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Abstract. A new retrieval scheme for cloud optical thick-

ness, effective radius, and thermodynamic phase was devel-

oped for ground-based measurements of cloud shortwave so-

lar spectral transmittance. Fifteen parameters were derived to

quantify spectral variations in shortwave transmittance due

to absorption and scattering of liquid water and ice clouds,

manifested by shifts in spectral slopes, curvatures, maxima,

and minima. To retrieve cloud optical thickness and effec-

tive particle radius, a weighted least square fit that matched

the modeled parameters was applied. The measurements for

this analysis were made with the ground-based Solar Spectral

Flux Radiometer in Boulder, Colorado, between May 2012

and January 2013. We compared the cloud optical thickness

and effective radius from the new retrieval to two other re-

trieval methods. By using multiple spectral features, we find

a closer fit (with a root mean square difference over the en-

tire spectra of 3.1 % for a liquid water cloud and 5.9 % for an

ice cloud) between measured and modeled spectra compared

to two other retrieval methods which diverge by a root mean

square of up to 6.4 % for a liquid water cloud and 22.5 % for

an ice cloud. The new retrieval introduced here has an av-

erage uncertainty in effective radius (± 1.2µm) smaller by

factor of at least 2.5 than two other methods when applied to

an ice cloud.

1 Introduction

Clouds strongly influence Earth’s radiative energy balance

by modulating the transfer of solar radiation through the at-

mosphere. Clouds reduce the globally and annually averaged

solar radiation absorbed at the surface by 53 Wm−2 and pro-

duce a net cooling of 21 Wm−2 (Allan, 2011). Cloud radia-

tive effects are governed by optical thickness (τ ), cloud parti-

cle effective radius (re), and thermodynamic phase (φ) (see,

for example, Key and Intrieri, 2000; Sun and Shine, 1995;

Wiscombe et al., 1984). Droplet size and water phase influ-

ence single scattering and absorption, primarily in the near-

infrared (NIR) region (Slingo, 1990; Twomey and Bohren,

1980; Wiscombe et al., 1984). For example, a liquid water

droplet scatters more strongly in the forward direction than

an ice particle of equivalent size (e.g., Baum et al., 2011).

Furthermore, differences in bulk liquid water and ice absorp-

tion in the NIR (between 700 and 2500 nm) have observable

consequences in cloud spectral reflectance and transmittance

that can be exploited to retrieve cloud thermodynamic phase

(e.g., Pilewskie and Twomey, 1987).

In the spectral region emitted by the sun, optical thick-

ness, particle size, and thermodynamic phase are most of-

ten retrieved using reflectance measurements (e.g., Nakajima

and King, 1990; Platnick et al., 2001; Twomey and Cocks,

1989). Radiation reflected at cloud top has been scattered by

particles in the uppermost regions of clouds, unlike transmit-

ted radiation which has interacted with particles throughout

the entire cloud layer. For this reason, transmittance-based
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retrievals are more representative of layer-average properties

(Platnick, 2000) than their reflectance-based counterparts.

Uncertainties in retrieved cloud optical thickness and ef-

fective radius from transmittance are often much larger

than from reflectance, particularly for thin clouds (Turner

et al., 2007). Large uncertainties arise in transmittance re-

trievals because the information content from inverse meth-

ods optimized for reflectance is reduced when applied to

cloud transmittance, particularly for particle size. This de-

mands new methods of extracting information based on the

unique physics of cloud transmittance, which is revealed

in the observed spectral signatures. Another problem with

transmittance-based retrievals is that optical thickness is not

uniquely defined for all given transmittance, requiring ad-

ditional information to retrieve optical thickness, such as if

the cloud is optically thin (smaller than 4) or optically thick

(larger than 4).

These problems have motivated the development of novel

retrieval approaches specific to cloud transmittance. Such ap-

proaches include the transmittance at two wavelengths for

a cloud overlying a vegetated surface (Chiu et al., 2010;

Marshak et al., 2004), the transmittance at two wavelengths

where condensed water absorption varies (Kikuchi et al.,

2006; Rawlins and Foot, 1990), differential optical absorp-

tion spectroscopy (DOAS) (Daniel, 2002; Daniel et al., 2003,

2006; Schofield et al., 2007), and the slope of transmittance

in selected spectral bands (McBride et al., 2012, 2011). Each

of these methods has limitations. For example, using trans-

mittance at wavelengths of differing condensed water ab-

sorption (Kikuchi et al., 2006; Rawlins and Foot, 1990) re-

sults in non-unique solutions of τ and re at optical thick-

nesses below 10 and large uncertainties in re at larger optical

thicknesses. DOAS requires either assumptions or measure-

ments of the photon path length to retrieve τ , re, and φ. The

method described by McBride et al. (2011) has higher sen-

sitivity to effective radius than others, yet it is susceptible to

systematic biases in absolute radiometric calibration and sur-

face albedo (Coddington et al., 2013) and has thus far been

applied to liquid clouds only.

The current work introduces 15 parameters that quantify

several spectral features of normalized cloud-transmitted ra-

diance that are sensitive to τ , re, and φ. This work is mo-

tivated by McBride et al. (2011) who derived one param-

eter: the spectral slope of transmittance between 1565 and

1637 nm to retrieved liquid cloud τ and re. In this work,

a wide-ranging spectral method is derived that incorporates

characteristics of the transmittance spectra that have not been

previously exploited in a retrieval scheme. Cloud-transmitted

radiance, or transmittance, is an inherent property of the

cloud and is quantified by below-cloud zenith radiance mea-

surements. Furthermore, the sensitivity of the 15 parameters

to instrument calibration biases is reduced by utilizing nor-

malized radiance. To find the most likely combination of τ ,

re, and φ we implement a two-step least-squares fit of mea-

sured parameters to modeled parameters. Thermodynamic

phase is retrieved first, followed by τ and re. In this work,

clouds are assumed to be either composed of pure ice or pure

liquid water and not a combination thereof. A quantitative

analysis of the retrieval scheme using the GEneralized Non-

linear Retrieval Analysis (GENRA; Vukicevic et al., 2010)

will be presented in a future work which will include an un-

certainty and sensitivity analysis of ancillary inputs.

Section 2 details the instrumentation and measurements

used in this work. Section 3 details the radiative transfer

model, the variance in radiance spectra due to changes in op-

tical thickness, effective radius, and thermodynamic phase,

and the 15 parameters. In Sect. 4, we introduce the retrieval

and analysis methods and apply the retrieval to measured

radiance spectra and compare the results to other retrieval

methods. Section 5 summarizes this work and presents its

important conclusions. Extra details of the case studies are

presented in Appendix A.

2 Instrumentation and measurements

Measurements of the spectral signatures of cloud transmit-

tance were taken with the Solar Spectral Flux Radiometer

(SSFR; McBride et al., 2011; Pilewskie et al., 2003). The

SSFR is typically used to measure upwelling and down-

welling spectral irradiance onboard airborne research plat-

forms (e.g., Kindel et al., 2010; LeBlanc et al., 2012). In this

study, the SSFR was deployed with a suite of instruments on

a rooftop observatory (Skywatch, http://skywatch.colorado.

edu/) located above the Duane Physical Laboratory at the

University of Colorado, Boulder (see Sect. 2.2).

2.1 Solar spectral flux radiometer

The ground-based SSFR used in this study has a spectral res-

olution of 8–12 nm and covers the wavelength range between

350 and 1700 nm (McBride et al., 2011). SSFR has two op-

tical inlets: one for measuring spectral downwelling irradi-

ance and the other for spectral zenith radiance. The radiance

light collector is composed of a collimating lens with a set of

baffles to restrict stray light from outside the narrow field-of-

view of 2.8◦. Stray light rejection was determined by rotat-

ing the light collector with respect to a collimated stable light

source at 50 cm. Stray light was rejected by a factor of 10−5,

below the noise floor of the SSFR (0.1–0.2 %; Pilewskie

et al., 2003). The radiance calibration was performed with

a NIST-traceable lamp illuminating a flat Spectralon panel of

known reflectance. The flat panel was viewed with the radi-

ance light collector at 45◦ from normal to the panel.

The accuracy of SSFR, determined using a NIST-traceable

lamp, is 3–5 % over the spectral range of SSFR. The SSFR

was calibrated at a calibration facility below the measure-

ment site three times over the course of the multi-month

measurement period, effectively bracketing the deployment

period. A change of 8 % was observed in successive absolute
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radiometric calibrations. Because of the large time gap be-

tween calibrations, rather than correct the data using updated

calibrations, which would have additional uncertainties due

to interpolation error, we estimated absolute accuracy to be

8 %, the conservative upper limit based upon the spread in

calibration curves. The spectrum-to-spectrum average varia-

tion, or precision, was much better at 0.01 Wm−2 nm−1 sr−1

(0.2 %) for a midvisible wavelength (near 500 nm), deter-

mined by the standard deviation of measurements from a sta-

ble light source.

When a radiance spectrum is normalized by its maximum

value (found to always lie between 451 and 490 nm) or by

its value at 1000 nm, accuracy depends on wavelength-to-

wavelength stability of the sensor. This stability is evaluated

by the relative change of each wavelength in the three ra-

diometric calibrations. The mean variation between radiance

evaluated at each wavelength and the maximum radiance was

4.6 % (or 1.1 % for normalizing by the radiance at 1000 nm).

This represents less variation throughout the measurement

period than the absolute radiometric accuracy. Finally, the

instrument was spectrally calibrated by measuring the output

from a HeNe laser, Hg lamp, and a NIR laser diode.

