixed-phase stra-
tus clouds are very similar, as shown in Fig. 8a—f. The simi-
larity can be explained by the fact that all three retrievals use t|ve radil remain constant from cloud base to the middle of
the microwave radiometer LWP as a constraint for each c:oIthe cloud layer and decrease slowly when moving toward
umn and use the MMCR reflectivity to distribute the liquid cloud top (Fig. 9b). The MICROBASI, ranges from 5.0
water into each cloud layer. The PDFs of MICROBASE an nd t© 0 6.0pm, while the UU and UND effective radii are re-
UU LWC are almost identical at altitudes from the surface to spectively 1.0 and 2.0 um Iarge_r (Fig. 9D). O"e_r?”- the dis-
3.5km and the PDFs decrease with increasing LWC. For th&'€Pancy hetween the thragretrievals for non-raining non-

UU LWC retrievals. the PDF first increases then decrease ixed-phase clouds are much smaller than that for all clouds,
With LWC below 1. ékm indicating that precipitation and phase-partitioning are possi-

The CFADs of MICROBASE, UU, and UND, are also bly responsible for the large differences in theetrievals for

similar, except that the MICROBASE CFAD is shifted by 1— all clouds.
2 um toward the origin. The MICROBASE: is rarely larger
than 10 um while there are a significant number of points in
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Fig. 8. CFADs of MICROBASE, UU, and UND LWC angse for low-level non-raining non-mixed-phase stratus from 1998 to 2006.
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5.1 Factors for the difference in cloud LWC retrievals
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According to Sect. 3, the uncertainty in LWC retrievals
will certainly propagate to the calculation ef in the MI-

o
=

o
w

Normalized distance from cloud base
Normalized distance from cloud base

02 02 CROBASE algorithm. It is therefore necessary to examine
o1 o1 the difference in cloud LWC retrievals before we can pin-
0T om oW 0% om0z oz o R point the causes for the large difference-dmetrievals.

Cloud LWC, gni® Effective radius, um Based on the description of the MICROBASE and UU

Fig. 9. MICROBASE, UU, and UND cloud LWQa) andre (b) as retrieval algorithms (Sect. 3), the retrieved LWC profiles
a function of normalized height for low-level non-raining liquid depPend on the following factors:

stratus from 1998 to 2006. 1. input data — radar reflectivity, total column liquid wa-
ter (LWP), and radar reflectivity boundaries for the M-
CROBASE algorithm/cloud boundaries for the UU al-

5  Further analysis and discussion gorithm (both are referred to as cloud boundaries there-
after);

Section 4 reveals the large differences between the retrieved 3 partitioning of total liquid water into warm and
cloud microphysical properties, e.g., the mean MICROBASE supercooled liquid water;
re is about 6.0 um smaller than that of UU. When only non-
raining non-mixed-phase stratus clouds are considered, the 3. treatment of rain/drizzle contamination;
gﬂe!g;%zﬁasefnzgtdwtﬁﬁg[c)ji:ctfree([;tgl:c;at?ginsgh?evz\zjfc;nduf: 1- 4. expressions used to distribute warm liquid water in
. . . - o . warm cloud layers, i.e., the difference between the ex-
2 um. This section provides a stratified analysis with the in- .
N X . ponents used in Egs. (7) and (10).
tent to pinpoint possible reasons for the large differences
found in Sect. 4. As described in Sect. 3, the UND algorithmThe MICROBASE and UU algorithms use different ap-
is very similar to the UU algorithm except: (1) it focuses on proaches to merge the different MMCR modes into a single
only low-level stratus clouds; and (2) it uses more informa- description of radar reflectivity factor in each layer. As men-
tion than the other two algorithms (i.e., solar transmission).tioned in Sect. 3, there are also some differences between
Therefore, the UND product is not included in the analysisthe LWPs used by MICROBASE and UU algorithms. They
of cloud LWC and only serves as a reference in the analysisnake their own specific bias correction or quality check. The
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point density. Fig. 11. MICROBASE and UU cloud LWC and. as a function of

normalized height from cloud base for the period of 1998 to 2006.
Solid and dashed lines indicate respectively MICROBASE and UU

