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ABSTRACT 
 

Aims:  To develop a new satellite-based mixed-phase cloud retrieval algorithm for 
improving mixed-phase cloud liquid water path (LWP) retrievals by combining Moderate 
Resolution Imaging Spectroradiometer (MODIS), CloudSat, and Cloud-Aerosol Lidar and 
Infrared Pathfinder Satellite Observations (CALIPSO) measurements. 
Study Design: Algorithm development and evaluation by using collocated NASA A-Train 
and the Atmospheric Radiation Measurement (ARM) Climate Research Facility (ACRF) 
measurements at the North Slope Alaska (NSA) site. 
Place and Duration of Study: Collocated MODIS and ground-based measurements at 
NSA site from March 2000 to October 2004, MODIS measurements and retrievals during 
July 2006 over Eastern Pacific, and MODIS, CloudSat and CALIPSO measurements on 
April 04, 2007 over the Arctic Region. 
Methodology: The stratiform mixed-phase cloudswere treated as two adjunct water and 
ice layers for radiative calculations with the Discrete Ordinate Radiative Transfer 
(DISORT) model. The ice-phase properties were provided with the 2C-ICE product, 
which is produced from CloudSat radar and CALIPSO lidar measurements, and they 
were used as inputs in DISORT for the calculations. Then, the calculated mixed-phase 
cloud reflectances at selected wavelengths were compared with MODIS reflectances to 
retrieve liquid-phase cloud properties. 
Results: A new algorithm was developed to retrieve LWP in stratiform mixed-phase 
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clouds by using MODIS radiances and ice cloud properties from active sensor 
measurements. The algorithm was validated separately by using Operational MODIS 
retrievals of warm marine stratiform clouds and collocated surface measurements of 
Arctic stratiform mixed-phase clouds. The results show that the new algorithm reduced 
the positive LWP biases in the Operational MODIS LWP retrievals for stratiform mixed-
phase clouds from 35 and 68% to 10 and 22% in the temperature ranges of -5 to -10ºC 
and -10 to -20ºC, respectively. 
Conclusion: The combined A-Train active and MODIS measurements can be used to 
improve global mixed-phase cloud property retrievals. 
 

 
Keywords: Stratiform mixed-phase clouds; CloudSat;, CALIPSO; MODIS; the A-Train 

satellites;  retrieval algorithm. 
 
ACRONYMS  
 
ACRF: Arm Climate Research Facility; AERI: Atmospheric Emitted Radiance Interferometer; 
ARM: Atmospheric Radiation Measurement; BT: Brightness Temperature; CALIOP: Cloud-
Aerosol Lidar with Orthogonal Polarization; CALIPSO: Cloud-Aerosol Lidar and Infrared 
Pathfinder Satellite Observations; CPR: Cloud Profiling Radar; CTT: Cloud Top 
Temperature; CWC: Cloud Water Content; DISORT: Discrete Ordinate Radiative Transfer; 
GCM: General Circulation Model; IWP: Ice Water Path; LWP: Liquid Water Path;       
MMCR:: Millimeter Wavelength Cloud Radar; MODIS: Moderate Resolution Imaging 
Spectroradiometer; MPL: MicropulseLidar; MWR: Microwave Radiometer; NASA: National 
Aeronautics and Space Administration; NSA: North Slope Alaska; POC: Pockets of Open 
Cells; SHEBA: Surface Heat Budget of the Arctic Ocean; TOA: Top Of the Atmosphere;   
UV: Ultra Violet; VAMOS: Variability of the American Monsoon Systems;                 
VOCALS-Rex: VAMOS Ocean-Cloud-Atmosphere-Land Study Regional Experiment. 
 
1. INTRODUCTION 
 
Clouds are important because of their roles in the global hydrological cycle and transport of 
heat and moisture from low latitudes towards the poles [1,2]. Besides, they are important 
regulators of the earth’s radiation balance [3-5]. It is also well known that the impact of 
clouds strongly depend on cloud phases and properties [6-8]. Clouds exist as water droplets 
at temperatures > 0ºC and ice crystals at temperatures < -40ºC, but between 0ºC and -40ºC 
both water and ice phases can coexist [9-13].   
 
Mixed-phase clouds are particularly important in the Polar Regions, where they are the most 
dominant clouds and strongly influence the surface radiation balance. [14,15] reported that 
mixed-phase clouds occur 41% during Surface Heat Budget of the Arctic Ocean (SHEBA) 
and are more frequent during the spring and fall transition seasons. Aircraft observations in 
Beaufort and Arctic Storm Experiment (BASE) showed that 90% of the sampled boundary 
layer clouds (during September – October) were mixed-phase clouds. Furthermore, [16] 
showed that middle-level stratiform mixed-phase cover is over 5% globally. These mixed-
phase clouds have significant radiative impacts at the top of the atmosphere (TOA) and the 
surface [17].However, the properties and evolutions of these mixed-phase clouds are difficult 
to simulate [18,19]. The simulations of these clouds in general circulation models (GCM) are 
the main sources of cloud uncertainties in the polar regions [20,21]. The radiative properties 
of the mixed-phase clouds depend on the relative amounts of liquid and ice phases, which 
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are controlled by complicated cloud microphysical processes. Therefore, it is urgent to better 
observe and understand mixed-phase cloud properties. 
 
Ground-based combined active and passive remote sensing measurements have been 
successfully applied to retrieve ice and water phases separately in mixed-phase clouds [14, 
15,22,23]. For example, [22] treated the stratiform mixed-phase clouds as supercooled 
liquid-dominated mixed-phase layer with ice virga falling out of its base. Then they used 
combined lidar and radar measurements to retrieve properties of the ice virga and combined 
the retrieved ice properties with radiance measurements from atmospheric emitted radiance 
interferometer (AERI) to retrieve liquid cloud properties. Although, these ground-based 
algorithms provide valuable mixed-phase cloud properties, the long-term multi-sensor 
ground-based measurements are limited to a few locations. In considering highly variable 
mixed-phase cloud properties due to dynamics and aerosol variations, it is important to have 
global mixed-phase cloud properties for model evolutions and process-oriented studies.  
 