2.2 Skywatch observatory

The Skywatch observatory (http://skywatch.colorado.edu/)

hosts a number of instruments for measuring atmospheric ra-

diation and precipitation. The instruments that provided data

for this study are the pyranometer, pyrgeometer, ceilometer,

micro rain radar (MRR), sky webcam, and spectral sunpho-

tometer. The pyranometer and pyrgeometer measure broad

band downwelling irradiance in the wavelength ranges of

300 to 2800 nm and 4500 to 42 000 nm, respectively. The

ceilometer returns cloud base height by using a pulse diode

laser lidar system at 910 nm. The MRR is a K-band (24 GHz)

vertical profiler of hydrometeors. The sunphotometer is

a spectrometer system that tracks the sun and measures direct

sunlight in the wavelength range of 350–1050 nm. These cal-

ibrated instruments provide ancillary measurements for es-

timating the cloud thermodynamic phase and evaluating the

cloud homogeneity during SSFR measurement periods.

2.3 Satellite measurements

Coincident cloud observations were made with the Geosta-

tionary Operational Environmental Satellite (GOES, Minnis

et al., 1995) and the Moderate Resolution Imaging Spectrora-

diometer (MODIS, Platnick et al., 2003). For selected cases

studied in this work, cloud top height from GOES was avail-

able for 25 May 2012 and 6 August 2012, with a pixel size

of approximately 6 (km) at cloud top height. MODIS-derived

cloud top height, cloud optical thickness, and effective ra-

dius were available on 10 January 2013, with a pixel size

of 500 (m). We used the MODIS 16-day averages of sur-

face albedo (Schaaf et al., 2002) for determining the surface

albedo used in the radiative transfer modeling.

3 Radiative transfer simulations and description of

retrieval parameters

3.1 Radiative transfer model

The radiative transfer model used in this study is the N-

stream DISORT 2.0 (Stamnes et al., 2000) with SBDART

(Ricchiazzi et al., 1998) for atmospheric molecular absorp-

tion; both are publicly available within LibRadtran (Mayer

and Kylling, 2005). We varied optical thickness from 1 to

100 in increments of 1 to 10 for thermodynamic phase and

effective radius from 2.5 to 30 µm in 2.5 µm increments for

liquid drops and from 10 to 60 µm in 2.5 µm increments for

ice particles. For liquid water clouds, Mie scattering calcu-

lations were used to obtain the scattering phase function and

single scattering albedo of the cloud droplets (Evans, 1998;

Wiscombe, 1980). A gamma distribution with α = 7, typi-

cal for liquid clouds (Mayer and Kylling, 2005), was used to

represent the size distribution of the cloud droplets for each

value of effective radius. For ice crystals, we used the scatter-

ing models for the severely roughened general habit mixture

described by Baum et al. (2011). The scattering phase func-

tion was represented by a set of 256 Legendre coefficients

calculated using the method by Hu et al. (2000). We used

28 streams in DISORT 2.0 to model the spectral zenith ra-

diance. The use of more Legendre coefficients than streams

is accomplished by the truncation approximation developed

by Nakajima and Tanaka (1988), which is incorporated in

DISORT 2.0. The extraterrestrial solar spectral irradiance

was taken from Kurucz (1994) at 1 nm spectral resolution

and convolved to the slit function and spectral resolution of

the SSFR.

3.2 Ancillary inputs

Spectral radiance transmitted through clouds was modeled

using a set of ancillary inputs given by a prescribed spec-

tral surface albedo, cloud base altitude, cloud extent, and

atmospheric state. The atmospheric state is defined by the

profiles of number concentration of atmospheric gases, pres-

sure, temperature, and water vapor calculated from sound-

ings taken at the Denver airport for each day of interest (see

Appendix A). Even though τ , re, and φ control most of the

variance in radiance, these sets of ancillary inputs impact the

spectral radiance through multiple reflections of the below-

cloud radiation.

The accuracy and precision of the retrieved cloud proper-

ties depend on an accurate knowledge of the surface albedo

and atmospheric state for each measurement period. By

choosing conditions that occurred for each day during the

measurement, we seek to reduce this source of error. Of

the 3 days selected for case study, 2 days were in the
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spring/summer period (25 May 2012, 6 August 2012) when

surface albedo was dominated by vegetation. The remaining

day (10 January 2013) was in winter with a fresh snow albedo

(see Appendix A).

3.3 Modeled lookup tables (LUT)

A set of modeled radiance spectra for varying τ , re, and φ

(presented above) is used to build a grid of spectral parame-

ters (described in Sect. 3.5) commonly referred to as lookup

tables. The modeled radiance spectra were interpolated to

a finer grid in τ (resolution of 1) and re (resolution of 1 µm).

For each of these interpolated radiance spectra, we calculate

the 15 parameters. This LUT of parameters is calculated for

each case and multiple solar zenith angles with resolution

0.05 in cosine of the solar zenith angle, ranging from 0.6 to

0.75 for case A, 0.6 to 0.7 for case B, and 0.4 to 0.45 for

case C.

3.4 Variability in normalized radiance spectra due to

τ , re, and φ – physical basis

The spectral features in cloud transmittance that vary with

bulk absorption from liquid and ice (Fig. 1a), and its asym-

metry parameter spectrum (Fig. 1b) were chosen as the ba-

sis for deriving the 15 parameters. The bulk ice absorption

spectrum has local maxima that are shifted to longer wave-

lengths than maxima in liquid water absorption, themselves

shifted to longer wavelengths than the absorption maxima in

water vapor (Fig. 1a). Cloud-transmitted radiation at absorp-

tion maxima (for gas, liquid, and ice) is reduced more than

the radiation at the surrounding wavelengths. For absorp-

tion by cloud particle, this is also dependent on particle size.

Further reduction occurs due to multiple scattering within

the cloud, the amount of which depends upon cloud opti-

cal thickness. Asymmetry parameter is a measure of the ra-

tio of forward-scattering to back-scattering. The asymmetry

parameter for ice crystals is generally lower than for liquid

droplets of equivalent effective radius (see Fig. 1b), meaning

that radiance transmitted through an ice cloud is consistently

lower than radiance transmitted through a liquid cloud with

the same optical thickness.

By modulating scattering and absorption properties of

cloud particles, combinations of τ , re, and φ result in unique

cloud-transmitted radiance spectra (Fig. 1). In general, the

largest variability throughout the entire wavelength range,

outside of the gas absorption bands, is controlled by changes

in τ . By normalizing each radiance spectra by its maximum,

the broad range in magnitude due to τ (considered to be

the first-order dependence on τ ) evident in Fig. 2a is virtu-

ally eliminated in Fig. 2b. The broad range in magnitude in

the NIR (wavelengths longer than 700 nm) due to τ is also

eliminated when normalizing each radiance spectrum by its

value at 1000 nm. An added benefit of using normalized radi-

ance is the reduction in uncertainty from 8 % for radiance to

4.6 % for its maximum-normalized counterpart. In addition,

the change in magnitude of radiance spectra in the NIR due

to variation in solar zenith angles up to 80◦ is nearly elimi-

nated by normalizing the radiance spectra (not shown).

After normalization, the first-order dependence of the ra-

diance spectra on τ is removed, but variability in spectral

radiance linked to spectral features that differ for re, φ, and

τ remains. By normalizing the radiance spectra, spectral fea-

tures and shapes are amplified while the large-scale variation

in magnitude of the zenith radiance spectra is eliminated (see

Fig. 2). In some cases, the remaining spectral features, par-

ticularly in the NIR, become more distinct for normalized

radiance spectra than non-normalized radiance spectra. One

such case occurs for an ice cloud of τ = 10 (dashed red line),

which coincides in the NIR with a liquid cloud of τ = 50

(solid blue line) (Fig. 2a). However, once normalized, these

two clouds can be distinguished by their NIR spectral fea-

tures (Fig. 2b): location of the local maximum is at 1050 nm

for the liquid cloud (solid blue line) and at 1000 nm for the

ice clouds (dashed red line); lower magnitude in normal-

ized radiance near 1200 nm for the liquid than ice cloud; and

steeper spectral slope near 1600 nm for the liquid than ice

cloud.

Not all τ dependence is eliminated by normalization, espe-

cially at wavelengths near the liquid and ice absorption max-

ima in the NIR (see Fig. 1a). The effects of absorption in the

NIR are amplified with increases in τ , illustrated by the large

variability of normalized radiance in the NIR in Fig. 3. For

clouds with τ > 4, the radiance in the NIR decreases with in-

creasing τ and asymptotes to zero. The amount by which the

NIR radiance is decreased is due to the absorption by cloud

particles.

Not only does an increase in τ reduce the NIR-transmitted

signal, differences in spectrally dependent absorption also re-

sult in features that become more distinct with increases in τ

(Fig. 3). Transmittance is defined here as the transmitted radi-

ance normalized by top-of-cloud spectral radiance; note that

for our purposes, the features characterizing the transmitted

spectra would not change for either transmittance or trans-

mitted radiance normalized by the maximum signal but may

differ in magnitude; therefore cloud-transmitted normalized

radiance and transmittance are used interchangeably when

describing physical processes. As examples of spectral fea-

tures linked to differences in liquid and ice absorption, we ex-

amine three wavelength ranges: (1) 950–1100 nm, (2) 1150–

1350 nm, and (3) 1450–1650 nm. The location of the peak

radiance in region (1) shifts from 1000 to 1060 nm as τ in-

creases for liquid clouds (Fig. 3a). In the same wavelength

range, radiance transmitted through an ice cloud has a local

radiance minimum that deepens with increases in τ . Another

spectral feature is observed in normalized radiance transmit-

ted through ice clouds in the wavelength range (2) where ra-

diance at wavelengths longer than 1200 nm is preferentially

absorbed. As τ increases, the normalized radiance in re-

gion (2) changes from a convex shape with a local maximum
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a) b)

Figure 1. (a) Spectral bulk absorption coefficient and (b) asymmetry parameter for different thermodynamic phases of water. Notice the local

maxima offset between ice water, liquid water, and water vapor near 900, 1100, and 1400 nm. The bulk ice absorption coefficient has been

determined by Warren and Brandt (2008), while the bulk liquid water absorption coefficient has been determined by Cumming (2013). The

bulk water vapor absorption has been calculated using the HITRAN model described by Rothman et al. (2009) for an optical path length of

10 m with pure water vapor pressure of 15 hPa at 293 K (Ptashnik et al., 2004). The asymmetry parameters for liquid drops were calculated

from Mie scattering calculation following the methodology developed by Wiscombe (1980). Ice asymmetry parameter were obtained from

the scattering models for severely roughened general habit mixture described by Baum et al. (2011).

a)

b)

Figure 2. Modeled zenith radiance spectra transmitted through

clouds with a few combinations of optical thickness (τ ) for ice and

liquid water clouds with an effective radius (re) of 20 µm for the

atmospheric state and surface albedo defined for 25 May 2012 and

a solar zenith angle of 50◦. Top panel (a) shows the radiance spectra

in Wm−2 nm−1 sr−1 units and bottom panel (b) shows the radiance

spectra normalized by their maximum value (unitless). The radiance

minima centered at 760, 940, 1130, and 1400 nm represent gas ab-

sorption bands that are ignored in this work.

at 1230 nm to a concave shape with a local minimum. The

spectral feature in range (3) is a curved shape with a maxi-

mum near 1500 nm that flattens with increases of τ for both

ice and liquid clouds.

