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Supplementary Methods: Atmospheric models. Five sets of atmospheric profiles were created: 

tropical, mid-latitude summer, mid-latitude winter, Arctic summer, and Arctic winter. The Arctic 

summer and Arctic winter profiles use radiosoundings made by Environment Canada at Eureka, 

Canada, obtained from the Integrated Global Radiosonde Archive (IGRA; Durre et al., 2006). 

For atmospheric pressure, temperature, and relative humidity, the mean values recorded by the 

radiosondes for summers and winters between 2006 and 2008 are used. The relative humidity is 

converted to partial pressure (ppmv), set to 5 ppmv above 10 km, and scaled so that the total 

precipitable water vapor agrees with measurements made by a microwave radiometer (Liljegren 

et al., 1996). The ozone profile was determined from the mean of several ozonesondes, scaled to 

agree with total ozone measurements (CRESTech, & MSC. World Ozone and Ultraviolet 

Radiation Data Centre (WOUDC) [Data]. Retrieved January 5, 2010, from http://

www.woudc.org). The CO2 amount was set to 390 ppmv. Other trace gas concentrations are 
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based on surface measurements made at Barrow, Alaska (CH4: Duglokencky et al., 2012; CO: 

Novelli et al., 2012 and N2O, F11, F12, and F113 from the NOAA/ESRL halocarbons in situ 

program), or on the subarctic winter standard model (McClatchey et al. 1972). The midlatitude 

summer and winter and the tropical model atmospheres use standard atmosphere models 

(McClatchey et al. 1972). Model atmospheric profiles extend from 0 to 60 km (although the 

maximum height used in simulations was between 25 and 60 km). Profiles are comprised of 

between 33 and 45 layers; more layers are needed for warmer, wetter atmospheres. For each 

simulation, the humidity was modified so that the RH was 100% at the cloud height. Profiles of 

temperature and humidity are shown in Supplementary Fig. 1. Approximate positions of model 

clouds are indicated by circles.

Supplementary Methods: Single scattering parameters. Indices of refraction were used to 

create single-scattering parameters as a function of effective radius and wavenumber. Single-

scattering properties were calculated using Mie theory in the manner described by Neshyba et al. 

(2003; see also references within), summarized as follows. The extinction efficiency, single-

scattering albedo, and phase function were computed for cloud droplets with radii spanning 

0.1-230 µm, at intervals of 0.0333 in log10 space. The single-scattering properties were then 

computed in a log-normal distribution about a geometric mean radius, rg, 

rg = re / exp 2.5 ln(σ g )( ) ,

where re specifies and effective radius and σg = 0.331 was chosen for these calculations. The 

distribution was truncated at ±4σg, which typically resulted in ~35 individual radii contributing to 

any given distribution. Gaussian quadrature was used to infer Legendre expansion coefficients 



from phase functions in such a way that the forward peak of the phase function matched the 

value of the phase function at 0.25° away from forward scattering (McFarlane et al., 2004).

Supplementary Methods: Radiance and Flux simulations.  Radiance and flux simulations 

make use of clear and cloudy-sky atmospheric optical depths. Clear-sky optical depths are 

calculated using each of the five model atmospheric profiles as input to the Line-By-Line-

Radiative-Transfer Program (LBLRTM version 11.6; Clough et al., 2005), using the HITRAN 

database for lineshape parameters (Rothman et al., 2005). Clouds are set in the model atmosphere 

layers in which temperatures are close to 263K, 253K, and 240K (except for the Arctic winter, 

for which the warmest tropospheric temperature is 249K). Cloud optical depth is calculated and 

combined with the corresponding (same atmospheric layer) clear-sky optical depth, for a variety 

of liquid water paths (LWP; 0.1 to 100 g m-2) and particle effective radii (5, 10, and 15 µm). 

These, together with the single-scattering parameters derived from the complex refractive indices 

(CRI), and other necessary parameters described below, are then inputted into a program for 

Discrete-Ordinate-method Radiative Transfer in scattering and emitting layered media (DISORT; 

Stamnes et al., 1988).