. : . retrievals, while green and blue colors representand LWC.
UU product computes the bias as a function of preC|p|tabIe(a) all clouds;(b) columns without raining layergc) columns with-

yvater path anq MICROBASE producit performs §ome qual'out mixed-phase layers; aifd) columns without raining or mixed-
ity checks by indicating those questionable periods. Thes%r1ase layers.
different bias corrections and quality checks could result in
non-negligible differences in the LWP constraints. To eval-
uate the impact of inputs to cloud LWC retrievals, we first
examine the differences in the MICROBASE and UU input sults for only non-mixed-phase clouds (no supercooled lig-
data. The input data used by the MICROBASE algorithm uid in each column). It can be seen that from cloud base to
are averaged to 5-min temporal resolution and the averag8.3 normalized height, the comparison is improved signifi-
is performed for only cloudy columns. Figure 10 shows the cantly while the difference around cloud top remains about
scatter plots of various input data used in the MICROBASEthe same. When both raining and mixed-phase columns are
and UU algorithms from 1998 to 2006. It can be seen thatexcluded (Fig. 11d), the LWC profiles are similar to that in
the MICROBASE and UU radar reflectivity factors generally Fig. 11c, i.e., a negligible difference at cloud base and the
agree with each other. There are also a considerable numbeéifference increase with normalized height. These stratified
of cases where the UU radar reflectivity is larger than thatcomparisons show that phase partitioning and rain contam-
of MICROBASE (Fig. 10a). Both the cloud lower and upper ination are largely responsible for the large difference be-
boundaries agree with each other reasonably well, althougltween the MICROBASE and UU LWC retrievals in the lower
large differences are also occasionally found (Fig. 10b, c)part of cloud but they cannot explain the large difference
The MICROBASE and UU LWPs agree well when LWP found in the upper part of cloud.
is high while the agreement is not as good for the more To examine the impact of the fourth factor on cloud LWC
frequently-found low LWPs (Fig. 10d). retrievals, a straightforward approach is to perform retrieval
The impacts of the second and third factors are examine@xperiments for cloudy columns containing no rain and no
through several stratified comparisons. Figure 11a shows thaupercooled liquid. For these non-raining columns, the only
in the lower part of cloud, the MICROBASE LWC is con- difference between the MICROBASE and UU algorithm is
sistently smaller than the UU LWC and the largest differ- the expressions to distribute liquid water in each vertical
ence of 0.03gm? occurs around cloud base. On the other profile. The MICROBASE algorithm is modified to use the
hand, in the upper part of cloud, the MICROBASE LWC UU input data. The resultant cloud LWC retrievals (blue
is higher than the UU LWC with the largest difference of dashed line) are compared with the standard UU retrievals
0.03gn13 around cloud top. When raining columns are ex- (solid green line) to evaluate the impact of the fourth factor
cluded from the comparison, the shape of the LWC verti-(Fig. 12a). It can be seen from Fig. 12a that the fourth factor
cal profiles changes remarkably and the magnitude of theontributes less than 5% of the differences between the Ml-
two LWC retrievals is reduce by 20-40 % in the lower part CROBASE and UU LWC retrievals. Therefore, it can be con-
of cloud (Fig. 11b). Figure 11c shows the comparison re-cluded that the large difference between the MICROBASE
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G

According to Eg. (5b), if one assumes that the cloud
droplet size distribution is a lognormal distribution with fixed
total number concentratioN and geometric standard devia-
tion of the droplet size distributiot, cloud droplete can be
expressed as:

re=aexp[0.38410g1QZ)]. (15)

Normalized distance from cloud base
Normalized distance from cloud base

' cowtwoor 0 Cetersdusum Eq. (15) is very similar to the empirical relationship used
in the UU re retrieval algorithm. The first coefficient =
0.5N 16 exp(0.502) depends on both droplet number con-
CROBASE LWC algorithm is modified to use the UU input data centration and standard deviation of the droplet size distri-

and the experiment is based on non-raining non-mixed-phase casé/tion. It is easy to verify that the coefficient=0.0195
at the SGP site from 1998 to 2006. [b), the MICROBASE ~ used in the UU algorithm can be obtained by assuming
re algorithm is modified to use UU LWC retrievals and different N = 200 cnt! ande =0.35. The second coefficient 0.384 is

droplet number concentrations and only non-raining non-mixed-a result of assuming radar reflectivity is proportional to the
phase low-level stratus cases are considered. Note that the standasduare of cloud LWC and a different exponent in the Z-LWC
MICROBASE algorithm uses8/ = 200 cnt . relationship will result in a different coefficient. Roughly
speaking, the UU algorithm can be thought of as a variant
of the algorithms that assume a lognormal size distribution
and UU LWC retrievals cannot be explained by the differ- with fixed humber concentration and standard deviation of
ence in the exponents used in EG8.dnd (L0). the droplet size distribution.