Since these spectral features are linked to absorption,

whenever the transmittance is entirely attenuated these fea-

tures disappear. This attenuation occurs at lower τ for ice

clouds than liquid clouds in the wavelength range 1500–

1600 nm (see Fig. 3). This is caused by higher ice absorption

than liquid in that wavelength range (see Fig. 1a). Transmit-

tance through ice clouds at 1250 nm is also entirely attenu-

ated at lower τ than at 1180 nm because of higher absorption

at 1250 nm than 1180 nm.

For clouds with τ < 4, where radiance in the mid-visible

is still increasing with τ , the normalized transmitted radi-

ance spectra show an influence from molecular scattering.

The spectra in Fig. 3a for τ = 0.2 matches more closely

the clear sky spectra, which is inversely proportional to the

fourth power of the wavelength, than the normalized radiance

spectra for τ = 100, which is roughly proportional to the in-

verse of the wavelength. As τ is reduced, the magnitude of

signal at wavelengths between 550 and 700 nm decreases and

its slope becomes more negative until they match the spec-

trum of clear sky. The clear sky spectrum (green spectrum

in Fig. 3a) is entirely dependent on scattering by molecules

(Rayleigh scattering) and the solar zenith angle. The slope of

the spectrum in the visible is proportional to τ until scattering

by cloud particles dominates scattering by molecules. This

transition occurs at lower τ for ice clouds (near 1) than liq-

uid clouds (near 2), obscured by radiance transmitted through

www.atmos-meas-tech.net/8/1361/2015/ Atmos. Meas. Tech., 8, 1361–1383, 2015
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a) b)

Figure 3. Normalized radiance spectra for liquid (left) and ice (right) clouds with an re of 20 µm and τ varying from 0.2 to 100 (where darker

colors denotes optically thicker clouds). A clear sky normalized radiance (denoted in green) is added for comparison to the optically thinnest

clouds. Three wavelength ranges with spectral features are indicated by the grey curly brackets.

Figure 4. Normalized radiance spectra transmitted through liquid

and ice clouds of τ of 30 and re ranging from 2 to 30 µm for liquid

clouds and 10 to 60 µm for ice clouds. Darker orange lines repre-

sent radiance spectra transmitted through larger ice particles. Darker

blue lines represent the radiance spectra transmitted through larger

liquid cloud droplets. Three wavelength ranges with spectral fea-

tures are indicated by the grey curly brackets.

optically thicker clouds in Fig. 3. After this transition, the

slope of normalized radiance in the visible varies less and

depends on τ , re, and φ, rather than on molecular scattering.

Similar results are also observed by Brückner et al. (2014),

where instead of a slope in the mid-visible, they used a ratio

of transmittance at 450 and 680 nm.

The normalized spectra are modified by φ and re, espe-

cially in the three wavelength ranges which show variations

with τ . Changes of normalized radiance due to φ and re,

when τ is kept constant, can be observed in Fig. 4. Outside

of these three wavelength ranges and gas absorption bands,

transmittance through both liquid and ice clouds overlaps for

all cloud particle sizes except for particles smaller than 5 µm.

In the three wavelength ranges, ice and liquid clouds can be

distinguished by the shape and magnitude of the transmit-

tance. Transmitted normalized radiance for ice clouds has the

largest dynamic range with re in the wavelength regions (1)

and (2), while for liquid clouds it varies the most with re
in the wavelength region (3) (see Fig. 4). In the wavelength

range (1), the local minimum observed for ice clouds deep-

ens as cloud particle sizes increase, whereas liquid water

cloud transmittance does not produce a local minimum. For

the spectral range (2), radiance transmitted through a liquid

cloud with distinct re (denoted by the thin lines with different

shadings of blue in Fig. 4) varies only by the mean magni-

tude. In the same range, the peak signal at 1230 nm for ice

clouds (denoted by different shadings of orange in Fig. 4)

vanishes for largest re, resulting in a concave shape. Radi-

ance in (3) asymptotes to 0 for ice clouds but not for liq-

uid water clouds. The magnitude and spectral slope of liquid

water cloud normalized radiance in (3) are reduced as re in-

creases.

3.5 Definition of spectral parameters

To quantify the spectral features discussed in Sect. 3.4, we

introduce 15 parameters, designated by η1 through η15, with

distinct spectral transmittance characteristics that will be

used to infer cloud properties. The features represent the

largest patterns of variations (outside of those due to wa-

ter vapor) that were observed in a set of over 800 000 cloud

transmittance spectra spanning 15 days. In order to minimize

the influence of water vapor on the cloud retrieval, wave-

length ranges were restricted to those where water vapor ab-

sorption changed the signal by less than 5 % for precipitable

water ranging from 0 to 40 mm. This is a far larger range of
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S. E. LeBlanc et al.: Cloud property retrieval using transmitted spectra 1367

Figure 5. Radiance spectra normalized by its value at 1000 nm for liquid (left) and ice (right) clouds with re = 20 µm and τ varying from 1 to

100 (where darker colors denote optically thicker clouds). Three spectral features, which vary with changes of τ (see text), are quantified by

the first three parameters, η1, η2, and η3. The normalized radiance that contribute to calculating η1, η2, and η3 are highlighted with a thicker

line for a few radiance spectra with varying τ and are indicated by the numbers 1, 2, and 3, respectively. The shaded areas indicated by 1

overlap for different optical thickness. To increase visibility of the smaller shaded areas (denoted by lighter blues and darker oranges), these

are plotted in front of the larger shaded areas.

precipitable water observed over Boulder, where the mean is

about 11 mm.

The largest variability in spectral features is found in the

three wavelength regions identified in Figs. 3 and 4 and

has been quantified by 13 of the 15 parameters, where both

absorption and scattering processes modulate transmittance.

The transmitted radiance in a subset of wavelengths used to

calculate the first three parameters are highlighted in Fig. 5.

The first spectral feature is the peak radiance in the wave-

length range (1). It is quantified by the curvature of the radi-

ance spectrum, normalized by the radiance at 1000 nm, and

denoted by parameter 1, or η1. The curvature is calculated

from the area bounded by the normalized radiance and a lin-

ear interpolation between 1000 and 1100 nm and is the sum

of the difference between the normalized radiance and the

linear interpolation at every wavelength. It is represented by

the shaded area in Fig. 5. As τ increases, the shaded area for

liquid clouds increases (for ice clouds it decreases), which

consequently increases (decreases) η1. The change in spec-

tral normalized radiance transmitted through ice clouds in

(2), which is transformed from convex to concave curva-

ture around 1230 nm as τ increases, is quantified by the sec-

ond parameter, η2. This parameter is the spectral derivative

of transmitted normalized radiance at 1200 nm, at the edge

of the convex/concave shape with a maximum/minimum at

1230 nm. η2 is identified by “2” and is highlighted to illus-

trate the trend with varying τ for ice clouds in Fig. 5. The

spectral feature in (3), the curvature, is diminished as τ in-

creases. This spectral feature is quantified with parameter η3.

η3 is defined by the spectral derivative of transmitted normal-

ized radiance at 1500 nm, which decreases with increasing τ

for both ice and liquid clouds.

Ten more parameters were defined to quantify the similar

spectral features in the three wavelength ranges. η7, η9, η12,

and η13 are defined within region (1) by the mean magnitude

of normalized radiance (η7), the slope of the spectral deriva-

tive (η9), the value of the normalized radiance at one wave-

length (η12), and the ratio of radiances at two different wave-

lengths (η13). In region (2), three additional parameters were

defined by the ratio of radiances at two different wavelengths

(η4), the mean magnitude of normalized radiance (η5), and

the slope of the spectral derivative (η10). For region (3), η8

quantifies the curvature by the same method described for

η1. In addition, η6 and η15 quantify the mean normalized ra-

diance and the spectral slope in region (3), respectively. The

equations used calculate all 15 spectral parameters, and short

descriptions of the spectral parameter with expected behavior

are listed in Table 1.

The characteristics in a fourth spectral region, between

530 and 610 nm, exhibiting spectral variability in cloud trans-

mittance are the basis for defining an additional parameter.