 DISORT was used to calculate cloudy-sky surface and top-of-atmosphere spectral fluxes for 

the entire hemisphere [in units of W m-2 (cm-1)] both at the TOA and at the surface. To maximize 

accuracy, both LBLRTM and DISORT are run in double precision, and at least 16 streams are 

used in DISORT. Spectral fluxes are calculated for the new, temperature-dependent CRI and for 

the 300K CRI (Downing and Williams, 1975; reference given in manuscript). 

 In preparation for running DISORT, single-scattering parameters corresponding to the desired 



CRI are interpolated to each effective radius and wavenumber.  The cloud LWP is converted to a 

wavenumber-dependent cloud optical depth. The cloud layer is selected based on the cloud 

height, and the cloud optical depth is combined with the clear-sky optical depth in this layer. Ice 

clouds are not included, and the sun is assumed to be below the horizon for all the simulations. 

The surface is assumed to be Lambertian. For the Arctic and midlatitude winter, an ice/snow 

surface is assumed, while for the tropical model an ocean surface is used (MODIS emissivity 

library: http://www.icess.ucsb.edu/modis/EMIS/html/em.html). For the midlatitude summer a 

surface emissivity model for the continental U.S. is used (45° latitude, 100° longitude; Seemann 

et al., 2007). 

Supplementary Results

Upwelling and downwelling flux differences are shown in Supplementary Tables 1 and 2, for 

clouds at 263K, 253K, and 240K (except for the AW model, for which the highest tropospheric 

temperature was 249K). The magnitudes of the flux differences increase with decreasing 

temperature, as the temperature-dependent CRI becomes increasingly different from the 300K 

CRI. The magnitudes of the flux differences decrease with increasing re. The largest effect on 

upwelling radiances is for the tropics, where the 300K CRI overestimates the flux, relative to the 

temperature-dependent CRI, by 1 to 3 W m-2 for re of 5 to 10 µm and cloud temperatures of 240 

to 253K. The largest effect on downwelling radiances is for similar clouds in the Arctic winter, 

for which the 300K CRI underestimates the flux, relative to the temperature-dependent CRI, by 1 

to 2 W m-2.



Supplementary Table 1. Differences in cloudy-sky downwelling flux due to complex refractive 

indices (CRI) used for supercooled liquid clouds. Flux differences are calculated at the surface 

over the spectral region 460 to 990 cm-1 for fluxes calculated using CRI measured at 300K minus 

those for temperature-dependent CRI, for a variety of atmospheric models: Arctic summer (AS), 

Arctic winter (AW), midlatitude summer (MS), midlatitude winter (MW) and tropical (TRP); 

cloud temperatures (T) and heights (H); liquid water paths (LWP; g/m2); and cloud droplet 

effective radii (re, µm).  
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AW 240 0.1 -1.50 -0.79 -0.38 -1.25 -0.88 -0.49 -0.93 -0.81 -0.50

