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Abstract. Measurements from ground-based cloud radar,1 Introduction

high spectral resolution lidar and microwave radiometer are

used in conjunction with a column version of the Rapid Ra- The radiative impacts of clouds remain one of the largest un-
diative Transfer Model (RRTMG) and radiosonde measure-certainties in the simulation and understanding of global cli-
ments to derive the surface radiative properties under mixedmate changelPCC, 2007). In particular, clouds occurring
phase cloud conditions. These clouds were observed duringn the Arctic have a potentially large impact on characteris-
the United States Department of Energy (US DOE) Atmo-tics and lifetime of sea ice (e.¢lay and Gettelmar2009,
spheric Radiation Measurement (ARM) Mixed-Phase Arc-permafrost, and plant growth (e.Browse et a).2009. Of

tic Clouds Experiment (M-PACE) between September andclouds observed at high latitudes, mixed-phase stratiform
November of 2004. In total, sixteen half hour time peri- clouds, containing both ice and liquid hydrometeors, are
ods are reviewed due to their coincidence with radiosondeamong the most-commonly observed, longest lasting and ra-
launches. Cloud liquid (ice) water paths are found to rangediatively influential cloud structures (e.Gurry et al, 1996
between 11.0-366.4 (0.5-114.1)gfn and cloud physical Shupe et a).2006. As discussed irShupe et al(20083,
thicknesses fall between 286—2075m. Combined with tem-observation of these clouds is inherently difficult due to the
perature and hydrometeor size estimates, this informatiomeed to capture multiple phases of water simultaneously.

is used to calculate surface radiative flux densities using Despite these challenges, several previous efforts have
RRTMG, which are demonstrated to generally agree withprovided estimates of Arctic stratiform cloud radiative char-
measured flux densities from surface-based radiometric inacteristics and forcing. While obtaining this estimate is
strumentation. Errors in longwave flux density estimates arenot the central goal of the present study, we do provide an
found to be largest for thin clouds, while shortwave flux den- overview of these studies and their methodologies for refer-
sity errors are generally largest for thicker clouds. A sen-ence. Pioneering estimates of infrared radiative characteris-
sitivity study is performed to understand the impact of re-tics of summertime stratiform clouds over the Beaufort Sea
trieval assumptions and uncertainties on derived surface rawere provided byCurry and Hermar§1985 using a combi-
diation estimates. Cloud radiative forcing is calculated for nation of radiometers, in situ measurements and a radiative
all profiles, illustrating longwave dominance during this time transfer model. In that work, cloud emittances, absorption
of year, with net cloud forcing generally between 50 and coefficients, reflectances, cooling rates and extinction lengths
90 Wni2, were reported. All parameters were found to be strongly tied
to liquid cloud droplet size distributions assumed and cloud
liquid water path (LWP). Expanding on this workGurry