However, the progress of research in retrieving mixed-phase cloud properties from satellite 
measurements is slow. Widely used MODIS retrieved cloud properties, effective radius (re), 
optical depth (τ) and liquid/ice liquid water path (LWP/IWP), are only applied to single-phase 
clouds [24-26]. Most stratiform mixed-phase clouds are treated as liquid clouds in the 
Operational MODIS products resulting biased LWP retrievals. There are great efforts being 
made to improve MODIS mixed-phase cloud retrievals [27]. [28] Demonstrated that adding 
additional measurements at visible wavelengths could provide ice and liquid properties for 
mixed-phase clouds. However, retrieving mixed-phase cloud properties with passive 
measurements is still a challenging task. Current CloudSat cloud water content (CWC) 
product provides both liquid and ice water retrievals based on a simple temperature 
dependent mass partition  due to limited information from radar-only measurements [29,30]. 
Nonetheless, the simultaneous collocated active and passive remote sensing measurements 
from NASA A-Train satellites offer new opportunities to provide mixed-phase cloud 
properties. 
 
Here, we present a new approach to retrieve stratiform mixed-phase cloud properties by 
using MODIS radiance measurements and CloudSat and CALIPSO measurements. The 
general principle is to use CloudSat and CALIPSO measurements to provide ice phase 
properties [31] and to use MODIS to provide liquid phase properties. Although MODIS is a 
cross-track scanning radiometer, while CloudSat and CALIPSO measure along the orbital 
track, MODIS footprints can be collocated along the CloudSat track for the A-Train based 
retrieval. The new mixed-phase algorithm is developed and tested in multi-steps. First, the 
algorithm is compared with the MODIS retrievals for warm marine stratiform clouds in the 
Eastern Pacific (20 – 30ºN and 120 – 140ºW) to assess the performance of the new retrieval 
algorithm for ideal, homogeneous warm water-only clouds. Then, we use collocated long-
term MODIS and ground-based measurements at the Atmospheric Radiation Measurements 
(ARM) Climate Research Facility (ACRF)North Slope Alaska (NSA) site to evaluate the new 
MODIS based LWP retrievals for mixed-phase clouds with ice properties (IWP and Dge) from 
surface multi-sensor measurements as inputs due to of the lack of sufficient coincident 
CloudSat and CALIPSO measurements over the NSA site. Finally, we apply the algorithm to 
the A-train measurements by combining MDOIS radiance with ice properties from the 2C-
ICE product. This paper is organized in the following way. Section 2 provides a description of 
the algorithm followed by error analysis in section 3. Section 4 provides the validation of the 
mixed-phase algorithm for warm marine stratiform clouds and Arctic mixed-phase clouds. 
Then, section 5 provides a case study to illustrate the use of the algorithm for A-Train 
measurements. The summary and conclusions are given in Section 6. 
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2. ALGORITHM DESCRIPTION 
 
2.1 The General Setup of the Algorithm 
 
The algorithm is intended for simultaneously retrieving the effective radius (re, based on) [32] 
and optical depth (τ) for low and mid-level stratiform mixed phase clouds. We used reflected 
solar radiance measurements from 1.24 and 2.13 µm MODIS bands with ice properties from 
active sensor measurements to retrieve re and τ. Thus the mixed-phase retrieval algorithm 
inherits the general characteristics of the operational MODIS retrieval method [33] with 
modifications to allow for the presence of both liquid and ice phases in the clouds for 
radiative calculations. 
 
The structure of the modeled cloud and atmosphere for the retrieval is shown in Fig. 1. The 
main assumptions used in setting up the radiative transfer calculations are as follows: 
 
 1. The atmosphere is plane parallel. 
 
 2. Rayleigh scattering by molecules is negligible and can be ignored in the radiative 

transfer calculations at wavelengths longer than 1 µm. 
 
 3. The mixed-phase clouds are treated as two adjacent liquid and ice layers.  
 
As shown in the figure, the top most layer of the modeled atmosphere represents the 
absorption of radiation by water vapor present above the cloud. The Rayleigh scattering by 
atmospheric molecules is very small for the wavelengths used in the retrieval algorithm, so 
the Rayleigh scattering effects can be ignored in the radiative transfer calculations [26,33]. 
The surface albedo used in the radiative calculations is from the 16-day mean surface 
albedo values in the MODIS BRDF/albedo [34]. 

 
Fig. 1. The vertical structure of the cloud-atmosph ere system used for stratiform 

mixed-phase cloud retrievals 
 

Ground-based lidar and radar measurements at the NSA site have demonstrated that the 
stratiform mixed-phase clouds have a simple vertical structure: a thin super cooled water 
dominated mixed-phase layer at the top with a deep ice virga layer below, although multiple 
super cooled water layers in the mixed-phase clouds do occur [15,17,22]. Surface multi-
sensor observations at the NSA site showed that liquid phase counts for over 75% of the 
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total mass in the super cooled water dominated mixed-phase layer [19]. This feature is also 
confirmed with in-situ data [15,35,36]. Considering the significantly larger liquid fraction and 
smaller water droplet size compared to ice crystals, it is clear that the number concentration 
of water droplet is significantly larger than that of ice crystals. As a result, liquid phase 
dominates the optical depth of this thin mixed-phase layer. Therefore, treating the stratiform 
mixed-phase clouds with two separate liquid and ice layers is a validapproximation for 
radiative transfer calculations, although it does not fully describe the details of the mixed-
phase clouds. These stratiform clouds with liquid dominated mixed-phase layer with ice virga 
below is commonly observed over the polar regions; however, study by Zhang, et al. [16] 
showed that they are observed globally and have profound impact on the radiative balance 
of the earth. 
 