For clouds with τ < 4, the spectral slope in this regions be-

comes progressively more negative and the magnitude of

transmitted normalized radiance decreases as τ decreases,

until it reduces to the clear sky spectrum (see Fig. 6a). η11

quantifies the spectral slope of normalized radiance between

530 nm and 610 nm, highlighted in Fig. 6a. The slopes calcu-

lated from these and other normalized spectra increase with τ

until a maximum is reached (see Fig. 6b) at a value of τ ∼ 3

for ice clouds and τ up to 7 for liquid clouds. The spectral be-

havior in this fourth spectral region is modulated by changes

in scattered radiation.
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Table 1. Definition, wavelength range used, and expected behavior for the 15 spectral parameters. Lλ indicates the radiance evaluated at

a wavelength, λ, in microns. The function lin(y;λ= a.b) describes the linear fit of values evaluated at λ= a and λ= b, where y represents

any variable that is calculated from the radiance spectrum. The function m(y)|bλ=a describes the slope of y evaluated over the range of λ= a

to λ= b. The average value of y over the range of λ= a to λ= b is presented as 〈y〉|bλ=a . In addition to defining each spectral parameter by

the symbol η1 through η15, other symbols are used to provide additional insight into the calculation of the parameter. For parameters defined

by a measure of the curvature of radiance, Cλ is used, where a convex curvature represents a slope that decreases with increasing wavelength

and concave curvature for a slope that increases with increasing wavelength. The spectral derivatives of the normalized radiances are denoted

by ∂
∂λλ

. When this derivative, as a function of wavelength, is fitted to a line, its slope is represented by ∂2

∂λ2
λ

. The slope of this derivative over

a wavelength range is roughly equivalent to the average second derivative over the same wavelength range, but differences may result from

the linear fitting process. Slopes, ratios, mean, and normalized radiances are presented as slλ, rλ, 〈R〉λ, and Rλ, respectively, with λ denoting

a representative wavelength in microns where the features are quantified.

Wavelength(s) Calculation Method Units Description and expected behavior

(nm)

η1 1000–1100 C1.0 =

1.1∑
λ=1.0

[
L(λ)
L1.0
− lin

(
L(λ)
L1.0

)∣∣∣1.1
λ=1.0

]
Curvature – At τ > 30, the curvature is positive for liquid clouds and

negative for ice clouds. Separation between ice and liq-

uid clouds is larger for larger re. Positive values rep-

resent a convex shape, while negative values represent

a concave shape.

η2 1200 ∂
∂λ1.2
=

∂
∂λ
L1.2
L1.0

Derivative µm−1 Not dependent on τ and re for liquid clouds but be-

comes more negative for ice clouds as τ and re are in-

creased.

η3 1500 ∂
∂λ1.5
=

∂
∂λ
L1.5
L1.0

Derivative µm−1 Sensitive to differences in ice and liquid cloud with τ <

10. η3 decreases as re decreases and τ increases.

η4 1200 and 1237 r1.2 =
L1.2
L1.237

Ratio – Dependent on τ and re for ice clouds, especially for τ >

30, but not for liquid cloud. Increases with increasing of

ice clouds.

η5 1245–1270 〈R〉1.25 =

〈
L(λ)
Lmax

〉
|
1.27
λ=1.245

Mean – Dependent on cloud water content independent of φ.

Decreases with increasing water content.

η6 1565–1640 〈R〉1.6 =
〈
L(λ)
Lmax

〉
|
1.64
λ=1.565

Mean – Dependent on τ , re, and φ for τ < 30. Decreases with

increasing τ . Larger decrease for ice cloud than liquid

cloud.

η7 1000–1050 〈R〉1.0 =
〈
L(λ)
Lmax

〉
|
1.05
λ=1.0

Mean – Dependent on cloud water content, with only small vari-

ation due to φ as compared to variations due to τ .

Decreases with increasing water content for ice cloud

τ > 10 and liquid cloud τ > 20.

η8 1490–1600 C1.6 =

1.6∑
λ=1.49

(
L(λ)
L1.0
−

lin

(
L(λ)
L1.0

∣∣∣1.6
λ=1.49

)) Curvature – Decreases with increasing τ . Clear separation between

ice and liquid cloud and re at τ < 30. Positive values

represent a convex shape, while negative values repre-

sent a concave shape.

η9 1000–1080 ∂2

∂λ2
1.0

=m

(
∂
∂λ
L(λ)
L1.0

∣∣∣1.08

λ=1.0

)
Slope of

derivative

µm−1 nm−1 Increases with increasing ice cloud τ but decreases with

increasing liquid cloud τ . These changes are amplified

as re increases. Positive values only for ice cloud.

η10 1200–1310 ∂2

∂λ2
1.2

=m

(
∂
∂λ
L(λ)
L1.0

∣∣∣1.31

λ=1.2

)
Slope of

derivative

µm−1 nm−1 Only ice clouds produce positive values. Increases with

increasing ice cloud τ and decreases with τ in liquid

clouds for τ < 50.

η11 530–610 sl0.55 =m

(
L(λ)
Lmax

∣∣∣0.61

λ=0.53

)
Slope µm−1 Largest gradient due to τ occurs at τ < 4. Dependence

on re and solar zenith angle for τ > 10.

η12 1040 R1.04 =
L1.04
Lmax

Normalized ra-

diance

– Smaller variations due to re than η7. Decreases with de-

creasing τ for clouds of τ > 20.

η13 1000 and 1065 r1.0 =
L1.0
L1.065

Ratio – Decreases with increasing liquid cloud τ and re. In-

creases with increase in ice cloud τ .

η14 600 and 870 r0.6 =
L0.6
L0.87

Ratio – Most sensitive to τ for clouds with τ < 20. Little vari-

ation due to liquid re compared to variations due to τ .

Larger variations due to ice re than τ .

η15 1565–1634 sl1.6 =m

(
L(λ)
L1.565

∣∣∣1.634

λ=1.565

)
Slope µm−1 Increases with increase in τ and re. Larger increase for

ice clouds than for liquid clouds same parameter intro-

duced by McBride et al. (2011) but calculated from nor-

malized radiance and not transmittance.
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a) b)

Figure 6. (a) Normalized transmitted radiance of liquid water clouds of varying optical thickness and effective radius of 20 µm and (b) the

slope of normalized radiance for the wavelength range of 530–610 nm, η11, as a function of τ for ice and liquid clouds, evaluated for three

different effective radii. In (a), the slope in the visible is identified by the highlighted region. The normalized radiance spectra and the η11

calculated from them were modeled with ancillary inputs based on 25 May 2012 for a solar zenith angle of 50◦.

3.6 Dependence on thermodynamic phase, optical

thickness, and effective radius

The dependencies of the 15 parameters (Sect. 3.5; Table 1)

on τ for ice clouds (dashed) and liquid clouds (solid) and

for three different particle sizes are shown in Fig. 7. The

accuracy for each of the parameters is estimated by propa-

gating the measurement accuracy through the formula in Ta-

ble 1. Modeled spectra are evaluated with the variation of

SSFR’s three radiometric calibrations and their related preci-

sion (Sect. 2.1). The standard deviation of the set of spectral

parameters calculated from these modeled spectra is repre-

sented by the shaded area for each parameter in Fig. 7.

Parameter sensitivity to τ , re, and φ is larger than the

measurement uncertainty (see Fig. 7) for several parame-

ters, clearly establishing their suitability for distinguishing

cloud properties. For clouds with τ < 10, the most appropri-

ate parameters are η3, η8, and η10 ( ∂
∂λ1.5

, C1.6, and ∂2

∂λ2
1.2

).

For clouds with τ > 10, the spectral parameters η6 and η15

(〈R〉1.6 and sl1.6) have the largest sensitivity to τ and re. The

most suitable parameters for ice clouds are η1, η2, and η9

(C1.0, ∂
∂λ1.2

, and ∂2

∂λ2
1.0

). The largest sensitivity to τ , regard-

less of re and φ is found in η11 (sl0.55).

3.6.1 Thermodynamic phase

Thermodynamic phase is the largest contributor to the vari-

ability in η1, η2, η4, η9, η10, and η13 (C1.0, ∂
∂λ1.2

, r1.2, ∂2

∂λ2
1.0

,

∂2

∂λ2
1.2

, and r1.0, respectively). This is shown by the separabil-

ity between the values of these parameters evaluated for a liq-

uid cloud compared to an ice cloud (see Fig. 7). These pa-

rameters exploit spectral features that depend on cloud phase

in the wavelength ranges (1) and (2); see Fig. 4. The dif-

ferences between spectral features for each cloud thermo-

dynamic phase are due to variations in absorption, which

are more pronounced for the largest optical thicknesses, and

changes in scattering properties to which clouds with the

smallest optical thickness are the most sensitive.

The parameters η1, η9, and η13 (C1.0, ∂2

∂λ2
1.0

, and r1.0) quan-

tify spectral features in the wavelength range (1). Along with

η1, η9 also calculates the curvature but by the slope of spec-

tral derivative, where negative values of η1 and positive val-

ues of η9 are attained only by ice clouds. Values of η13 lower

than 1 are obtained by normalized radiance spectra transmit-

ted through liquid clouds.

In the wavelength range (2), the transmittance for either

ice and liquid water cloud result in large differences in the

parameters η2, η4, and η10 ( ∂
∂λ1.2

, r1.2, and ∂2

∂λ2
1.2

). Values of

η2 for liquid water clouds are never lower than −0.35 µm−1

and vary little, whereas only ice clouds values as low as

−21.2 µm−1 (Fig. 5). The large change in η2 for ice clouds

compared to liquid water clouds is due to a local maximum

of absorption slightly longward of 1200 nm for ice but not

for liquid water. These values hold for the ranges in surface

albedo, cloud base height, atmospheric state, and solar zenith

angle represented during the cases of 25 May 2012 and 6 Au-

gust 2012. Another measure of the spectral feature in (2) is

the ratio of radiance at 1200 and 1237 nm (η4), which in-

creases to as high as 18.8 with increases in ice cloud τ but

varies much less with changes in liquid water cloud prop-

erties. The signal-to-noise ratio of η4 is reduced below 1

for large ice cloud τ where the radiance at 1237 nm is en-

tirely attenuated. The curvature of normalized radiance in

(2), quantified by η2, is also quantified by the slope of the
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Figure 7. The value of the parameters η1 through η15 as a function of optical thickness for three effective radii (colors) for liquid (solid) and

ice (dashed) clouds. The shading surrounding each line denotes the standard deviation of the variability in the parameters due to measurement

uncertainty (see text).

spectral derivative, η10, which increases (decreases) with op-

tical thickness for ice (liquid) clouds. When transmittance is

nearly entirely attenuated (τ > 40), the concave and convex

shapes become less pronounced; therefore, η10 decreases for

ice clouds and increases for liquid clouds.