and Ebert(1992 utilized measurement-based estimates of
cloud fraction and microphysical properties, along with top
of the atmosphere (TOA) radiative flux densities from the
NASA Earth Radiation Budget Experiment (ERBBark-
strom et al. 1990 to calculate an annual cycle of radiative
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LWP between 10-40 gnf and ice water paths between 0— 2005 to derive the surface radiative flux densities. We quan-
60 gnT2. The uncertainty associated with estimating cloud tify the sensitivity of this technique to retrieval assumptions,
droplet effective radius was mentioned to be considerableand put it forward as a substitute for traditional radiometric
Net surface cloud forcing was demonstrated to be positiveneasurements in historical or future datasets where radio-
throughout most of the year, with any negative values occurmetric measurements are lacking, limited, or of poor qual-
ring during the summer months, when cloud-induced shortdity. Use of remotely-sensed measurements for calculating
wave cooling is slightly stronger than longwave heating. radiative properties provides more information about the ver-
Utilizing a combination of surface-based and in situ mea-tical structure of the clouds than surface radiation measure-
surements from the Beaufort and Arctic Storms Experi-ments alone, and can be useful in the evaluation of new re-
ment (BASE), National Centers for Environmental Predica-trieval methods through radiative closure studies. To pro-
tion (NCEP) modeled synoptic scale properties and a two-ide a thorough characterization, we additionally perform
stream radiative transfer modétjnto (1998 demonstrated experiments analyzing this method’s sensitivity to less fre-
good agreement between measured longwave radiative fluguently measured quantities such as surface temperature and
densities and those observed. Comparison of model calcusurface albedo. An overview of methods and tools utilized
lations with clear-sky calculations demonstrated a longwaves provided in the following section. This is followed by
cloud radiative forcing of up to 70 Wnf. Shupe and Intrieri  an overview of M-PACE clouds studied, an analysis of de-
(2009 provide cloud radiative forcing calculations for an an- rived surface flux density estimates, a sensitivity analysis and
nual cycle of clouds observed during the Surface Heat Bud<loud radiative forcing calculations. Finally a summary is
get of the Arctic (SHEBAULttal et al, 2002, analyzing in-  provided.
dividual contributions of cloud properties on long and short-
wave forcing for observed clouds. They found that clouds
with significant longwave impacts were generally low clouds 2 Measurement period and methods
with warmer base temperatures, with longwave cloud forc-
ing impacted strongly by LWP. Except during mid-summer, M-PACE was a United States Department of Energy (DOE)
they found that longwave effects dominate up to LWP val- Atmospheric Radiation Measurement (ARM) experiment
ues of 400gm?. They also demonstrated that for clouds carried out along the north slope of Alaska (NSA) during
containing liquid water, the longwave forcing dominates netSeptember through November of 2004 aimed at collecting
cloud forcing on an annual scale, resulting in a peak in thea focused set of observations to better understand Arctic
annual distribution of net cloud radiative forcing of approx- mixed-phase clouds. Measurements used in this evaluation
imately 50 Wn12. The largest net cloud radiative forcing were collected at Barrow (71°3!, 156.6 W). The current
was demonstrated to occur during fall, when liquid clouds areapproach requires observations taken close to a radiosonde
thickest and solar radiation is reduced. An annual distribu-sampling time (00:00 Z and 12:00 Z). With this restriction 16
tion of longwave cloud forcing for liquid-containing clouds cases featuring single-layer mixed-phase stratiform clouds
was found to peak at 50-70 WrA Summer cloud radiative  were identified, covering a wide variety of cloud thicknesses,
forcing was also evaluated liyong and Macg2003. Uti- as well as liquid and ice water paths (LWP and IWP, respec-
lizing surface remote sensors at Barrow for May-Septembertively) for both day and nighttime periods (see TableAlso
they found the net radiative forcing by stratus clouds to be-included in Tablel are the volumetric and optical ice frac-
come negative starting in late May, and stay negative untiltions for these clouds. The volumetric ice fraction is calcu-
early September. The forcing was found to peak during Jundated as the ratio between the IWP and the total water path
and July, with values up te 150 Wnt 2. Stratus cloud long-  (IWP + LWP), while the optical ice fraction is calculated as
wave radiative forcing was found to range between roughlythe ratio of the optical thickness of the ice component and
40-70 Wnv2 during that time period. the total cloud optical thickness (ice + liquid), as calculated
In the current effort, we utilize modern measurement andby Egs. 8) and @).
retrieval methods from a combination of ground-based re-
mote sensors used during the Mixed-Phase Arctic Cloud Ex2.1  Instruments and retrievals
periment (M-PACE;Verlinde et al, 2007) to derive surface
radiative characteristics under mixed-phase cloud condition§o derive cloud properties, we utilized a combination of
observed during this campaign. Instruments included are thground based remote sensors and information from launched
DOE Millimeter Cloud Radar (MMCR), the University of radiosondes. The microphysical retrieval techniques imple-
Wisconsin High Spectral Resolution Lidar (AHSRL) and a mented are similar to those describediBoer et al(2009
microwave radiometer (MWR). While surface radiative mea- and Shupe et al(20088, using the University of Wiscon-
surements are available for this time period, our main focussin Arctic High Spectral Resolution Lidar (AHSRIElo-
is characterizing the ability of a combination of remotely- rantg 2005, a 35-GHz Millimeter Cloud Radar (MMCR;
sensor measurements and a column version of the advancédoran et al, 1998 and microwave radiometer (MWR). Our
Rapid Radiative Transfer Model (RRTM&lough et al, focus on mixed-phase stratiform clouds is due in part to
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Table 1. Case overview providing case numbers, the time periods covered, and values for case mean liquid cloud depth, case mean liquid
water path and case mean ice water path.