2.2 The Forward Model 
 
In the retrieval of cloud τ and re, the Discrete Ordinate Radiative Transfer (DISORT) model 
was used to compute the reflected radiance [37,38]. DISORT solves the transfer of 
monochromatic radiation in a scattering, absorbing, and emitting plane-parallel medium [37]. 
Its versatility allows DISORT to be used for atmospheric processes ranging from ultraviolet 
(UV) to the microwave regions. 
 
The reflected radiance (Iλ(0,-µ,ϕ)) when normalized with the incident solar flux (F0) gives the 
reflection function Rλ (τi,re,µ,µ0,ϕ) as [24]: 
 

����� , ��; 
, 
�, �
 =
�����,��,�


������

            … … … … … … … … … …     (1) 

 
where, τiis the cloud optical thickness, µ, µ0 and φ are the cosine of the satellite zenith angle 
(θ), cosine of the solar zenith angle (θ0), and the relative azimuth angle between the 
direction of propagation of the emerging radiation and the incident solar radiation, 
respectively.  
 
For a given geometry between the sun and the satellite, Rλ(τi,re;µ,µ0,ϕ)is a function of τi and 
re which are the total contribution of liquid and ice. The key of the forward model is to provide 
optical properties as required for DISORT calculations. The general procedure of the forward 
model is shown in Fig. 2.   
 
The critical step in setting up the DISORT model is to provide single scattering albedo (ωi), τi 
and asymmetry parameter (gi) for both liquid and ice layers. The single scattering properties 
of poly-disperse distributions of cloud droplets are largely insensitive to the actual shape of 
the size distribution, but depend mostly on re [39]. We used lognormal size distribution with 
effective variance of 0.11 to model the size distribution of the cloud droplets. The ωI and gi of 
cloud droplets were calculated as a function of re by using the Mie theory. The complex 
refractive indices of water required for the calculations were obtained from [40] for the 1.24 
µm band and [41] for the 2.13 µm band. 
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Fig. 2. Flowchart showing the structure of the forw ard model for calculating the look 

up table 
 
The ωi and gi for ice crystals are strongly dependent on ice crystal size and shape [42]. Ice 
crystal shapes are also strong functions of temperature and growing history [43-45]. Many 
parameterizations were developed to simplify the calculations of ω and g for ice crystals. For 
example, MODIS uses the mixture of several common ice crystal shapes as its ice model for 
pure ice cloud retrievals [33]. Considering the differences of ice crystal shapes in the mixed 
phase clouds compared to cold pure ice clouds, we use the parameterization scheme 
developed by Fu [46] to determineωi and gi as a function of general effective size (Dge), 
which is given by: 
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�√�����
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                                 … … … … … … … … … … … … … … ….                    (2) 

 
Similarly, the parameterization of Fu [46] is also used to derive the ice optical depth with ice 
water content and Dge as shown in eq. 3. 
 

% = &'(�)� +
+,

-./
                                       … … … . … … … … … … … … … ..                        (3) 

 
2.3 A Calculation Example of Lookup Table 
 
For fast retrievals, we use the forward model to develop lookup tables as the Operational 
MODIS algorithm. A lookup table is calculated for given ice cloud properties represented by 
IWP, ω(Dge) and g(Dge), the zenith and azimuth angles of the sun (θ0,φ0), and the satellite 
(θ,φ), along with 32 values of re ranging from 3.13 to 36.41 µm (Appendix A) and values of τ 
ranging from 0 to 100 at an interval of 0.1. Fig. 3 shows an example of lookup table used in 
the retrieval process. Fig. 3(a), which shows MODIS 11.03 µm brightness temperature, 
shows uniform BT (~244 K) around the NSA site. The MMCR Ze (Fig 3(b)) and MPL power 
(Fig. 3(c)) show low level clouds with cloud tops at ~ 1.1 km. The MPL backscatter power 
also shows liquid-dominated layer at the top (the region with high backscatter power).  Fig. 
3(d) shows different responses of reflection functions at 1.24 µm (band) 5 and 2.13 µm 
(band 7) wavelength pair. The horizontal and vertical lines represent reflection functions at 
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specified values of re and specified values of τ, respectively. Reflectances were calculated 
for two different scenarios: (1) water-only clouds in red and (2) mixed-phase clouds in blue.  
The overlaid circles in the figure are measurements of reflectances from MODIS on 2205Z, 
June 02, 2000 around a 3-pixel radius centered at the NSA site. The cloud vertical structure 
and ice layer properties are provided based on ARCF ground-based measurements: mixed-
phase clouds with the top at 1.2 km, base of the water layer at 0.9 km, with IWP and Dge of 
9.9 g/m2 and 81.8µm, respectively. 
 

 
 
Fig. 3. (a) MODIS 11.03 µµµµm brightness temperature map around the NSA site. T he NSA 
site is shown by (+) and the position of the 3 ××××3 MODIS footprints around the NSA site 
are shown by the oval. (b) MMCR Ze, (c) MPL backsca tter power. The vertical dashed 

lines represent the 5-minute period centered at the  satellite overpass time.(d) The 
different responses of the reflectances of 1.24 and  2.13 µµµµm bands as a function of 

liquid-phase r e and ττττ for water-only clouds (red curves) and mixed-phase  clouds (blue 
curves) with precipitating ice virga (D ge=81.8µµµµm, IWP=9.9 g/m 2), respectively. The 

overlaid circles are the MODIS measurements from on  2205Z, June 02, 2000 around a 
3-pixel radius centered at the NSA site. The exampl e is for θθθθ = 29.7°, θθθθ0 = 49.1° and φφφφ = 

68.3° with surface albedo of 0.30 and 0.10 for 1.24  and 2.13 µm MODIS bands, 
respectively. 
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The figure clearly highlights the principle of the retrieval method: the reflection function at 
1.24 µm has a greater dependence on τ with a weaker dependence on re, whereas the 
reflection function at 2.13 µm shows a greater dependence on re, with larger reflectances at 
smaller re and small reflectance at larger re. Meanwhile, the figure shows the impacts of ice 
phase on mixed-phase cloud reflectances. In general, the reflectance for mixed-phase 
clouds shifts to up and left. Therefore, with the same observed reflectance, the retrieved re 
and τ are smaller for mixed-phase clouds than for liquid-only clouds. The difference is 
particularly large at lowτ. As the τ of the cloud layer increases the calculated radiances from 
liquid-only and mixed-phase clouds converge, which shows that the contribution of the ice 
layer to the reflectance decreases with increasingτ of the liquid layer as expected. 
 