3.6.2 Optical thickness

Parameters η3, η5, η6, η7, η8, η11, η12, η14, and η15 ( ∂
∂λ1.5

,

〈R〉1.25, 〈R〉1.6, 〈R〉1.0, C1.6, sl0.55, R1.04, r0.6, and sl1.6) are

most sensitive to changes in τ . At τ < 5, scattered radiation

is the primary contributor to change in η5, η6, η7, η11, η12,

and η14, and it varies with τ (see Fig. 7). Of these parame-

ters, η5, η6, η7, and η12 quantify the magnitude of transmitted

normalized radiance in all three wavelength ranges. Of the re-

maining parameters η14, quantifies the same spectral feature

presented in Fig. 6 and is quantified by η11. Unlike η11, the

influence of the underlying surface albedo on η14 increases

with increasing τ at τ > 5, as expected by the physical pro-

cess described by Chiu et al. (2006).

For τ > 5, the spectral features that are quantified by η3,

η5, η6, η7, η8, and η12 ( ∂
∂λ1.5

, 〈R〉1.25, 〈R〉1.6, 〈R〉1.0, C1.6,

and R1.04) are increasingly dominated by absorption. This

causes a reduction in the magnitude of normalized radiance,

evaluated by η5, η6, η7, and η12. η3, η8, and η15 ( ∂
∂λ1.5

,C1.6,

and sl1.6) quantify the change in (3) due to ice and liquid wa-

ter absorption, which is enhanced with increasing τ due to

higher-order scattering. When the shape of transmitted nor-

malized radiance flattens, η3 and η8 decrease while η15 in-

creases.

3.6.3 Effective radius

Effective radius contributes to variability in all 15 parame-

ters. In particular, η1 to η10, η12, η13, and η15 quantifies the

spectral features that are linked to absorption modified by re,

while η3 and η5 to η8, η11, and η15 quantifies the changes in

the spectral features due to the changes in scattering proper-

ties of different re. η1, η2, η3, η4, η9, η10, η13, and η15 (C1.0,
∂

∂λ1.2
, ∂
∂λ1.5

, r1.2, ∂2

∂λ2
1.0

, ∂2

∂λ2
1.2

, r1.0, and sl1.6) quantify spectral

features that are unique to absorption, which increases with

particle size at any one τ . In the wavelength range (1), the

separation between liquid water and ice values of η1, η9, and

η13 increases with re. η2, η4, and η10 parameterize the trans-

mittance feature in (2) linked to re-dependent ice particle
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absorption but not liquid water absorption. For η15, absorp-

tion decreases from 1565 nm towards longer wavelengths

(McBride et al., 2011), resulting in a dependence on re, also

quantified by η3 in the same wavelength region. Cloud par-

ticle size affects η3, η5, η6, η7, η8, and η12 ( ∂
∂λ1.5

, 〈R〉1.25,

〈R〉1.6, 〈R〉1.0, C1.6, and R1.04) by modulating the spectral

features through scattering and absorption. These spectral

parameters are consistently higher at any one τ and φ for

the smallest re, regardless if it is scattering or absorption that

dominates.

4 Retrieval methodology

For any zenith radiance spectrum, a single spectral parameter

is insufficient to derive τ , re, and φ. Multiple spectral param-

eters can be used to first identify thermodynamic phase (φ),

followed by another procedure employing additional param-

eters to derive τ and re. Eq. (1) is the statistic, χ2(τ,re,φ),

used to retrieve τ and re from a weighted least-squares fit

between modeled and observed values of all 15 parameters

(i = 1,2,3, . . .,15). The retrieval is defined at the closest

match (minimum in χ2) between measurement-derived pa-

rameters, ηi , and the parameters derived from forward-model

LUT η∗i (τ,re,φ) at cosine of the solar zenith angle closest to

that of the observation.

χ2(τ,re,φ)=

15∑
i=1

1

wi

(
ηi − η

∗

i (τ,re,φ)
)2

(1)

In order to properly weight the contributions from each pa-

rameter, a factor, wi , is derived from the full range of the

parameters, Pi . Not all parameters can be determined with

equal certainty; therefore, the measurement uncertainty,1ηi ,

of each parameter is also included in the weighting factor in

a manner similar to Wan and Li (1997), where the most un-

certain parameter has lowest influence on the solution.

wi =1ηiPi (2)

Pi =max(η∗i (τ,re,φ))−min(η∗i (τ,re,φ)) (3)

Therefore, the maximum contribution of each parameter

to χ2(τ,re,φ) is 1; the theoretical maximum value of

χ2(τ,re,φ) is 15. The full range of each parameter is ob-

tained by the maximum and minimum of the LUTs.

The retrieval process consists of two steps. In the first

step, thermodynamic phase, φ, can be discriminated by using

a single parameter or with the combination of all 15 parame-

ters. η1, η2, η4, η9, η10, and η13 (C1.0, ∂
∂λ1.2

, r1.2, ∂2

∂λ2
1.0

, ∂2

∂λ2
1.2

,

and r1.0) return unique values for either ice or liquid clouds

for clouds with optical thickness larger than 10. Positive val-

ues for η9 and η10, negative values for η1, and values below

−0.35 µm−1 for η2 are unique to ice clouds for the environ-

mental conditions (ancillary inputs) described in Sect. 3.2. If

any of these six parameters have values unique to ice clouds

with τ > 10, the cloud thermodynamic phase is therefore ice,

and the retrieval process moves on to the second step. Out-

side this range, both ice and liquid water clouds produce the

same parameters, and thus φ cannot be discriminated with

a single parameter. For all clouds with τ lower than 10 (as

re increases, this cutoff in τ decreases), a combination of all

15 parameters is used to determine φ by the best-fit LUT

(described in Sect. 3.3) solution identified at the minimum

χ2 defined in Eq. (1). Although multiple parameters are re-

quired to discriminate φ, this does not mean that φ is any

less certain than when using a single spectral parameter. The

thermodynamic phase retrieval is bimodal and determines if

the cloud is either pure ice or pure liquid, not a ratio of the

two.

Once φ is determined, a second step consists of a φ-

segregated retrieval of τ and re. To apply the φ-segregated

retrieval, we use the LUT of the appropriate φ: either

η∗i (τ,re,φ = ice) or η∗i (τ,re,φ = liquid). The LUTs for ice

or liquid clouds are defined with different ranges in re, which

represent naturally occurring ice or liquid cloud particle size

(see Sect. 3.3). The retrieved τ and re represents the loca-

tion in the LUT which defines minimum χ2, calculated from

Eq. (1).

When determining χ2, some of the 15 parameters calcu-

lated from the measured spectrum do not fall within the range

of the LUT. The parameters that do not fall within the LUT

are deemed non-physical and are therefore omitted from the

calculation of χ2. Values outside the LUT occur when the

signal-to-noise ratio of the parameter is lower than one, or

it is at the limit of ranges within the LUT. An example of

small signal-to-noise ratio occurs for η4 when evaluated for

ice clouds with τ > 65 and re > 30 µm; see the large shaded

area in Fig. 7. Since each parameter results from different

physical processes, the signal-to-noise ratio may be lower

than one for certain parameters but not for others (for exam-

ple, η4 compared to η9 for ice clouds with τ > 65). Other ex-

amples of more noise than signal can be identified when the

shaded areas in Fig. 7 extends past the modeled value. This

occurs for η8 when it is lower than −0.1 or for η3 when it

is lower than −0.5. Therefore, the solution may still be valid

even without the contributions from uncertain parameters.

A successful retrieval occurs when the parameters calcu-

lated from a measurement spectrum matches those modeled

for at least one combination of τ , re, and φ. This match is de-

fined where the minimum χ2 is lower than predefined value,

0.69. This value represents 4.6 % of the total theoretical max-

imum χ2, which is the same percentage as the measurement

uncertainty in normalized radiance spectra (see Sect. 2.1).

4.1 Retrieval uncertainty

To obtain the retrieval uncertainty of τ and re, we propa-

gate measurement uncertainty through the retrieval equation.

While uncertainties in ancillary inputs or multilayered clouds

may occur, this section only refers to uncertainties related to
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known variations in measurements linked to calibration sta-

bility and noise variance. These uncertainties are not repre-

sentative of possible systematic problems linked to calibra-

tion biases, such as differences between measured radiances

from the two different spectrometers used in the SSFR. The

uncertainty in the parameters, 1ηi , and the slope of χ2 as

a function of the parameters quantify the expected variation

in χ2 resulting from measurement uncertainty, described by

1χ2 (adapted from Taylor, 1997).

1χ2(τ,re,φ)=

√√√√ 15∑
i=1

(
∂χ2(τ,re,φ)

∂ηi
1ηi

)2

(4)

This expected variation in χ2 due to measurement uncer-

tainty (±1χ2) results in a range of τ and re where χ2
±1χ2

is minimized. The minimum χ2
−1χ2 (or χ2

+1χ2) occurs

at the combination of τ |χ2−1χ2 (or τ |χ2+1χ2 ) and re|χ2−1χ2

(or re|χ2+1χ2 ). The difference between τ and re evaluated at

the extremes of the range of variability of χ2 represent their

respective uncertainty, 1τ and 1re.