Case Time Period AZjig (m) L[WP (gm=2) WP (9m™2)  fivol (%)  fi.opt (%)

1 23:45, 29 Sep—00:15, 30 Sep 692 155.0 354 18 5
2 11:45, 1 Oct-12:15, 1 Oct 754 43.1 132.7 72 33
3 11:45, 4 Oct-12:15, 4 Oct 771 162.2 1.2 1 0
4 23:45, 8 Oct-00:15, 9 Oct 934 352.4 108.7 24 8
5 11:45, 9 Oct-12:15, 9 Oct 828 274.3 13.0 4 2
6 23:45, 9 Oct-00:15, 10 Oct 812 229.4 115.2 32 9
7 11:45, 10 Oct-12:15, 10 Oct 764 182.4 16.8 8 2
8 23:45, 11 Oct-00:15, 12 Oct 619 121.8 52.4 30 8
9 11:45, 12 Oct-12:15, 12 Oct 1144 210.3 42.9 16 5
10 23:45, 12 Oct—00:15, 13 Oct 744 146.3 77.2 32 9
11 23:45, 29 Oct-00:15, 30 Oct 803 106.0 62.1 33 11
12 23:45, 30 Oct—00:15, 31 Oct 412 26.8 6.3 19 6
13 11:45, 2 Nov-12:15, 2 Nov 734 110.6 21.6 16 5
14 11:45, 5 Nov-12:15, 5 Nov 1547 70.4 202.2 74 42
15 11:45, 6 Nov-12:15, 6 Nov 262 11.0 0.5 5 2
16 23:45, 7 Nov-00:15, 8 Nov 726 138.4 2.0 1 1

the challenge they present to microphysical retrieval algo- Because the liquid cloud can not necessarily be detected
rithms. Retrievals implemented generally represent stateby the radar, and attenuation hinders lidar measurements,
of-the-science attempts, as recommendedShype et al. liquid water content (LWC) is calculated using a scaled-
(20083, and outlined here. adiabatic assumptionZ@gidema et al. 2005. Utilizing
To begin, cloud boundaries are determined using the cloudadiosonde temperature information, the pseudo-adiabatic
radar and lidar. A combination of AHSRL backscatter cross-lapse ratel(';) for a cloud is calculated. From this, we calcu-
section and depolarization is used to find the base of the ligfate liquid water mixing ratiou,) via integration of:
uid component of the cloudZgpasg. All ice found below that
. P . . . Cp g
is assumed to be precipitation. Because the lidar signal ig/w, = (rs +—>dz @)
often completely attenuated within the cloud layer, MMCR Liy cp
reflectivity is used to find cloud topZep). It is important  with ¢, being the specific heat of air at a constant pressure,
to note that due to near-field limitations of the radar, obser-Ll!v the latent heat of vaporization,the altitude, ang; the
vations below 200 m are not included in any of the analysisacceleration due to gravity. Multiplication of the liquid water
presented. Cloud base and top temperatures for each prenixing ratio by the air density results in an estimate of LWC.
file are derived using this information in combination with Since these clouds are not necessarily adiabatic, we scale the
radiosonde temperature measurements. calculated profile using LWP derived from MWR measure-
Ice water content (IWC) is calculated using an empirical ments. Because this method depends on accurate tempera-
relationship from radar reflectivityZmnmcr) as prescribed in  ture measurements, we can only calculate these properties

Shupe et al(2006. The relationship used is: close to radiosonde launches, and have limited our analysis
IWC = 0.072%2% ) here to +/15 min from the radiosonde analysis time.

