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Introduction 
The supporting information text provides equations to calculate the shortwave cloud forcing (SWCF) and the total water content (qt) which are necessary to perform the analysis in the main text. There is also an explanation on how measurements that are representative of the air that was entrained into the cloud top were identified. The supporting figures provide additional support for the results presented in the main text. 






Text S1. Case study selection
Only liquid phase and non-precipitating clouds are considered in this study, which were selected based on (1) measurements from a Particle Habit Imaging and Polar Scattering probe (PHIPS) (Abdelmonem et al., 2016; Schnaiter et al., 2018) and (2) clouds with droplet volumetric diameters below 20 µm throughout the vertical extent of the cloud. The RF10Thick case is considering a limiting case, as the volumetric diameters extend beyond 20 µm in diameter near cloud top; however, only a single 25 um diameter particle was observed on the PHIPS, suggesting minimal impact from drizzle. Furthermore, the maximum measured reflectance in this cloud layer, shown in Supporting Figure S2, is between -16 and -13 dBZ and close to previously published drizzle thresholds of -20 to ‑15 dBZ, where a reflectance greater than the threshold would indicate the occurrence of drizzle (Chin et al., 2000; Kato et al., 2001; Kogan et al., 2005). Droplet diameters remained relatively small, considering the depth of the RF10Thick cloud, because of the relatively high concentration of CCN that activated to form cloud droplets. The RF10Thick case is included in the analysis, to examine the sensitivity of the cloud properties to the high CCN concentration and illustrate the robustness of the mixing line approach in limiting conditions. In addition, the RF10Thick case is unique because the top and bottom portion of the profile were decoupled by an inversion that separated two cloud layers.
In Supporting Figure S2, a second cloud layer is shown above the RF10Thick cloud when the cloud radar was flipped to point up after the descent through the cloud. This upper cloud layer likely contains drizzle since radar reflectivity measurements are greater than the -20 to -15 dBZ drizzle thresholds present in previous publications (Chin et al., 2000; Kato et al., 2001; Kogan et al., 2005); however this second layer was not present upon entering the top of the RF10Thick cloud and therefore, may have not influenced the lower, measured cloud layer.
Text S2. Calculation of shortwave cloud radiative forcing (SWCF)
[bookmark: _Hlk483824747]The shortwave cloud radiative forcing (SWCF) is calculated as SWCF = αQ, where Q is the daily-average insolation and α is the cloud albedo. α is estimated using the following equation 
;					(1)
where  is the cloud optical depth defined as
[bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK20][bookmark: OLE_LINK21];				(2)
and  is the cloud droplet extinction (Figure 2d,h), H is the cloud height or thickness and g, the asymmetric scattering parameter, is approximated as 0.85 based on Mie scattering calculations for supermicron cloud drops. SWCF is calculated for both, simulated cloud extinction and extinction calculated from observed cloud droplet distributions.  

The simulated and observed cloud droplet size distribution is used to calculate the simulated and observed .  is proportional to the total droplet surface (Hansen & Travis, 1974; Stephens, 1978)and is calculated as,
								(3)
where r is the radius of the cloud droplet,  is the number concentration of cloud droplets with a radius of r, and  is the Mie efficiency factor, which asymptotically approaches 2 for water droplets at large sizes (r > 2 um). 

Text S3. Calculating In-Cloud qt with ENTML

Since both qt and θE are conservative variables, a mixing line can be used to calculate qt as a function θE. The mixing line equation is

,			(4)

where mmixingline is the slope of the mixing line and  is the y-intercept of the mixing line; both of which can be calculated using the measurement derived qv and θE at cloud base and of the entrained air measured above cloud. To determine the liquid water content (ql) the in-cloud calculated qv is subtracted from the qt derived from equation (4). A conversion from units of g kg-1 to g m-3 is then necessary to compare to the measured and simulated LWC. In cases when ql is greater than the adiabatic liquid water content then ql is changed to the adiabatic value as an upper limit. This occurs if the change in θE with qv (dθE dqv-1) in-cloud has the opposite sign as the slope of the mixing line.
Text S4. Identifying measurements used to represent entrained air properties
A mixing line is well established via measurements that extend from cloud base into the boundary layer inversion above the cloud. The above-cloud air that comprises the mixing line is identified as, 1) subsaturated and 2) measurements that continue the same trend (aka., same slope) from cloud base and above-cloud θE and qv measurements. The relative extent of the above-cloud entrained air depends on the strength and thickness of the inversion layer, above which there is a distinct deviation from the mixing line. The top of the inversion is identified by a change in the temperature gradient with height (z-1) in the form of a change from a positive to a negative slope. In a well-mixed boundary layer, the slope between θE and qv are the same for above and in-cloud regions; albeit with a systematic offset (not co-linear) in-cloud, as the mixing line is based on an estimated qt; and qt is the sum of the measured qv and adiabatic cloud liquid water content (ql). As in-situ measurements of qt are often not available, we demonstrate the usefulness of the mixing line approach to approximate the departure from an adiabatic air parcel. In this study, the mixing line approach is validated for the first time using in-situ measurements of qt. 