1τ =
1

2

∣∣τ |χ2−1χ2 − τ |χ2+1χ2

∣∣ (5)

1re =
1

2

∣∣re|χ2−1χ2 − re|χ2+1χ2

∣∣ (6)

4.2 Comparisons to other methods

The retrieval described herein is compared to two other

methods: the method developed by McBride et al. (2011),

hereafter named the slope method, and the standard two-

wavelength method often used in reflectance (Nakajima and

King, 1990) but applied to transmittance as described by

Kikuchi et al. (2006), hereafter named the two-wavelength

method.

4.2.1 Slope method

The slope method uses transmittance at 515 nm and the slope

of transmittance at 1565–1634 nm normalized by the trans-

mittance value at 1565 nm to retrieve τ and re. A least-

squares fit matches measured transmittance and slope values

to a LUT containing modeled transmittances and slopes for

a set of τ and re. The retrieval is successful if the uncertainty

in re is smaller than 2 µm. The LUTs used for this retrieval

method are based on the same radiative transfer calculations

introduced in Sect. 3.1. For case A, the slope method is ap-

plied using a liquid cloud LUT, while for case C an ice cloud

LUT is used. For case B, the retrieved thermodynamic phase

using the method described in Sect. 4 dictates which LUT is

used: either ice or liquid cloud LUT. Case C represents the

first time the method described by McBride et al. (2011), is

applied to an ice cloud. For this case, all retrieved values are

presented, even if the uncertainty in re is larger than 2 µm.

4.2.2 Two-wavelength method

The two-wavelength method retrieves τ and re using trans-

mittance at wavelengths in the mid-visible (515 nm) and in

the NIR (1630 nm) with an LUT, similarly to the current

work’s method and the slope method. Kikuchi et al. (2006)

employed transmittance evaluated at 1020 and 1600 nm.

For this work, we follow the description of the “standard”

method presented by McBride et al. (2011), which employs

transmittance at 515 and 1630 nm to retrieve τ and re. Al-

though the two-wavelength method produces large uncertain-

ties in re when applied to clouds with τ < 25, we still apply it

here and report the associated uncertainties, which can be as

large as±6.5 µm. The uncertainties in τ and re are calculated

by the same method described by McBride et al. (2011) but

applied to the measurement uncertainty of the SSFR (8 %)

used in this work. Similarly to the slope method, the two-

wavelength retrieval employs a liquid water cloud LUT for

case A, an ice cloud LUT for case C, and an ice or a liquid

cloud for case B depending on the retrieved thermodynamic

phase dictated by the current work’s retrieval.

4.2.3 Comparison of time series

Figure 8 shows the time series of τ , re, and φ retrieved using

the 15-parameter method (this work), the slope retrieval, and

the two-wavelength retrieval based on transmitted radiance

for the (A) liquid, (B) mixed-phase, and (C) ice cloud cases.

The ancillary data (discussed in Sect. 3.2) and the 15-

parameter method classified each case consistently with re-

spect to the thermodynamic phase. The τ retrieved with

all three methods follows similar trends albeit with differ-

ent magnitudes. The retrieved re based on all three methods

also follow the similar trends; although the two-wavelength

method in case C is anomalous. In addition, the uncertainty

in the 15-parameter method retrievals is lower than that for

the other two methods, especially for case C, with an average

re uncertainty of ±1.2 µm, smaller by a factor of at least 2.5

for the slope and two-wavelength method.

For case A, the 15-parameter method retrieved τ matches

more closely to the two-wavelength method (mean differ-

ence of 2.5) than the slope method (mean difference of 5.6),

while the retrieved re matches more closely the slope method

(mean difference of 2.6 µm) then the two-wavelength method

(mean difference of 4.4 µm). The largest differences occur

between τ retrieved with the 15-parameter method and τ re-

trieved with the slope method whenever the 15-parameter τ is

larger than 30. The range of τ retrieved with all three meth-

ods is never larger than 8 for the times between 15.0 and

15.4 UTC. This period coincides with times where the un-

certainty in τ for the 15-parameter method is lowest, with

a mean of ±1.2 and the average retrieved τ is highest at

32. This mean uncertainty increases to ±2.6 for later times,

where the average τ decreases to 28. The slope and two-

wavelength method retrieved an uncertainty of τ consistent
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Figure 8. Time series of retrieved cloud properties determined by three different cloud-transmitted radiance-based retrieval methods:

case A (left) for liquid cloud, case B (center) for mixed-phase cloud, and case C (right) for ice cloud. The mixed-phase cloud case rep-

resents a cloud sampled during a time where both ice and liquid water cloud particles are expected to have been present. Colors represent

three different cloud retrieval methods: this work (black), the slope method (blue), and the two-wavelength method (red). Each point and

uncertainty range represent one single retrieval, while the lines represent a three-point smoothed curve for illustrating the trend. For each

case study, the top-most panel presents the retrieved optical thickness, τ ; the panel directly below shows the effective radius, re; the panel

directly below shows the minimum χ2 determined by this work (15-parameter method); and the lowest panel shows thermodynamic phase,

φ, designated by this work. The y axis scale in τ and re differs for each case.

throughout the measurement period, with averages of ±1.3

and ±1.5, respectively. Additional comparisons for this case

are presented below.

Similarly to the comparison of τ for case A, the effective

radii retrieved by all three methods matches more closely

(within 5 µm) during the period from 15.0 to 15.4 UTC than

the later period (within 10 µm). The uncertainty of re for all

three methods is also lower in the earlier period (a mean of

±1 µm for all three methods) than the later period (a mean of

±1.9 µm). Higher-than-average re uncertainty coincides with

retrieved-τ lower than 20 for all three methods. Such behav-

ior for low τ has been observed previously for the slope and

two-wavelength method (Coddington et al., 2013; McBride

et al., 2011). The re retrieved with the current work is within

the uncertainty range of re retrieved with the two-wavelength

method for 27 % and the slope method for 69 % of the time

series.

Case B presents examples of retrieval behavior under con-

ditions of liquid and ice cloud particle absorption. Although

we have not addressed the applicability of the 15 spectral

parameters to mixed phase clouds in this work, we investi-

gate the results of the thermodynamic phase discrimination

and the residual of least-squares fit of the retrieval to mea-

sured zenith radiances under conditions of concurrent ice

and liquid absorption. This mixed-phase case is also used to

present the extent of disagreement between retrievals when

the cloud’s thermodynamic phase is neither pure ice nor pure

liquid water. The thermodynamic phase retrieval coincides

with the thermodynamic phase retrieved by GOES, which

was ice prior to, and liquid during, the measurement pe-

riod. The largest χ2 occurs between 22.2 UTC and 22.4 UTC,

when the thermodynamic phase transitions from an ice cloud

to a liquid cloud, as determined by the 15-parameter method.

In this transition zone, only 40 % of the solutions obtained

by the retrieval described herein are valid. Large residuals in-

dicate that more information is required to reproduce the pa-

rameters calculated from the measurements of radiance spec-

tra. Beyond this transition period, the match between τ re-

trieved from all three methods is exceptional, especially since

none of the retrievals explicitly takes into account mixed-

phase clouds. The overall trend is reproduced with all three

retrieval methods, and they differ by an average of 5.8 in re-

trieved τ and 4.7 µm in retrieved re for the period later than

22.4 UTC. At these times, uncertainties in re are greater than

±2 µm for 13 % of the time series for the current method,

26 % for the slope method, and 44 % for the two-wavelength

method.

For case C, the match in τ retrieved with all three methods

differs by less 3 throughout the entire time series even though

the retrieved re differs by as much as 37 µm. The re uncer-

tainty is larger than ±2 µm at all times for the slope method,

62 % of the time series for the two-wavelength method, and
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29 % of the time series when retrieved with the 15-parameter

method. These large uncertainties obtained from the slope

and two-wavelength method are likely due to a lower signal-

to-noise ratio of ice cloud transmitted radiance compared to

a liquid water cloud transmitted radiance near 1600 nm. This

low signal can be observed in ice cloud radiance spectrum

for a τ = 10 with re = 20 µm (Fig. 2a). The smaller re un-

certainties obtained by the 15-parameter method compared

to the slope and two-wavelength retrieval is also expected.

Specific parameters were designed to take advantage of fea-

tures that have a high signal-to-noise ratio for ice and liquid

clouds (e.g., η1 (C1.0), η2 ( ∂
∂λ1.2

), η9 ( ∂2

∂λ2
1.0

), η10 ( ∂2

∂λ2
1.2

), and

η13 (r1.0)).

During the ice cloud case C, MODIS observed the same

cloud at 18.17 UTC. Keep in mind that τ and re retrieved by

MODIS were from a sampling volume close to cloud top,

unlike the transmitted-radiance-based 15-parameter method.

Note also the spatial resolution of MODIS, 1 km2, vs. that

of the zenith-pointing SSFR, estimated to be 0.45 km2 for

a cloud base at 7.5 km. At 18.17 UTC, the 15-parameter

method retrieved τ = 8± 0.5 and re = 30± 2 µm, while

MODIS retrieved τ = 12.7± 15.3 and re = 17.1± 5.4 µm

with “very good confidence” for both τ and re retrievals

(Platnick et al., 2003). The 15-parameter τ retrieval falls

within the uncertainty range of MODIS. The difference in

retrieved re is likely due to the difference between particle

sizes at cloud top and particle sizes throughout the cloud.

Both the slope and two-wavelength methods resulted in a re-

trieval with an re-uncertainty larger than 2 µm at this time.

Another possible cause of differences between these methods

may be due to differing effects of ice crystal shapes, which

alters the scattering properties of ice clouds. For reflectance-

based retrievals, a change in assumed ice crystal roughness,

from moderate to severe for ice particles with re = 20 µm, in-

creases the calculated reflectance at 1640 nm by 10 % (Baum

et al., 2011). Such changes in ice crystal shape to transmitted

radiance is subject to further research.