Ice and liquid hydrometeor effective sizes are more chal-
While this equation is empirical, and tuned to measurementdenging to derive. For ice effective particle sizq ite), we
taken during the Surface Heat Budget of the Arctic Oceanutilize a multi-instrument retrieval (AHSRL and MMCR) as
campaign (SHEBAULttal et al, 2002, it is generally the  described irDonovan and van LammerdB001), using the
best option available, since multi-sensor retrievals are lim-ratio of lidar and radar backscatter to estimate particle effec-
ited by attenuation of the lidar and a liquid-dominated lidar tive size. This technique requires an assumed ice crystal habit
backscatter signal. While a similar relationship was derivedgoverning the power law relationship used to relate ice crys-
specifically for M-PACE inShupe et al(2008h, with the  tal size and volume (e.gditchell, 1996. This size retrieval
only change being an updated leading coefficient (0.04 in-can only be done below the liquid portion of the cloud due to
stead of 0.07), the SHEBA relationship is believed to be moredominance of the lidar signal by the liquid component of the
universally applicable and is therefore used here. The sensimixed-phase cloud. Therefore, once inside the cloud layer,
tivity of radiative estimates to this relationship is explored in we utilize a scaling factor based on the ratio of radar reflec-
Sect.3.3 tivity just below cloud base to radar reflectivity throughout
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the cloud. This ratio is raised to the 1/6th power, since radatrieved profiles of LWC, IWCr ice, andr jiq, solar zenith
backscatter cross section is proportionaitoValues Ofrg ice angle, surface temperature and albedo are used to drive a col-
within the cloud layer are then calculated using this scalingumn version of RRTMG. Solar zenith angle is calculated for
factor and the below clougsjce. Liquid droplet effective  each given date and time, along with the earth’s radius at
radius (elig) is not constrained, since we can not observeBarrow’s latitude. One drawback of using RRTMG in this
the depth of the liquid component of the cloud. Therefore,evaluation is that the model assumes a plane-parallel atmo-
we calculate a profile ofg jiq that assumes an initial cloud- sphere. Because of the high sun-angles involved, the atten-
base droplet size, and scales to the LWC profile, assuming aation of the solar beam is likely overestimated because of
constant droplet number concentration calculated using thisin increase in the atmospheric path length resulting from
cloud-base droplet size and LWC. the plane-parallel assumption. Finally, assigned profiles of
An example of the measurements and retrievals is procarbon dioxide, ozone, nitrous oxide, carbon monoxide and
vided in Fig.1. Included in the top half of Figl are plots  methane included with the RRTM package are based on a
of AHSRL-measured backscatter cross-sectigntop) and  sub-Arctic atmosphere. A profile of water vapor is deter-
depolarization {, middle), as well as MMCR reflectivity mined directly from the radiosonde measurements.
(Zmmer, bottom). The data have been averaged to 2-min in-
tervals in order to reduce noise and variability in the informa-
tion passed into the radiative transfer model. Higher values3 Analysis
of B/ observed at roughly 500—-800 m are the result of liquid
droplets. Because of the concentration of these droplets, the§.1 Derived cloud properties
have a large combined backscatter cross-section. AHSRL
is used to help determine cloud phase, with lower depolarizafAlthough only a small sample, clouds observed close to ra-
tion ratios generally resulting from spherical scatterers. Duediosonde launches during M-PACE cover a variety of mixed-
to the thickness of the liquid portion of this cloud, the lidar Phase stratiform conditions. Estimates of mean cloud thick-
signal is attenuated before reaching cloud top. This is seefi€ss Q Ziiquid), mean cloud LWP and mean cloud IWP are
in Zmmer, Which demonstrates detected hydrometeors up tProvided in Tablel for each of the 16 cases analyzed. Fig-
roughly 1300 m. Because of the longer wavelength utilized,ure2 provides additional insight into variability between and
the MMCR is more sensitive to ice crystals, and likely can Within cases. For each quantity, boxplots are laid out with
not detect cloud-top liquid droplets. However, in situ and the black line representing the mean, shaded boxes repre-
remote-sensing studies have demonstrated that ice crystaggnting the interquartile range (IQR) and whiskers represent-
generally extend up to cloud top (ede Boer et al.2008 ing 1.5x IQR beyond the 25th and 75th percentiles (roughly
McFarquhar et a’|2007), and that radar is Capab|e of detect- 2.70 for norma”y distributed datasetS) for measured prOﬁIeS
ing cloud top altitude. within each case. Points outside of this range are represented
The lower half of Fig1 illustrates profiles of retrieved lig- by open circles. It is important to note that 2-min averag-
uid and ice water content, as well as liquid and ice particleing results in only 6 to 15 profiles per case (depending on
sizes for the 10 October case. These provide some perspeblstrument calibrations and uptime), meaning small sample
tive on the variability between individual profiles within a sizes for the distributions shown. Cloud base temperature for
case. Because of the pseudo-adiabatic assumption applied {3ese cases was found to vary between 253-272 K. Due to the
the liquid portion of the cloud, liquid properties vary rela- Stratiform nature of the clouds, temperature generally did not
tively linearly with altitude. Ice properties demonstrate more Vary very much within each case. Cases 11-16, occurring