The only difference in the production of the dashed (MI-  Note that the LWC profile from Eq. (5) is rescaled us-
CROBASE with UU input data) and the solid blue line) and ing LWP derived from a microwave radiometer. According
solid (standard MICROBASE) blue lines is their input data. to Egs. @) and (L5), the effect of rescaling the LWC profile
Therefore the negligible difference between the two lines in-on re is equivalent to rescaling coefficieatin Eq. (15). On
dicates that the difference in input data is mainly responsiblehe other hand, the empirical relationship used by the UU
for the large difference between MICROBASE and UU LWC algorithm to calculatee is solely based on observed radar
retrievals in the upper part of cloud shown in Figs. 11 and 12 reflectivity factor and has no dependency on the microwave

radiometer LWP.
5.2 Factors for the differences inre retrievals Below are three parameters that can be modified in the

MICROBASE algorithm to examine the behavior f re-
After identifying the factors responsible for the difference in trievals: (1) cloud LWC; (2) choice of droplet number con-
the MICROBASE and UU LWC retrievals, the factors for centration; and (3) choice of standard deviation of the droplet
the striking difference ine can be examined. Green lines size distribution. Based on the discussions above, we will ex-
in Fig. 11a—d show the mean MICROBASE and Wbas amine the impacts of the first two factors eyretrieval since
a function of normalized height from cloud base for differ- both algorithms explicitly or implicitly use the same standard
ent cloud conditions. When all clouds are included in thedeviation of the droplet size distribution.
comparison, the discrepancy is about 7.0 um (Fig. 11a). Ex- To evaluate the magnitude of uncertainty propagated from
cluding raining profiles reduces the discrepancy to 5.0 umcloud LWC retrievals into theg retrievals, the standard MlI-
(Fig. 11b), while excluding mixed-phase columns further re- CROBASE algorithm is first modified to take the LWC pro-
duces the discrepancy to about 2.5 um (Fig. 11c). When botlfiiles from the UU product as the input. The resultante-
raining and mixed-phase columns are taken out from thdrievals are then compared with those from the standard MI-
comparison, the mean MICROBASE and UU effective radii CROBASE and UU products. Figure 12b shows that from
agree with each other within 1.0 um (Fig. 11d). Therefore,cloud base to the middle of cloud, the difference in input
it is likely that rain contamination and mixed-phase clouds LWC profiles contributes negligibly to the difference be-
are mainly responsible for the large difference found in thetween the MICROBASE and UkL retrievals. From the mid-
MICROBASE and UUre retrievals. dle of cloud to cloud top, it causes a difference of about

From now on, we focus on only low-level non-raining 0.2 um.
non-mixed-phase stratus clouds because: (1) the complica- The impact of the choice of droplet number concentra-
tion of phase-partitioning and rain contamination can betion onre is evaluated as follows. The MICROBASE algo-
avoided; and (2) the UND product can serve as a referencethm is modified to usev = 80, 120, and 400 cnt, respec-
here since it uses more observation constraints. We first showively. The comparison between the resultant meame-
the connection between the MICROBASE algorithm and thetrievals averaged over the period of 1998 to 2006 is shown
empirical UU algorithm. in Fig. 12b. It can be seen that the assumption of droplet