2.4 Retrieve LWP and r e 

 
The simultaneous retrieval of re and τ was done in a two-step method. (1) The look up table 
of reflectance was created from the forward calculations �0+10

� ��, ��
 for given ice-phase 
properties and the MODIS measured reflectance ��2�+3

� 
 to define a residual function given 
by: 
 

�45 = 6ln �2�+3
9.�: − ln �0+10

9.�:��, ��
<� + 6ln �2�+3
�.9� − ln �0+10

�.9���, ��
<�          … … … …               � 4) 
 
The residual function is a function of re and τ, so a combination of re and τ can be found that 
minimized the residual function and is taken as the first approximation for re and τ. (4) The re 
obtained from step (1) was then further refined to obtain the best estimation of re due to 
coarse resolution of re in the look-up table. For a known value of  τ, the reflectances become 
functions of re alone, given by: 
 

�2�+3
� − �0+10

� ���
 = 0.                     … … … … … … … … … … …                                            (5) 
 
 
Eq. 5 can be approximated by polynomial equations in re of the form: 
 

>� + >9�� + >���
� + >���

� = 0     … … … … … … … … … … … … … . ..                            (6) 
 
Where, A0, A1, A2 and A3 are coefficients determined from the lookup table. Solution of Eq. 6 
gives the best estimate re. Since the look up table contained τ values at an interval of 0.1, no 
further refinement was applied to τ in the second step. The value of τ obtained in the first 
step and the value of re obtained in the second step were used to calculate the LWP [47]. 
 
3. ERROR ANALYSIS 
 
As shown in Fig. 2, the inputs to the radiative transfer calculations include the optical 
parameters of super-cooled liquid water droplets, the geometry of the sun and the satellite, 
the ice-phase Dge and IWP and the surface albedo. The sun and the satellite zenith and 
azimuth angles are well calibrated in the MODIS data and the refractive indices of liquid 
water are well known .Similarly, uncertainties in water vapor absorption introduce 
uncertainties in reflectance from the forward model, but these uncertainties are less than < 1 
%. Thus, the main sources of uncertainties in the forward model come from uncertainties in 
the ice cloud properties and the surface albedo. 
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3.1 Sensitivity to Surface Albedo 
 
The measured reflectance has contributions from both the surface (through surface albedo) 
and the cloud. Hence, the choice of the surface albedo can have impacts on the retrieved 
LWPs as expected, especially for clouds with low optical depths. Fig. 4(a) and 4(b) show the 
absolute and relative sensitivities of calculated reflectances at 1.24 µm (blue) and 2.13 µm 
(red) bands to a 20% uncertainty in the surface albedo values as a function of cloud LWP. 
The true albedo values for 1.24 and 2.13 µm bands are 0.30 and 0.10, respectively, 
indicating surface covered by snow and sea ice. The figure shows that the reflectances are 
positively correlated with the surface albedo, so an over estimation in the surface albedo 
leads to an overestimation in the calculated reflectance, and vice versa. However, the two 
MODIS bands show different sensitivities to the changes in the surface albedo. The 1.24 µm 
band is more sensitive to the changes in the surface albedo than the 2.13 µm band because 
the former band is more sensitive to τ and the latter is more sensitive to re. For the 1.24 µm 
band, the impacts decrease almost exponentially from ~ 18% at LWPs < 5 g/m2 to 5% at 
LWPs 30 g/m2. However, for the 2.13 µm band, the change in the reflectance drops below 
1% for LWPs > 30 g/m2. Fig. 4(c) shows the errors in retrieved LWP for the four possible 
combinations of 20% change in the surface albedo, viz. decrease in both bands (dashes), 
increase in both bands (long dashes), decrease (increase) in 1.24 (2.13) µm (dash-dot) and 
increase (decrease) in 1.24 (2.13) µm (dashes with multiple dots). The retrieved LWP is 
overestimated when the surface albedo is biased low and vice versa. The largest error in the 
retrieved LWP comes from the combination of surface albedosbiased in the opposite 
direction. The percentage errors in the retrieved LWP due to 20% error in the surface albedo 
decrease as LWP increases. For clouds with LWP of 20 g/m2, a 20% underestimate or 
overestimate of the surface albedo leads to a ~ 50% overestimate or underestimate in the 
retrieved LWP. However, for clouds with LWP greater than 50 g/m2, the retrieval error in 
LWP is < 10%.Furthermore, we picked high surface albedo case for sensitivity study, and 
the errors are the upper-bounds and random errors due to albedo. Fig. 4(d) shows the 
change in retrieved LWP when different fraction of MODIS footprints contain open water 
surface (surface albedo of 0.061 and 0.040 for 1.24 and 2.13 µm, respectively) instead of 
snow/sea ice surface, which could occur in the sea ice melting season briefly when 16-day 
mean albedo is used. The figure shows that the retrieved LWP is overestimated for ocean 
surface, and the positive bias decreases with decreasing fraction of open water surface. 
Although the positive bias in retrieved LWP is large for MODIS footprints that lie in the open 
water surfaces and incorrectly treated as ice/snow surface, the error for LWP > 20 g/m2 
when averaging over a 9-pixel box around the NSA site is < 10%. Thus, in the following 
comparison study at the NSA site, surface albedo is not expected to introduce significant 
uncertainties in LWP retrievals. 
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Fig. 4. (a) Variation of reflectance of MODIS 1.24 µµµµm band (blue) and 2.13 µµµµm band 
(red) as a function of LWP for a 20% change in the surface albedo. The solid curves 
represent the reflectance variation for the true su rface albedo (0.30 and 0.10 for the 
1.24 and 2.13 µµµµm bands, respectively), the dashed (dash-dot-dash) curves represent 

the ±20% change in the surface albedo from the true  value. (b) The relative percentage 
change of reflectance due to ±20% change in the sur face albedo. (c) The percentage 
change in retrieved LWP for the four possible combi nations of 20% changes in the 
surface albedo (see text for details). (d) The perc entage change in retrieved LWP 

when MODIS footprint is partially covered by open w ater surface instead of ice/snow. 
 