variability with altitude. later in the year (end of October, beginning of November)
had the coldest recorded temperatures.
2.1.1 RRTMG Liquid cloud thickness varied between 300 and 1600 m,

and within case 2, varied up to 400 m. Generally, clouds were
RRTMG is a global climate model version of the rapid ra- found to be around 800 m thick. Retrieved LWP also varied
diative transfer model (RRTM). It calculates long and short- substantially between cases, ranging from roughly 10gm
wave flux densities utilizing a correlated-k method for com- to over 350 gm?2. With the exception of cases 12 and 15,
putational efficiency. It has been demonstrated to be accuratéese clouds contained enough liquid (in a mean sense) to
when compared to line-by-line radiative calculations. Partsemit as grey bodies. The LWP threshold for this was demon-
of RRTM are currently implemented in the European Centerstrated to be around 30 grfi by Shupe and Intrier{2004),
for Medium-Range Weather Forecasts (ECMWF) and Na-with further increases in LWP having no impact on down-
tional Centers for Environmental Prediction (NCEP) Global welling longwave radiation.
Forecast System (GFS) models, as well as the latest version As discussed above, liquid droplet effective radii were
of the National Center for Atmospheric Research (NCAR) constrained by measured LWP, via the scaled liquid water
Community Climate System Model (CCSM4) as part of the content. In Fig.2, all cases were assumed to have cloud
Community Atmosphere Model (CAM). In this work, re- droplet effective radii of 3.5um at cloud base, and grow
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Fig. 1. Measured and retrieved cloud properties on 10 October 2004. Included are (top to bottom) AHSRL bacscatter cross-section, AHSRL
depolarization ratio, MMCR reflectivity, and profiles of liquid water content (LWC), ice water content (IWC) and ligujg)(and ice
(re.ice) effective particle sizes.

larger with height. Therefore, it is not surprising that meanand using retrieved cloud properties. Surface albedos for
cloud droplet effective radius{iq) appears to scale with each case were calculated from surface radiometric data,
cloud physical depth. Using this initial valug, jq ranged  with case-mean values ranging between 0.67 and 0.86. Fi-
from roughly 4-5.8 pm. nally, ground temperature was obtained from the National

Ice water paths were found to vary quite widely, both be- Oceanographic and Atmospheric Administration’s (NOAA)
tween cases and within individual cases. Across the dataset)S Climate Reference Network station at Barrow, which
values varied between roughly 0.5-200tinthough with ~ uses a Apogee Instruments IRTS-P infrared (IR) temperature
the exception of case 14, case mean values did not exceegensor mounted on a tower at 1.3 m above ground level. An
135gnT2. Mean ice particle effective radiF{ ice) were es-  evaluation of RRTMG-derived flux densities is completed us-
timated to fall between 15-80 um. Generally, variability for ing QCRAD, a quality-controlled surface radiation estimate
any individual case was small (with exception of case num-product available through the ARM program databassg

ber 4), and-, ice generally fell between 30 and 50 pm. and Shj 2008. Long and Turner2008 report estimates
of the 2-sigma uncertainties of the 1-min ARM measure-
3.2 RRTMG derived flux densities ments are 3 or 4 Wié, 6 % or 20 WnT2, 6 % or 10 Wnt2,

and 2.5 % or 4 Wm? (whichever value, the given Wnf or
Initial analysis is completed on all 16 cases, assuming cloudpercent of signal, is largest for each) for the downwelling
baser. jiq of 3.5um, bullet rosettes as the ice crystal habit, diffuse SW, direct normal SW, total (global) SW, and LW,
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Fig. 2. Distributions of retrieved (top to bottom) cloud base tem-
perature Thasq, liquid cloud thickness 4 Zjiquig), liquid water
path (LWP), mean liquid droplet effective radius, fiq), ice wa-
ter path (IWP), and mean ice crystal effective raditside) for all

included cases.