AW 249 1.1 -1.67 -0.86 -0.39 -1.35 -0.95 -0.51 -0.99 -0.86 -0.51

AW 240 3.8 -1.61 -0.85 -0.41 -1.38 -0.95 -0.53 -1.06 -0.88 -0.55

MLW 263 2.5 -1.27 -0.47 -0.15 -1.09 -0.53 -0.21 -0.84 -0.50 -0.21

MLW 253 4.4 -1.48 -0.57 -0.20 -1.28 -0.66 -0.27 -0.99 -0.62 -0.28

MLW 240 6.5 -1.60 -0.67 -0.27 -1.41 -0.77 -0.37 -1.12 -0.73 -0.38

AS 263 3.2 -1.09 -0.38 -0.12 -0.95 -0.44 -0.16 -0.75 -0.42 -0.16

AS 253 5.0 -1.32 -0.49 -0.17 -1.16 -0.57 -0.23 -0.92 -0.54 -0.24

AS 240 6.2 -1.42 -0.56 -0.22 -1.27 -0.66 -0.29 -1.10 -0.63 -0.31

MLS 263 5.7 -0.59 -0.19 -0.05 -0.56 -0.23 -0.06 -0.45 -0.22 -0.07

MLS 253 7.3 -0.73 -0.25 -0.07 -0.68 -0.30 -0.10 -0.55 -0.29 -0.11

MLS 240 9.3 -0.83 -0.31 -0.12 -0.79 -0.39 -0.17 -0.65 -0.37 -0.18

TRP 263 7.7 -0.36 -0.11 -0.02 -0.35 -0.13 -0.03 -0.29 -0.13 -0.04

TRP 253 6.1 -0.44 -0.14 -0.04 -0.43 -0.18 -0.05 -0.35 -0.17 -0.06

TRP 240 9.7 -0.51 -0.19 -0.07 -0.50 -0.24 -0.10 -0.42 -0.24 -0.11



Supplementary Table 2. Differences in cloudy-sky upwelling flux due to complex refractive 

indices (CRI) used for supercooled liquid clouds. Flux differences are calculated at the surface 

over the spectral region 460 to 990 cm-1 for fluxes calculated using CRI measured at 300K minus 

those for temperature-dependent CRI, for a variety of atmospheric models: Arctic summer (AS), 

Arctic winter (AW), midlatitude summer (MS), midlatitude winter (MW) and tropical (TRP); 

cloud temperatures (T) and heights (H); liquid water paths (LWP; g/m2); and cloud droplet 

effective radii (re, µm).  
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AW 240 0.1 0.13 0.05 0.03 0.17 0.07 0.04 0.20 0.08 0.04

AW 249 1.1 -0.02 -0.03 -0.00 0.10 -0.01 0.00 0.20 0.02 0.01

AW 240 3.8 0.52 0.26 0.14 0.62 0.32 0.18 0.66 0.34 0.19

MLW 263 2.5 0.51 0.20 0.09 0.54 0.25 0.12 0.51 0.25 0.13

MLW 253 4.4 1.19 0.52 0.23 1.16 0.61 0.30 1.04 0.60 0.31

MLW 240 6.5 2.04 1.00 0.47 1.93 1.14 0.61 1.68 1.10 0.63

AS 263 3.2 0.66 0.26 0.11 0.67 0.31 0.14 0.61 0.31 0.15

AS 253 5.0 1.40 0.61 0.26 1.35 0.71 0.34 1.20 0.69 0.36

AS 240 6.2 1.99 0.93 0.18 1.88 1.07 0.24 1.63 1.04 0.58

MLS 263 5.7 1.18 0.46 0.18 1.13 0.54 0.24 1.00 0.53 0.25

MLS 253 7.3 2.08 0.90 0.38 1.92 1.02 0.49 1.65 0.99 0.51

MLS 240 9.3 3.15 1.50 0.70 2.88 1.71 0.90 2.41 1.63 0.93

TRP 263 7.7 1.31 0.53 0.20 1.25 0.60 0.26 1.10 0.59 0.28

TRP 253 6.1 2.24 0.99 0.40 2.07 1.10 0.52 1.76 1.06 0.54

TRP 240 9.7 3.36 1.65 0.74 3.06 1.81 0.95 2.56 1.73 0.98
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Supplementary Fig.1. Measurements of the imaginary part of the refractive indices of liquid 

water (lines) and hybrid model created from them (symbols).
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Supplementary Fig. 2. Atmospheric profiles of temperature (left panel) and water vapor (right 

panel) used for simulating fluxes for the tropical (Trop.), mid-latitude summer (MLS), Arctic 

summer (AS), mid-latitude winter (MLW), and Arctic winter (AW). Approximate positions of 

model clouds are indicated by black circles on the left hand panel (actual pressures/altitudes of 

clouds vary slightly with model).