3.2 Sensitivity to IWP 
 
To test the sensitivity of reflectances to the IWP, we first calculated the reflectances of 
stratiform mixed-phase clouds with four different IWP values. Fig. 5(a) shows the modeled 
reflectances of the 1.24 and 2.13 µm MODIS bands as a function of cloud LWP for stratiform 
mixed-phase clouds with IWPs of 0, 10, 20, and 50 g/m2.The other parameters used in the 
calculations are: re = 7.3 µm, Dge = 47.0, θ = 3°, θ0 = 70° and φ = 60°. Consistent with the 
theory, these figures show large contributions in the reflectance from the ice phase when the 
cloud LWP < 50 g/m2, and as the LWP increases, although the total reflectance is mainly 
from the liquid layer. However, the cloud LWP in Arctic mixed-phase clouds are small (more 
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than 50% of clouds have LWP less than 50 g/m2) [19], so the ice contributions is critical to 
get reliable LWP for these mixed-phase clouds. Fig. 5(b) shows the relative reflectance 
change as a function of LWP for a 25% under- or over-estimation of IWP with a true value of 
20 g/m2. Fig. 5(c) shows the percentage error in the retrieved LWP due to the 25% error in 
the IWP. The figures show that an overestimation of IWP leads to overestimations of 
reflectances and an underestimation of the retrieved LWP and these errors decrease with 
the increasing cloud LWP. For clouds with LWP of 10 g/m2, a 25% error in the IWP of 20 
g/m2 leads to a> 50% error in the retrieved LWP, however, the error quickly decreases to 
below 10% when the cloud LWP reaches ~ 20 g/m2. 
 

 
 
Fig. 5.(a) Variations of MODIS 1.24 µµµµm band (blue) and 2.13 µµµµm band (red) reflectance 

as a function of mixed-phase cloud LWP for IWP valu es of 0 (thick solid), 10 (thin 
solid), 20 (dashes) and 50 (dash-dot) g/m 2. (b) The relative percentage errors in 

calculated reflectance due to ±25% errors in IWP wi th a true value of 20 g/m 2. (c) The 
percentage errors in the retrieved LWPs due to ±25%  errors in IWP with a true value of 

20 g/m 2 
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4. VALIDATION OF THE MIXED-PHASE RETRIEVAL ALGORITH M 
 
4.1 Validation Using Operational MODIS Retrievals o f Liquid Water Clouds 
 
The first step to validate the mixed-phase retrieval algorithm is to compare liquid-only cloud 
properties obtained from the current retrievals (simply by setting IWP = 0) with those from 
the operational MODIS retrievals. The operational MODIS retrieval algorithm, as explained 
previously, was primarily intended for retrieval of re and τ in plane parallel liquid water 
clouds. Thus the operational MODIS algorithm is ideally suited for retrieval of stratiform 
clouds over the ocean, which provides a homogeneous ocean surface. The operational 
MODIS retrievals were extensively validated [48-50]. With airborne in-situ data of the marine 
stratocumulus clouds off the coast of Chile from the Variability of the American Monsoon 
Systems’ (VAMOS) Ocean-Cloud-Atmosphere-Land Study Regional Experiment (VOCALS-
Rex), [51] further confirmed the high accuracy of MODIS re and τ retrievals.   Retrievals for 
marine stratiform clouds over East Pacific around 20 – 30°N and 120 – 140°W are selected 
for the comparison. 
 
Fig. 6 shows an example of the comparison between retrievals from the current algorithm 
and from the operational MODIS algorithm. Fig. 6(a) and 6(b) show true color image and 
11.03 µm brightness temperatures (BT), respectively. These images shows extended low 
level clouds over the ocean. The clouds around 22 – 24°N and 127 – 130°W have uniform 
cloud tops with BT  ~289K. The region to the east of 130°W appears to be stratocumulus 
clouds with pockets of open cells (POCs). High BT (291 – 293K) in the region also confirms 
the existence of open water surface in the POCs region. Clouds with higher cloud tops 
appear around 28°N, 126°W as shown by the colder br ightness temperatures. The black line 
in Fig. 6(a) represents the cross-section along which the results of the current retrievals are 
compared with the MODIS retrievals. Fig. 6(c–e)  show the variations of re, τ and LWP along 
the cross-section from south to north. The two retrievals show a good agreement and trace 
the increase and decrease in all the three parameters along the cross-section. For larger re, 
the current retrievals show positive biases in re and negative biases in τ. The large re 
variations that appear in both retrievals to the north of ~ 24.5°N are due to vastly non-
uniform clouds or partial cloud cover in the MODIS footprint. 
 