4.2.4 Comparison of retrieved τ and re for the liquid

cloud case

All three retrievals for case A exhibit a high degree of cor-

relation. The linear correlation coefficient (R2) between the

15-parameter method and the other methods is 0.95 for τ

but lower for re (see Fig. 9). The τ retrieved with the slope

and two-wavelength methods is consistently higher than the

15-parameter τ . The difference between the 15-parameter

method and the two other methods increases linearly with

increasing τ by a ratio of 1.28 and 1.10 for the slope and

two-wavelength methods, respectively (Fig. 9a). In addition,

the intercept of the slope indicates that the 15-parameter has

a bias of +1 and +3 with respect to the two-wavelength

and slope method, respectively. For re (Fig. 9b), the two-

wavelength method retrieves lower re than the 15-parameter

a) b)

Figure 9. Scatter plot of (a) optical thickness and (b) effective ra-

dius for the liquid water cloud (case A) from the slope (blue) and

two-wavelength (red) methods compared to the current work’s re-

trieval. Dashed lines represent the best-fit lines. Larger thickness of

the symbols indicates higher density of the points at that location.

Uncertainty bars are shown on only a few points as to not over-

whelm the figure.

method by a ratio of 0.81; the slope method does not have

such a low bias with respect to re retrieved by the current

method, which is supported by the intercept of the fitted

line. A greater correlation between τ than re, retrieved with

the different methods, was also observed by McBride et al.

(2011) for the two-wavelength and slope retrievals.

For this liquid cloud case, factors contributing to differ-

ences in retrieved re values include varying effects of verti-

cal profiles in re evaluated at different wavelengths (Platnick,

2000), horizontal cloud inhomogeneities (e.g., Iwabuchi

and Hayasaka, 2002; Marshak et al., 2006), and undetected

presence of ice crystals (Sun and Shine, 1994). Although

transmitted radiation interacts with cloud particles through-

out the vertical extent of a cloud, this interaction is not

the same for radiance at all wavelengths. Platnick (2000)

shows that cloud particles in the lowest part of the cloud

have a greater influence on transmittance for wavelength at

3700 nm than at 2200 nm and even less influence on trans-

mittance at 1600 nm. Those cloud particles are responsible

for changes in transmitted irradiance of up to 6 % at those

wavelengths. This would suggest that cloud retrievals based

on transmittance at shorter wavelengths would be less depen-

dent on absorption and scattering by cloud particles in the

lowest part of the cloud than transmittance at longer wave-

lengths. Although the influence of the cloud particles near

cloud base on the different parameters has not been deter-

mined, one would expect that the parameters based on mean

normalized radiance at wavelengths shorter than 1600 nm

would be less influenced by particles at cloud base than

the two-wavelength method. For liquid clouds, the small-

est cloud particles are often located near base (e.g., Zhang

et al., 2011); therefore, the 15-parameter method would re-

trieve larger re than the two-wavelength method. For case

A, the 15-parameter method retrieved larger re than the two-

wavelength method for 81 % of the times, which could in
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Table 2. Root mean square of the percent difference for the entire

wavelength range between modeled spectra based on the three dif-

ferent retrievals and the three sample measured spectra presented in

Fig. 10.

Current work (%) Slope (%) two-wavelength (%)

Case A 3.1 6.4 5.9

Case B 7.2 (22.8 for ice) 13.3 7.3

Case C 5.9 22.5 20.2

part be due to the spectral dependence of vertical distribu-

tion of cloud particle size on transmitted radiance. In addi-

tion, Kikuchi et al. (2006), showed that clouds with vertically

varying particle size can change the retrieved τ by up to 2 %.

Cloud inhomogeneities may also affect the three retrieval

methods in different ways. For case A, the time period se-

lected for analysis reduced, but did not entirely eliminate,

horizontal cloud inhomogeneities. For example, τ varied be-

tween 25 and 43 within 15 min around 15.4 UTC (Fig. 8).

Cloud inhomogeneity has caused overestimations of cloud

particle size for reflectance-based retrieval due to shadowing

(Marshak et al., 2006). Shadowing may also cause an over-

estimate of cloud particle size for transmitted-radiance-based

retrievals. Lastly, the presence of ice crystals may have been

a cause of differences between the slope and two-wavelength

methods in the work described by McBride et al. (2011).

However, it is unlikely to be the cause of differences in this

case. Ice crystal spectral absorption and scattering features

are quantified with η1, η2, η9, η10, and η13. If such features

were observed, the cloud would be identified as an ice cloud.

4.2.5 Modeled and measured radiance spectra

comparison

More insight into the differences between the three retrievals

is gained when selecting a single sample measurement for

further analysis. We compare a representative measurement

spectrum to modeled spectra derived from the retrieved τ and

re values from all three methods in Fig. 10. For all three

cases, the root mean square (rms; see Table 2) difference

throughout the entire wavelength range of the measured ra-

diance spectra and the modeled radiance spectra based on

the 15-parameter method are less than the other two meth-

ods by up to a factor of 3.8 smaller. However, radiances

at the shortest wavelengths (< 1000 nm) modeled using the

slope method matched the measured spectra more closely

than the 15-parameter method for the liquid cloud case (rms

of 2.4 % vs. 3.4 %) but not for the ice cloud case (rms of

7.7 % vs. 4.9 %).

For case A (Fig. 10), the fit of all modeled radiance spec-

tra to the measured spectra is better than 24 %, resulting in

rms values smaller than 6.4 %, with the largest variation from

the measured spectra occurring at the longest wavelengths

(> 1000 nm). At wavelengths shorter than 1000 nm, the mod-

eled spectra based on all three retrievals matches the mea-

sured spectrum within 12 %. At 1500 nm, the radiance dif-

ference for the modeled radiance spectra based on the slope

retrieval diverges by 24 %. By contrast, the difference be-

tween measured and modeled radiance spectrum based on τ

and re retrieved using the 15-parameter method is better than

7 % at wavelengths longer than 1000 nm outside gas absorp-

tion bands and better than 8 % at all wavelengths resulting

in a rms of at least 2.8 % lower than the other two methods.

The better fit is expected for the 15-parameter method since

the 15 parameters quantify spectral features located at wave-

lengths nearly spanning the entire range.

The sample measured spectrum for case B was selected to

coincide at the transition between ice and liquid cloud, where

both ice and liquid cloud particles influence the transmit-

ted radiance spectrum. The retrieval described herein clas-

sified the cloud as liquid because the normalized radiance

magnitudes indicated that the cloud was composed of liquid

cloud droplets, although some ice particle absorption fea-

tures are still apparent in the measured spectrum at wave-

lengths longer than 1000 nm. One ice absorption feature is

the monotonically decreasing radiance between 1000 and

1100 nm, which is quantified by η1 and η9. Conversely, liq-

uid cloud droplets produce a local maximum in radiance at

1050 nm. We observed this maximum in the modeled radi-

ance spectra based on the slope, two-wavelength, and 15-

parameter method (solid lines in Fig. 10). The ice absorption

feature found in the measured radiance spectrum is repro-

duced in the dark green dashed line in Fig. 10, where there

is no maximum at 1050 nm. Between 1500 and 1700 nm

the modeled ice cloud spectrum matches measurement more

closely (within 16 %) than modeled liquid cloud spectrum

based on the slope and two-wavelength methods (up to 28 %

difference), even though the smallest rms for the entire wave-

length range (7.2 %) is obtained for the liquid cloud spectrum

modeled from the 15-parameter method.

For case C (Fig. 10), the modeled radiance based on the

15-parameter method reproduced the measurement at wave-

lengths> 1000 nm more accurately than the modeled radi-

ance based on the other two methods, similarly to case A.

The modeled radiances based on the two-wavelength and

slope method match nearly identically the measured radi-

ance at 515 nm but diverge by up to 55 % at wavelengths>

1000 nm. The poor fit of modeled radiance based on these

two methods to measured radiance at longer wavelengths

is likely due to the low signal-to-noise ratio of radiance at

wavelengths near 1600 nm, where ice absorption is largest.

The best fit to the measured spectrum throughout the entire

wavelength range is obtained by the modeled radiance spec-

trum based on the 15-parameter described in this work, with

an rms of 5.9 %, which is 3.8 (3.4) times smaller than the

rms from the slope (two-wavelength) method. This is ex-

pected since only 4 of the 15 spectral parameters rely on

radiance with low signal-to-noise ratio, whereas half of the
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Figure 10. Sample measured and modeled spectra for the three different cloud case studies. Measured radiance spectra (black) are specific

to a certain point (see legend) in the time series of Fig. 8. Modeled radiance spectra are based on the retrieved cloud properties from each

method (this work is represented by green; slope is blue, and two-wavelength is red) for the same time instance. The percentage difference in

the modeled spectra with respect to the measured spectra is shown in lower panels for wavelength regions outside of water vapor absorption

bands. Modeled radiance spectra based on the current work’s retrieval for an ice cloud (dashed purple line) and whether it was a liquid cloud

(solid green line) is presented in case B. The slope and two-wavelength modeled spectra represent a liquid cloud in case B.

information for the slope and two-wavelength method rely

on radiances at those wavelengths.