Fig. 12. Cloud LWC andre retrievals as a function of normal-
ized height from a suite of retrieval experiments.(&), the MI-
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number concentration can dramatically change the magnidoubled carbon dioxide can be balanced by increases of 20—
tude of the MICROBASE.. The MICROBASE Y, profile 35 % in total liquid water, or by decreases of approximately
matches the reference UU profile reasonably well when al5-20% in mean cloud droplet radius. In other words, in
droplet number concentration of 120chis used. On the order to effectively constrain cloud radiative impacts and
other hand, it is also evident that the shape ofrtherofiles  therefore climate sensitivity, an accuracy better than 15 % for
is hardly changed when the number concentration changesloud retrievals will be required. The relatively large discrep-
from 80 to 400 crm!. To summarize, the lack of constraint ancy in cloud LWC and retrievals indicates that cloud mi-
for droplet number concentration is partially responsible for crophysical retrievals are yet to be improved to effectively
the difference between the retrievals for non-raining non-  constrain climate sensitivity.
mixed-phase cloud columns. For applications such as evaluation of high-resolution
cloud models or other process models, cloud microphysics
retrievals from remotely sensed data are not yet sufficiently
6 Implications for model evaluation accurate to resolve small-scale (temporal and spatial) cloud
radiative heating structure (Mace and Benson, 2008). Im-
Cloud microphysical retrievals can be used in different typesprovements of both observational techniques and retrieval
of applications, e.g., evaluating cloud resolving models andalgorithms are clearly needed for continued progress.
climate models where cloud microphysical processes are pa-
rameterized. Model intercomparison or model/observation
comparison studies typically focus on quantities such as7 Concluding remarks
cloudiness, cloud LWC and LWP when evaluating cloud sim-
ulations. Different applications may have different require- To examine if the existing ground-based cloud retrievals are
ments for retrieval accuracy of cloud properties and modelable to provide a useful constraint for model evaluation and
evaluation studies should carefully account for the uncer—radiation budget studies, this paper statistically compares
tainties in observations or retrievals. Zhang et al. (2005)three cloud products that use ARM data as inputs over the
shows that the majority of ten selected GCMs only simu- nine-year period from 1998 to 2006. It is found that the
late 30—40 % of middle-top clouds in the satellite datasetsmean MICROBASE and UU cloud LWC retrievals agree
and half of these models underestimate low clouds. Xie etwell in the middle of cloud and the discrepancy increases
al. (2005) evaluates the overall performance of nine SCMsto about 0.03 gm? at cloud top and cloud base. The CFADs
and four CRMs in simulating a frontal cloud system using of the MICROBASE and UU LWC appear to be consistent
ARM observations. It was found that these SCMs and CRMswith each other. The mean MICROBASf is about 6 um
typically capture the bulk characteristics of the frontal sys-lower than the UUre. When columns containing rain and
tem but significant differences exist in the detailed structuresamixed-phase clouds are excluded, the comparisons improved
of the frontal clouds. Klein et al. (2009) shows that cloud dramatically. The CFADs of MICROBASE, UU, and UND
LWPs for an arctic mixed phase cloud from 17 single columnLWC andre are very similar and the discrepancy between the
GCMs vary from 5.8 to 291.8gnf with a median value threere retrievals is reduced to 1-2 um. In general, the spread
of 56.0gnT?2, while the LWPs for the same cloud from 9 in the non-precipitating warm cloud retrievals is smaller than
CRMs range from 1.6gfto 172.6gn12 with a median  the spread between GCMs, but it is still larger than the re-
value of 57.3gm?. The spreads between SCM and CRM quirement set by Slingo (1990) for radiation budget studies.
cloud LWC vertical profiles are even larger, typically threeto  We then attempt to pinpoint the primary causes of the large
five times of the median LWC values. Su et al. (2011) founddifferences between different radar-based cloud retrievals
that modeled LWC in the boundary layer is only 60—70 % of and to understand the limitation of the single-frequency radar
the LWC values retrieved from CloudSat observations, andapproaches. Two approaches are used: (1) stratified com-
the discrepancy between vertical profiles of total cloud wa-parisons that gradually exclude raining and mixed-phase
ter content from three GCMs is more than a factor of 5 atcolumns; and (2) retrieval experiments with modified re-
some altitudes. It can be seen from these studies that thigieval algorithms. It is found that the difference in input
spread in modeled cloud water content is much larger thamata (LWP, radar reflectivity, and cloud mask) explains most
that in radar-based retrievals; this implies that, despite theof the LWC difference in the upper part of clouds, while
large spread in cloud LWC retrievals of existing cloud prod- rain contamination and phase partitioning are responsible
ucts, these retrievals are still useful datasets for evaluatingor the LWC difference in the lower part. The large dif-
cloud models and cloud representations in GCMs. ference inre retrievals can also be explained by rain con-
Cloud dropletre is a critical parameter in determining tamination and phase partitioning. It is shown that the MI-
cloud optical properties but it is not predicted by most GCMs CROBASE ¢ is very sensitive to the assumption of cloud
(Slingo, 1990). It is instead parameterized based on cloudiroplet concentration. Unfortunately, single-frequency radar
LWC and/or some large-scale conditions. Slingo (1990)reflectivity alone cannot provide useful constraints simul-
showed that the top-of-the-atmosphere radiative forcing bytaneously for droplet number concentration agd These
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findings are consistent with the underlying assumptions ofComstock, J.M., D'Entremont, R., De Slover, D., Mace, G. G.,
the radar-based retrieval algorithms. When rain or ice par- Matrosov, S. Y., McFarlane, S. A., Minnis, P., Mitchell, D.,