Fig. 7(a–c) shows the statistical comparisons of re, τ and LWP between the two retrievals for 
the marine boundary layer clouds using data from June, 2006 (~ 1200 MODIS footprints). 
The diamonds represent the mean values and the vertical bars represent the 1-standard 
deviation of the mean within MODIS bins. The dashed curve represents the relative 
frequency of occurrence of the data samples. Fig. 7(a) shows that ~64% of relie in the range 
of 11 -17 µm. There is a good agreement between the two retrievals with a correlation 
coefficient of 0.75. The current retrievals have mean biases of 1.7, 0.2 and 1.9µm relative to 
the MODIS retrievals for re< 11 µm, 11 µm < re< 17 µm and re> 17 µm, respectively. The 
retrieved τ and LWP show better agreements with the MODIS retrievals, with correlation 
coefficients of 0.94 and 0.95 for τ and LWP, respectively. 
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Fig. 6.A case study showing cloud properties retrie ved by the current algorithm and 
the operational MODIS algorithms for marine boundar y layer clouds in the East 

Pacific on July 17, 2006. (a) the MODIS true color image, (b) MODIS 11.03 µµµµm 
brightness temperature map, and retrieved (c) r e, (d) ττττ, and (e) LWP ( red for MODIS 
retrievals and blue for the current retrievals) alo ng the cross section shown by the 

black line in (a). 
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Fig. 7.Statistical comparisons of (a) r e, (b) τ and (c) LWP between the operational 
MODIS retrievals and the current retrievals for war m stratiform water clouds over 

Eastern Pacific Ocean. The mean and the standard de viation are shown by the 
diamond and the vertical lines, respectively. The d ot-dash lines indicate the relative 

occurrence frequency of samples for each cloud prop erties. 
 
4.2 Validation using Collocated Ground-Based Measur ements of Mixed-Phase 

Clouds 
 
Results in section 4.1 confirm that the forward model used in the mixed-phase retrieval 
algorithm can achieve consistent retrievals as the operational MODIS algorithm for warm 
marine stratiform clouds.  Here, we evaluate the algorithm performances for stratiform 
mixed-phase clouds with collocated ground-based multi-sensor measurements at the NSA 
site using measurements from March 2000 – October 2004. Since radiance measurements 
at visible MODIS bands are absent during winter, our analysis is restricted to measurements 
made between March and October. ACRF Millimeter Wavelength Cloud Radar (MMCR), 
Micropulse Lidar (MPL) and Microwave Radiometer (MWR) measurements and retrieved 
cloud properties were used to select the cases for the evaluation [22,52-54]. First, clouds are 
detected based on the Ze measurements from MMCR and backscatter power from MPL. 
Second, deep clouds (clouds with thickness greater than 5 km), high-level clouds (clouds 
with bases above 5 km) and multi-layered clouds (clouds present above the mixed-phase 
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layer) are excluded. To ensure the maximum cloud homogeneity, the selected cases were 
visually screened using brightness temperature measurements from MODIS 11.03 µm. 
Cloudy cases with BT temperature differences > 5 K were discarded in the analysis. Third, 
mixed-phase cloud layers were selected based on retrieved LWP/IWP and re/Dge for both the 
liquid and the ice phases with ACRF multi-sensor measurements. Finally, we collocate 
available MODIS measurements with ACRF measurements and retrievals to form a 
collocated database for algorithm development and validations. In order to better match the 
surface fixed site measurements with satellite measurements, we used the following 
temporal and spatial averaging.  The ground-based cloud properties were averaged over a 
5-minute period centered at the satellite overpass time and the MODIS measurements were 
averaged over a region within a 3- pixel radius from the NSA site. A total of 358 cases of 
single layer stratiform mixed-phase clouds were selected from March 2000 to October 2004, 
based on the above criteria. 
 
Because Cloud Stand CALIPSO measurements are only available in near nadir direction, 
the strategy of the validation with the collocated dataset is to use ground-based multi-sensor 
retrievals of ice phase properties (IWP and Dge) to replace 2C-ICE ice properties as inputs 
for the forward-model, and then to compare MODIS retrieved LWP with ground-base LWP 
measurements. The ice properties are retrieved from combined MMCR and MPL 
measurements [52]. Although, the uncertainty for individual data points could be high, the 
systematic biases are small [55]. Ground-based LWP measurements are derived from two-
channel MWR measurements [56]. ACRF operational MWR LWP retrievals is based on a 
statistical approach (hereafter referred to as ARM MWR LWP) [57], which could have high 
uncertainties for clouds with low LWPs and positive clear sky biases [58]. The calibration 
accuracy of the MWR is 0.3 K and the forward model is based on NOAA Wave Propagation 
Laboratory (WPL) microwave radiative transfer model described in [54,59] (here after 
referred as ARM-ground LWP) developed an improved statistical approach to improve low 
LWP retrievals from MWR measurements together with lidar determined liquid layer height 
and temperature. Errors in the MWR retrieved LWP are also associated with uncertainties in 
the dielectric properties of liquid water absorption in the microwave [60,61]. Considering 
these potential uncertainties, we use the two LWP retrievals to evaluate our MODIS-based 
mixed-phase cloud retrievals.  
 
Fig. 8 shows the comparison between MODIS retrieved LWP with the ARM-ground LWP 
(Fig. 8(a)) and with ARM MWR LWP (Fig..8(b)) at the NSA site. The mean values of LWP 
(bin size of 25 g/m2) are represented by the diamonds and the vertical bars represent one 
standard deviation from the mean value. The current mixed phase retrievals are shown in 
blue color and the operational MODIS retrievals are shown in red. Dashed curves in both the 
figures show the relative occurrence frequency of MWR LWPs. The LWP values vary from 
very low values of 5 g/m2 to values as large as 350 g/m2. However, the chance with LWP 
larger than ~ 200 g/m2 is very small and the data sample for these clouds is not sufficiently 
large to provide statistically significant comparison due to cloud spatial in homogeneity. The 
frequency distribution shows that the most of the stratiform mixed-phase clouds have LWPs 
in the range 20 – 90 g/m2, which agrees with the results from the year-long SHEBA 
campaign [15]. The figure shows that both the retrievals have high positive biases at low 
LWPs, however, the biases in the current mixed-phase cloud retrievals are smaller than 
those in the operational MODIS retrievals. One of the largest possible contributing factors for 
the large positive bias is the choice of surface albedo values. The NSA site is located at the 
northern edge of Alaska, less than a mile from the Arctic Ocean, in the fringe of the land-
ocean interface. Hence, the surface albedo value can change abruptly within a short 
distance. The retrieval algorithms, both the water-only MODIS and current mixed-phase 
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algorithms use the 1-km 16-day average albedo, which can introduce errors in the model 
calculated reflectances, especially for optically thin clouds (i.e. clouds with small LWPs) as 
discussed above. However, the negative bias in both the mixed-phase retrievals and the 
operational MODIS retrievals for large LWPs cannot be due to uncertainties in the surface 
albedo. However, it can be attributed to uncertainties in the MWR retrievals and errors 
arising from temporal and spatial in homogeneities. Another source for the discrepancies 
between the ground-based and the retrieved LWP can be attributed to cloud in homogeneity. 
Although the spatial and temporal averaging is applied to the two sets of LWPs, it is still 
difficult to minimize the problem totally.    
 