5 Summary and conclusions

This work introduces 15 new parameters quantifying unique

absorption and scattering properties of ice and liquid water

cloud particles and their first application to measured cloud

radiance spectra to retrieve τ , re, and φ. The 15 parameters

generalize cloud retrieval techniques based on spectral ra-

diance transmitted through clouds and were inspired by the

spectral feature quantified by McBride et al. (2011). These

parameters are derived from transmitted spectral radiance

measurements which have been normalized by their maxi-

mum value or by the radiance value at 1000 nm. By doing

this, we no longer rely on the absolute radiometric calibra-

tion, which varies up to 8 %. Rather, we rely on the much

higher wavelength-to-wavelength stability of the SSFR (4.6

or 1.1 %, depending on the normalization method). The mea-

surements of spectral radiance were made by the SSFR based

at Skywatch observatory in Boulder, Colorado, for three

time periods encompassing clouds of different thermody-

namic phase: liquid (case A), mixed-phase (case B), and ice

(case C). We retrieve τ , re, and φ by evaluating the weighted

least-squares best fit between the parameters calculated from

measured zenith radiance and precomputed tables of parame-

ters derived from simulated cloud radiance. The new param-

eters are shown to distinguish cloud thermodynamic phase.

This discrimination uses spectral absorption and scattering

features unique to either ice or liquid water cloud particles.

Thermodynamic phase discrimination for three cloud cases

correctly reproduced the classification of the thermodynamic

phase by ancillary data.

Five of the parameters, η1, η2, η9, η10, and η13, give dis-

tinct values when either ice or liquid cloud particles are

present. This sensitivity to thermodynamic phase is obtained

by capitalizing on spectral differences in the absorption prop-

erties of ice and liquid cloud particles. Some of these parame-

ters, η9 and η10 for example, are defined over spectral ranges

where the position of the local maximum and minimum of

transmittance differs for ice or liquid clouds. In those wave-

length ranges, the transmitted normalized radiance for ice or

liquid water clouds exhibit either a concave or convex shape,

where the spectral slope increases or decreases, respectively,

as wavelength increases.

The 15 parameters quantify specific spectral features

found in normalized radiance. The normalization amplifies

the spectral features of interest and allows for a more direct

comparison of radiance spectra transmitted through different

cloud, but it also removes the first-order dependence on τ .

After normalization, the parameters still show dependence on

τ , re, and φ. Of these 15 parameters, we have found that η1,

η2, η3, η6, η8, η9, η10, η11, and η15 (C1.0, ∂
∂λ1.2

, ∂
∂λ1.5

, 〈R〉1.6,

C1.6, ∂2

∂λ2
1.0

, ∂2

∂λ2
1.2

, sl0.55, and sl1.6) show the largest sensitivity

to τ , re, and φ.

We compare τ and re from three different retrievals: the

15-parameter retrieval described in this work, the spectral
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slope method described by McBride et al. (2011), and the

two-wavelength method which is typically used with re-

flectance (Nakajima and King, 1990) but applied to trans-

mittance (Kikuchi et al., 2006). For the liquid cloud case, the

τ retrieved with the three different methods correlated well

(R2
= 0.95) and matched within 10, whereas re retrieved

with the three methods did not match as well and correlated

less (as low as R2
= 0.74). One possible reason for the dif-

ferences in retrieved re values can be attributed to the varying

influence of cloud droplet vertical profile on radiance at dif-

ferent wavelength regions (Platnick, 2000).

We compared measured transmitted radiance spectra to

modeled transmitted radiance spectra based on the retrieved

τ , re, and φ. We find root mean square differences between

modeled and measured radiance spectra are less when us-

ing the results from the 15-parameter retrieval (3.1 %) than

the slope and two-wavelength method by up to a factor of

3.8 for the ice cloud case. By contrast, differences in ra-

diances approach 6.4 % for the liquid case and 22.5 % for

the ice cloud case evaluated over the same wavelength range

for modeled radiances based on slope and two-wavelength

retrievals. At the shortest wavelengths (less than 1000 nm),

the slope method outperform this work’s method for liquid

clouds but not for ice clouds in terms of match to the mea-

sured spectra.

The use of spectral information in this work showcases the

advantages of using a spectrometer system for remote sens-

ing of clouds. Increased understanding of cloud properties

can be gained using photons that have interacted with cloud

particles throughout the entire cloud vertical extent. The ba-

sis of this method could also be applied to spectral reflectance

measurements from satellites. Some of the spectral features

investigated here may translate directly to reflectance, espe-

cially those based entirely on absorption properties of liq-

uid and ice cloud particles. In future work, we will formally

quantify uncertainties in the retrieved cloud properties from

this new method and the information content of each param-

eter by investigating the impact of varying ancillary inputs

on the retrieval scheme. This will be done using a nonlinear

methodology (Vukicevic et al., 2010) that will investigate the

changes of the retrieved properties over the full range of opti-

cal thickness and effective radius that results from uncertain-

ties in the measurement and forward model inputs.
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Appendix A: Description of case studies

The SSFR was deployed at Skywatch from May 2012 to

February 2013. From the collected data set, three cases were

selected for further study based on criteria of (i) cloud hor-

izontal homogeneity and (ii) variations in thermodynamic

phase: liquid cloud (25 May 2012), mixed phase cloud (6 Au-

gust 2012), and ice cloud (10 January 2013). In this section,

we describe the ancillary data used to identify the case stud-

ies.

Cloud horizontal homogeneity is required for validity of

the plane-parallel assumption in the forward model. We de-

termined horizontal homogeneity by small temporal vari-

ability in cloud base height (measured from the ceilometer)

and broadband downwelling irradiance (measured with the

pyranometer for solar shortwave and pyrgeometer for ther-

mal longwave). Visual inspection of time lapse movies, cap-

tured with a sky webcam over the selected time periods, was

also used to filter for heterogeneous cloud cases. An example

of data taken under heterogeneous and homogeneous cloud

scenes is shown in Fig. A1. In this example, the heteroge-

neous case has variability in shortwave irradiance of more

than 800 Wm−2 over 10 min, 40 Wm−2 in longwave irra-

diance over 20 min, and cloud base heights varying from 0

(clear sky) to 6 km. By contrast, the homogeneous cloud case

has little variability in short- (less than 200 Wm−2 over a 4 h

period) and long-wave irradiance (less than 20 Wm−2 over

a 4 h period) and cloud base heights near 2 km, varying by

less than 1 km.

The cloud thermodynamic phase was estimated us-

ing MRR, the ceilometer, atmospheric soundings, GOES,

MODIS, and SSFR measurements of spectral radiance. The

atmospheric soundings for the three different time periods

are presented in Fig. A2. Cloud base height is retrieved us-

ing the ceilometer located at the Skywatch facility for the

time of interest. The cloud top height was obtained from

GOES for 25 May 2012 and 6 August 2012 and from

MODIS for 10 January 2013. The GOES cloud top height

for 25 May 2012 was below the freezing level obtained from

the atmospheric sounding. Therefore, we assume that the

cloud on 25 May 2012 was composed entirely of liquid wa-

ter. The mixed phase case, 6 August 2012, and the ice case,

10 January 2013, had cloud base heights above the freezing

level. On 6 August 2012, MRR measurements of backscat-

ter indicated the presence of a melting layer that was also

present 1 h prior to the selected case study period. In ad-

dition, GOES-retrieved cloud thermodynamic phase (Min-

nis et al., 1995), at cloud top, was ice 15 min prior to the

measurement period and liquid during the measurement pe-

riod. Therefore, we assume that the cloud on 6 August 2012

was likely mixed-phase, for this context meaning that both

ice and liquid cloud particles influenced the transmitted ra-

diation. On 10 January 2013 cloud base height was higher

than 9.4 km above sea level, higher than the upper limit of

the ceilometer measurement. During the measurement period

on 10 January 2013, MODIS cloud phase was determined

to be ice. SSFR measurements of zenith spectral radiance

showed a sharp decrease in spectral radiance near 1000 and

1200 nm (not shown), representative of ice absorption fea-

tures (Pilewskie and Twomey, 1987). Therefore, we assume

that the cloud on 10 January 2013 was an ice cloud.

Surface albedos for the spring/summer measurement pe-

riod were determined by scaling a measured, spectral albedo

of a vegetated surface (Michalsky et al., 2003) (Fig. A3).

This scaling matched the 16-day average surface albedo from

MODIS for Boulder, Colorado, at the discrete spectral bands

470, 555, 645, 858, 1240, 1640, and 2130 nm. We linearly

interpolated between these bands and linearly extrapolated

to shorter wavelengths to span the observed spectral range

of SSFR. We applied this scaling to obtain the 16-day av-

erage surface albedo centered on 24 May 2012, on 4, 12,

20 August 2012, and on 13 September 2012, which spans

our spring/summer measurement period (Fig. A3). We deter-

mined winter surface albedo (not shown) in a similar man-

ner using a reference fresh snow surface albedo (Wiscombe

and Warren, 1980) and scaling it to the retrieved albedo from

MODIS for 10 January 2013 in the manner described above.

The cloud base height was determined with the Skywatch

ceilometer measurements and cloud top height from GOES

and MODIS.
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Figure A1. Broadband short- (pyranometer) and long-wave (pyrgeometer) irradiance and cloud base heights (ceilometer) for horizontally

heterogeneous (left panel) and homogeneous (right panel) clouds taken on 23 May 2012. The top panel presents one image from the sky

webcam for either heterogeneous or homogeneous clouds taken from the Skywatch observatory.
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Figure A2. Atmospheric sounding profiles of temperature (black) and dew point (grey) taken near Denver International Airport for the

case study time periods: (a) liquid cloud case on 25 May 2012, (b) mixed-phase cloud case on 6 August 2012, and (c) ice cloud case on

10 January 2013. Cloud bottom and top values determined from ground-based and satellite data (see text).

Figure A3. Spectral surface albedo used as input for the radiative transfer modeling for spring/summer. To approximate a full spectrum

for varying days, the vegetated spectral surface albedo (black line) measured by Michalsky et al. (2003) is scaled using the discrete-band

surface albedo product retrieved from Moderate Resolution Imaging Spectroradiometer (MODIS) measurements (Schaaf et al., 2002) at the

wavelengths denoted by “X”. This scaling is interpolated between the discrete MODIS bands.
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