respectively as derived froigtoffel (2005. Results of this

evaluation are shown in Fi@. Shortwave (wavenumbers
between 820 and 50 000 cf) and longwave (wavenumbers
between 10 and 3250 cmh) flux densities are shown, and
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Fig. 3. Distributions of modeled (grey) and measured (blue) sur-
face radiative flux densities. From top to bottom: net shortwave
(SWhet), netlongwave (LWey), upward shortwave (SW), upward
longwave (LWp), downward shortwave (SM¥wn), and down-
ward longwave (LWown). The dots represent the case mean, the
thick bar the 25th/75th percentiles, and the whiskers representing
1.5x IQR beyond 25th and 75th percentiles. Any values outside of
that range are indicated by open circles.

broken down into surface downwelling, upwelling and net
components. Each case features two distributions, with box-
plots plotted identically to Figur@. Outlying values (val-
ues outside of the IQR+/1.5 x IQR) are shown by open cir-
cles. The sign convention used results in positive net values
at the surface when downwelling flux density is larger than
upwelling flux.

Generally speaking, intra-case variability is found to be
greatest for surface shortwave radiation, with net surface
shortwave flux densities changing by as much as 20&m
General patterns observed were replicated in the modeled
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data. The best agreement was found for downwelling long-
wave radiation, with a root-mean-squared error (RMSE) of
4.48Wn12. The upwelling longwave estimates had larger
errors (RMSE of 9.18 Wir?), likely due to errors in the sur-
face temperature estimates used. Combined, these result in
RMSE of 9.83 in the net surface longwave flux densities.
For all of these quantities, it should be noted that the ma-
jority of the error seems to come from a small subset of the
cases, with cases 11, 13 and 14 having the largest differences
between modeled and observed surface flux densities. As
is shown in Fig.2, these cases feature some of the smallest
LWP observed. Shortwave errors were generally larger. RM-
SEs for downwelling, upwelling and net shortwave radiation
were 9.93, 7.27 and 2.78 WA, respectively. These num-
bers are muted due to contributions from nighttime cases,
where both modeled and observed flux densities were zero.
Removing nighttime cases, these values were increased to
14.43,10.57 and 4.04 Wm. Some of this error is likely due

to the assumption of a plane-parallel atmosphere employed in
RRTMG.

Error magnitude was also plotted against visible optical
depth for each case (Fig). The optical depths were com-
puted separately for the liquid and ice components using rela-
tionships fromStephen$1994) andEbert and Curry{1992),
respectively. The relationship for liquid is:

3LWP
2p17¢ lig

Tvis,liqg ~ (3)
whereyis liq is the visible optical depth for liquid, LWP is
the liquid water pathp; is the density of water, and |iq is
the droplet effective radius. For ice, the relationship is:

b
Tvis,ice ~ IWP |:a + - ] 4)
e.ice

where tyis ice IS the visible optical depth for ice, IWP is
the ice water pathr, ice is the ice crystal effective size,
and a and b are wavelength-dependent parameters (avail-
able in Ebert and Curry(1992, for visible wavelengths
a=3.448< 10 3m?gtand b=2.431 pmAg ).

For shortwave flux densities illustrated in Fig. it ap-
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pears that errors in both up- and downwelling flux densitiesFi9- 4. Errors in modeled surface shortwave (SW, top three rows)

increase with increasing,is for both liquid and ice. Gen-
erally, shortwave flux densities appear to be underestimate
by the technique used. The cluster of cases that demonstrat

and longwave (LW, bottom three rows) compared with liquigifg ,

g-zft) and ice ¢, jce, right) visible optical thickness. Boxplots

n between the liquid and ice comparisons provide error statis-
Es, demonstrating the mean (center notch), IQR (ends of boxes),

zero error are the result of dark or very low-light cases, with; 5, IQR beyond 25th and 75th percentiles (ends of whiskers) and

nighttime cases (solar zenith angt®0°) illustrated in red.

ilar to one another due to the upwelling component simply
being proportional to the downwelling by the albedo. It also
appears as though clouds with lower LWP provide more dif-

] - - outliers (circles). For shortwave analysis, nighttime cases (red) are
Errors in up- and downwelling components look very sim- not included in the boxplots.