 
Fig. 8. Comparison of mixed-phase cloud LWPsbetween  satellite retrievals(blue- the 

new mixed-phase cloud retrievals; red-operational M ODIS retrievals)and ground-
based MWR measurements: (a) ARM-ground measurements , and (b) ARM MWR 

measurements 
 
Fig. 9(a–d) shows the distributions of stratiform mixed-phase clouds in the collocated 
database in terms of cloud top temperature (CTT) and LWPs from different retrievals. The 
red curves are the mean LWP values within 3ºC temperature bins from 0 to -20ºC. The 
LWPs from ARM Ground, ARM MWR and the mixed-phase algorithm show similar 
temperature dependence, increasing LWP from 0ºC to ~ -10ºC and decreasing gradually 
with temperature decrease thereafter, except LWPs from the operational MODIS algorithm. 
When CTT gets colder than -10ºC, ice crystals are often presented in super cooled liquid 
layers and the ice mass fraction increases significantly as temperature decreases (Shupe et 
al, 2006). Therefore, ice radiative contributions in the mixed-phase clouds increase as 
temperature decrease. This causes the operational MODIS LWPs biased higher than other 
observations at colder CTTs. 
 
Fig. 9 (e and f) show the temperature dependent LWP ratios (ratio of the satellite retrieved 
LWP to the MWR LWPs at the ARM NSA site). The LWP ratios are calculated separately 
with the ARM-ground LWPs (Fig. 9(e)) and the ARM MWR LWPs (Fig. 9(f)). Results clearly 
show that the LWP ratios for MODIS retrievals are larger than 1 and increase as the CTT 
decreases. The figures also show that the mixed phase retrievals provide significantly 
improved LWPs. Within the CTT range of -5 to -10ºC, the MODIS retrievals have a net 
positive bias of 35% in comparison to ARM-ground LWPs whereas the mixed-phase 
retrievals have only a net positive bias of ~ 10%. Similarly, MODIS positive biases are 
improved from 68% to 22% for mixed phase retrievals for clouds with CTT within -10 to -
20ºC. The comparisons with the ARM MWR LWPs also show positive bias in both retrievals, 
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but the magnitude of the biases are smaller than those compared with the ARM-ground 
LWP. However, as in the case of the ARM-ground LWP, the mixed phase algorithm show 
marked improvements in retrieved LWPs over the operational MODIS retrieval algorithm, 
especially in the temperature range of -5 to -20ºC. At colder temperatures, the total water 
path and liquid water path are smaller and result in smaller optical depths. As a result errors 
from albedo uncertainties increase for colder clouds. At the same time, increasing ice 
fraction with decreasing CTT could result in larger errors in LWP from IWP uncertainties. 
 

 
 

Fig. 9. Frequency distributions of stratiform mixed -phase clouds in 2-dimensional 
Temperature-LWP space for (a) ARM-ground, (b) ARM M WR, (c) the mixed-phase 
retrieval, (d) the MODIS liquid-only retrieval. The  bottom two panels show LWP 
ratiosbetween satellite retrievals and MWR retrieva ls: (e) ARM-Ground LWP and 

(f)ARM-MWR LWP.  Blue and red colors represent the mixed-phase retrievals and the 
MODIS liquid-only retrievals, respectively 

 
5. APPLICATION TO A-TRAIN MEASUREMENTS 
 
The evaluations above show that the mixed-phase algorithm can significantly improve 
stratiform mixed-phase cloud LWP retrievals. By combining the 2C-ICE ice cloud properties 
with MODIS measurements from the A-train satellite, we can apply the mixed-phase cloud 
algorithm globally to improve the retrievals of stratiform mixed-phase clouds. The 2C-ICE 
product combines CloudSat radar and CALIPSO lidar measurements to deal with lidar-only, 
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radar-only, and radar-lidar overlapped regions and is evaluated with large amount of in situ 
data [31,62]. Fig.10 shows an example of the retrievals of mixed-phase cloud with the A-
Train measurements. The radar and lidar profiles show clouds extending from ~ 500 m 
above MSL up to 2 km. The strong signals from CALIPSO at ~ 1.5 km and the 
corresponding low signals from CloudSat represent a clear signature of liquid water at the 
top. Strong attenuation of Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) 
signals by the liquid layer is also evident in Fig. 10(a). The ice virga underneath the liquid 
layer is shown by the Cloud Profiling Radar (CPR) Ze (Fig. 10(b)). Fig. 10(c) shows the 
spatial variations of IWP and LWP of stratiform mixed-phase clouds. From the lidar and 
radar image, the ice virga is observed from 69.40ºN to 70.35ºN. The largest differences in 
the LWPs between the operational MODIS retrievals and the current mixed-phase algorithm 
are observed over the regions with relatively high IWPs (69.60 – 69.75ºN and 70.3ºN), with 
MODIS retrievals having larger LWP than the current algorithm as expected. 
 