For the RF12 case, the mixing line method is well-defined, and it is clear from Figure 1a that the above-cloud measurements (grey markers with red outlines) are on the mixing line as they have the same slope of the θE and qv measurements taken below the cloud base as the mixing line even extends below-cloud. The temperature, and qv profiles for RF12 are shown in Figures S3c and S3h (red markers corresponding to the grey markers with red outlines in Figure 1a). From Figures 1a, S3c and S3h, it is clear that only the lower portion of the inversion layer measurements follow the mixing line. As mentioned earlier, qv and θE will be of similar slope but offset due to the conversion of water vapor to liquid water in-cloud. By definition, the mixing line does not extend to air masses above the inversion.
In a counter example, qv and θE measurements do not follow a continuous trend from below the cloud, through the cloud layer, and into the inversion layer. In such a case, we use the RF10Thick case (Figure 1b) to demonstrate the limits of the mixing line approach, which can still be used to approximate a minimum level of mixing and quantify a lower limit for assessing cloud optical properties. The entire inversion layer can be used as entrained air for RF10Thick because there is a monotonic (albeit increasing) trend in θE from cloud base to the inversion. 
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Figure S1. Updraft distributions (a), CCN spectra (b) and particle size (Dp) distribution measurements (c), from the UHSAS and CPC, that were used as input for the ACPM model.
[image: E:\Projects\SOCRATES\ACPM Paper\Response1\RF10P15thick cloud radar images\radar.NSF_NCAR_GV_HCR.201802080350.DBZ.png]
Figure S2. Radar reflectivity during descent through RF10Thick case. The top of the cloud shown in the RF10Thick case is at about 850 m (~2.8 kft). 
[image: ]


Figure S3. Vertical profiles of temperature (T) and specific humidity (water vapor content, qv) for each case. Above cloud entrained corresponds to the measurements labeled as ‘Entrained air’ in Figure 1 and S4.  
4
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Figure S4. The measurement derived qv and θE for the RF02 (a), RF10Thin (b) and RF13 (c) cases. The in-cloud fit is the in-cloud qv and θE calculated from linear fits of the temperature and pressure vertical profiles with the assumption that in-cloud RHliq = 100%. The above cloud measurements with red circles are the measurements that are used in the calculation to correct for the effect of entrainment on the cloud microphysical and optical properties (See Supporting text S3 and S4 for identifying entrained air properties and calculation details). The measurements marked as entrained air are assumed to be representative of the air properties that are entrained into the cloud. The black solid and dashed lines are mixing lines connecting the cloud base properties to three of the entrained air points and represent the expected total water content as a function of θE. The mixing lines shown represent the median and 25th, 75th percentiles in LWC and CDNC derived from all mixing lines and correspond to calculated LWC and CDNC profiles shown in Figure S5.  
[image: ] Figure S5. Observed and simulated cloud properties for the RF13 (a-d), RF10Thin (e-h) and RF02 (i-l) case. The observed properties were obtained from the CDP measurements, except for the extinction, which was calculated from the observed CDP distributions. The ENTLWC and ENTML Dv profile is identical to the adiabatic profile due to the assumption of inhomogeneous entrainment. By definition, the LWC for ENTLWC is the same as what was observed so there is no ENTLWC line on the LWC profile. The ENTML profile is dependent on the properties of the entrained air (red circles in Figure S4). The solid black line is the median LWC and CDNC from the distribution of profiles derived from the ENTML analysis (Section 2.5) and the dashed lines represent the 25th and 75th percentiles and correspond to the mixing lines shown in Figure S4. 
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Figure S6. Droplet volumetric diameter (Dv), liquid water content (LWC), cloud droplet number concentration (CDNC) and flight altitude above sea level are plotted against time of day and the horizontal distance traveled by the GV, calculated from the mean ground velocities. Mean ground velocities, calculated over the span of the plotted time series are (top) 115 m s-1 for RF02 and (bottom) 136 m s-1 for RF13. Smoothed CDNC are calculated as 30-second running averages of the 1-Hz CDNC.
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Figure S7. Radar reflectivity for hour consisting of the RF13 in-cloud leg shown in Figure S6.
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Figure S8. RF12 adiabatic simulated cloud thickness and optical thickness compared to SWCF. The day average shortwave forcing is the max possible SWCF.
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