ticles co-exist with cloud droplets in the same volume, the Sassen, K., Shupe, M. D., Turner, D. D., and Wang, Z.: An In-
assumptions about the relationships between cloud droplets tércomparison of Microphysical Retrieval Algorithms for Upper-
and radar reflectivity will be largely violated. Therefore, the ~ 1"0Pospheric Ice Clouds, B. Am. Meteorol. Soc., 88, 191-204,

radar-based cloud retrievals are most reliable when there arsoizoi and Mace. G. G.- Profiles of low-level stratus cloud mi-

no raining and mixed-phase layers pre;ent n the column; for crophysics deduced from ground-based measurements, J. Atmos.
other conditions they should pe used with cau_tlon. Ocean. Technol., 20, 45-53. 2003.

The large spread among different cloud retrievals not onlypgng, x., Ackerman, T. P., Clothiaux, E. E., Pilewskie, P., and Han,
suggests caution in application of these products to evaluate v.: Microphysical and Radiative Properties of Stratiform Clouds
model performance but also calls for new techniques to go Deduced from Ground-based Measurements, J. Geophys. Res.,
beyond the physically limited single-frequency radar. Sev- 102, 23829-23843, 1997.
eral recent advances offer some new insights on possible imPong, X., Ackerman, T. P., and Clothiaux, E. E.: Parameteriza-
provements on cloud microphysics retrievals. Studies have tions of Microphysical and Radiative Properties of Boundary
already demonstrated that radar attenuation can be obtained Layer Stratus from Ground-based measurements, J. Geophys.
from dual-frequency radar observations and can be used to Res., 102, 31681-31393, 1998.
derive unbiased vertical profiles of cloud LWC (Hogan et DOV'?.k’ R'g' Srllfd dzmllfcll D'_S':'\? Op@erkRalggrsand Weather Obser-
al., 2005; Huang et al., 2009). The dual-frequency radar apg, vations, <n N, =ISevIer, New Yor, '

h tak q f the f h . unn, M., Johnson, K. L., and Jensen, M. P.: The Microbase
proach takes advantage of the fact that microwave attenua- calue-added product: A baseline retrieval of cloud microphysi-

tion is directly proportional to the mass of liquid water inthe properties, DOE/SC-ARM/TR-095, available faitp://www.
Rayleigh scattering regime and thus requires no assumptions arm.gov/publications/techeports/doe-sc-arm-tr-095.p#011.
about the cloud droplet size distribution. The dual-frequencyEbell, K., Lohnert, U., Crewell, S., and Turner, D. D.: On character-
approach is therefore immune to drizzle and light rain con- izing the error in a remotely sensed liquid water content profile,
tamination. It is also possible to extract cloud information Atmos. Res., 96, 57-68, 2010.

reliably using full Doppler spectra or multiple Doppler mo- Frisch, A. S., Fairall C. W., and Snider, J. B.: Measurement of
ments instead of only reflectivity, as proposed by Luke et Stratus cloud and drizzl_e parameters in ASTEX with a Ka-_band
al. (2010) and Kollias et al. (2011a, b). The spectrum-based Doppler radar and a microwave radiometer, J. Atmos. Sci., 52,
approach is able to separate (at least partially) the clouq:ri2788_2799’ 1995.

droplet contribution from the more dominant drizzle/ice con- sch, A. S., Feingold, G., Fairall, C. W., Utial, T., and Snider, J.
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