 
 

Fig. 10. A retrieval example of stratiform mixed-ph ase clouds using NASA A-train 
measurements. (a) CALIOP Total Attenuated Backscatt er (TAB) showing a well 

defined water-dominated layer, (b) CPR Z e, (dBZ) showing ice virga below the water-
dominated mixed-phase layer, and (c) LWPs retrieved  by operational MODIS retrievals 
(red) and current mixed-phase algorithm (blue). The  2C-ICE retrieved IWPs are shown 

in black in (c) with labels at right side of Y-axis  
 
Fig.11 shows statistical comparison between LWP retrievals from operational MODIS 
retrievals and the current mixed-phase cloud retrievals for stratiform clouds over the 
southern Ocean (55 - 65°S latitude) for measurement s made during January 1 – 5, 2007. 
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These statistical comparisons show that the operational MODIS retrievals have consistent 
overestimation of the LWP in mixed-phase clouds when compared with the current mixed-
phase cloud retrievals. Fig.11(a) shows that the positive bias in operational MODIS retrievals 
is larger than 50 g/m2 for clouds with LWP greater than 150 g/m2. Similarly, Fig. 11(b) shows 
that the LWP from operational MODIS retrievals are consistently larger and are   50% more 
than the LWP obtained from the current mixed phase retrievals for clouds with IWP > 
10g/m2. 
 

 
 

Fig. 11.(a) Comparison of LWP from the current mixe d-phase retrievals against LWP 
from operational MODIS retrievals at 15 g/m 2 bins for marine stratiform mixed-phase 
clouds in the Southern Ocean. The means and the sta ndard deviations are shown by 

triangles and vertical lines, respectively. (b) The  LWPs from operational MODIS 
retrievals (red) and the current mixed-phase retrie vals (blue) as a function of IWP. The 

means and the standard deviations are shown by tria ngles and horizontal lines, 
respectively. The black curve represents LWP ratio (LWPMODIS/LWPCurrent ). 

 
6. SUMMARY AND CONCLUSION 
 
A mixed-phase cloud retrieval algorithm was developed for stratiform mixed-phase clouds by 
using multi sensor measurements from the NASA A-Train satellites. Similar to the 
operational MODIS algorithm, the following main assumptions were used in the forward 
model: (1) plane-parallel atmosphere with a liquid water layer over an ice layer representing 
stratiform mixed-phase clouds. This simple stratiform mixed-phase cloud structure is 
confirmed by extensive ground-based active and passive measurements. (2) The surface is 
Lambertian with the surface albedo changing in a 16-day cycle based on MODIS 
measurements. (3) Rayleigh scattering by atmospheric molecules is negligible at 
wavelengths longer than 1 µm. Reflectance measurements at one non-absorbing and 
another absorbing (in relation to liquid and ice) MODIS bands were compared to the model 
calculated reflectance using DISORT with known ice properties from CPR and CALIOP 
measurements to simultaneously retrieve liquid-phase re and τ combination that minimized 
the difference between the observations and model calculations. LWP was calculated from 
the combination of re and τ.The error analyses suggest that retrieval accuracy of LWP is 
highly dependent on the accuracies of the surface albedo and IWP used for radiative 
calculations when LWP < 30g/m2. 
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First, the mixed-phase algorithm was tested by comparing the retrievals with the operational 
MODIS retrievals for warm marine stratiform clouds over Eastern Pacific Ocean by setting 
IWP as zero in the algorithm. Brightness temperature measurements from MODIS 11.03 µm 
band were used to avoid the presence of clouds above the stratiform deck. The comparison 
showed good statistical agreements in re and τ between the current retrieval method and the 
operational MODIS algorithm, with correlation coefficient of 0.75and 0.94 for re and τ, 
respectively. The retrieved LWPs had a correlation coefficient of 0.95. A positive bias was 
observed for LWPs larger than ~ 300 g/m2, which increased with increasing LWP values. 
 
Then, the retrieval algorithm was applied to stratiform mixed-phase clouds observed at the 
NSA site and was validated with collocated ground-based multi-sensor measurements. 
Because CPR and CALIOP get really close to the NSA site, ground-base lidar-radar 
retrievals of IWP and Dge were used together with MODIS measurements to retrieve LWP for 
these mixed-phase clouds. The satellite retrieved LWPs were compared with LWPs from 
ground MWR measurements.  Results show that the operational MODIS LWP retrievals are 
prone to large positive bias in the temperature range of – 5 to – 20ºC when treating the 
mixed-phase clouds as liquid-only clouds in these temperatures [61]. The mixed-phase 
algorithm provides better LWP retrievals than the operational MODIS retrievals when 
compared with the ground-based measurements, although there are still positive biases. The 
positive LWP biases were improved from 35% to 10% and 68% to 22% for mixed phase 
clouds with CTT ranges of -5 to -10ºC and -10 to -20ºC, respectively. The differences in the 
radiative properties of ice and water are the main reason that causes errors in the 
operational MODIS retrievals that assume liquid-only clouds for mixed-phase clouds. As a 
result, attributing the reflected radiation to water droplets result in the retrieved LWP as 
being different to not only the actual LWP, but to the cloud water path (sum of liquid water 
path and ice water path) as well. 
 
Finally, the algorithm was applied to stratiform mixed-phase clouds observed by the A-train 
satellites. The ice properties from the 2C-ICE product were combined with MODIS 
measurements to retrieve liquid-phase properties for stratiform mixed-phase clouds. Case 
studiesof mixed-phase clouds in the Arctic region and statistical comparison of mixed-phase 
clouds in the Southern Ocean by using a large dataset (~ 2500 MODIS footprints) showed 
that the algorithm provides expected improvements compared with operational MODIS 
retrievals. We will build a more universal look-up table to apply the algorithm to multi-year A-
train measurements to provide reliable LWPs for stratiform mixed-phase clouds on the global 
scale. Mean while, we have to explore other options with satellite measurements to improve 
the retrieval accuracies for optically thin mixed-phase clouds. 
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Appendix A: 
 
re (µµµµm) values used in the forward model: 
 
3.1, 4.2, 5.2, 6.3, 7.3, 8.4, 9.4, 10.4, 11.5, 12.5, 13.6, 14.6, 15.7, 16.7, 17.7, 18.8, 
19.8, 20.86, 21.9, 23.0, 24.0, 25.0, 26.1, 27.1, 28.2, 29.2, 30.3, 31.3, 32.3, 33.4, 
34.4, 36.4 
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