For longwave flux densities, again the errors in net sur-

ficulties for the model than thicker clouds, and that cloudsface radiative flux density are relatively small (generally
with low s ice are the only ones that over predict incoming <10 Wn12). Downwelling longwave flux densities seem
(and therefore outgoing) shortwave radiation. Net shortwaveto be over-predicted, with errors3 Wm~=2 for cases with

flux density errors are generally less than 10 Wm

www.atmos-chem-phys.net/11/11937/2011/
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roughly 10Wn12. The center column of Figd illustrates  represented by the whiskers. For this figure, outliers are
boxplots (similarly laid out to Fig2) illustrating the distri-  not shown. In general, uncertainties in liquid property re-
bution of errors for each flux density component. For short-trievals impact estimates more strongly than those associ-
wave flux densities, nighttime errors were not included inated with ice. With the exception of sensitivity associated

these boxplots. with the liquid droplet effective radius, variability is gener-
ally less than 15 Wm? for individual parameters, based on
3.3 Sensitivity analysis the IQR+/~1.5x IQR derived from all profiles.

Changes in assumed ice crystal habit appear to impact

In order to assess the sensitivity of these estimates to reshortwave flux density estimates at a level comparable to
trieval error and missing measurements, 56 sensitivity experehanges in cloud LWP. However, while uncertainty of LWP
iments were completed. Retrievals were re-calculated modestimates is well quantified, no such information is available
ifying a series of different quantities, including the ice crys- for ice crystal shape in these mixed-phase stratiform clouds.
tal habit assumed, the liquid droplet effective size at cloudDespite this, it is unlikely that either spherical ice or broad-
base, the MWR-retrieved LWP, and the radar derived IWC.branched crystals are truly representative of the distribution
The ice crystal habit was varied between bullet rosettesof ice crystal shapes found, resulting in an extreme estimate
spheres and broad-branched crystals, changing the coeffef sensitivity. Liquid droplet size has a larger impact, par-
cients for the power-law relationships used to retrieve theticularly on shortwave flux densities. In addition to these
ice crystal effective size. Liquid droplet effective size was shortwave sensitivities, there are also some minimal impacts
tested at both 3.5um (lower limit acceptable for RRTMG), on longwave downwelling radiation. For the thinnest cases
and 6.5um. Since this droplet size is what is assumed asampled, cloud impact on downwelling longwave radiation
cloud base, it should be indicative of a newly nucleatedis not as dominant as for thicker clouds. In these instances,
droplet. With some assumptions about aerosol compositionincreasingr. jiq decreases cloud optical depth, resulting in
a 3.5 um droplet would nucleate on an aerosol particle of 0.2an increased contribution to downwelling surface longwave
(0.4) um at 0.1 (1.0) % supersaturation with respect to waterflux density from the clear sky above cloud level, reducing
The 6.5um size was chosen as a realistic upper limit, withthe effective atmospheric radiating temperature. This re-
droplets of that size forming on aerosol particles with radii sults in decreased flux density at the surface with increas-
of 0.4 (1.0)pm at 0.1 (1.0) % supersaturation with respecting r. jiq. Changing LWP impacts shortwave flux densities
to water (le Boer et al.2010. In changing droplet size, through changes in cloud optical depth, while also altering
LWP was always held to the measured value, resulting inthe surface downwelling longwave flux density. IWC has
variable liquid optical depths. While not presented here, thethe smallest impact on the surface flux densitites. Sensitiv-
range covered by these optical depths can be calculated usirity to the leading coefficients (IW§) previously presented
Eq. 3). LWP values were varied by +25 gnt2, the derived  in the literature for Z-IWC relationships (0.04 and 0.07) has
uncertainty for this methodWestwater et a].2001). The  minimal impact on the surface radiation. A more thorough
sensitivity to retrieved IWC was evaluated in two ways. First, retrieval uncertainty number of 75 % (IW{ causes slightly
IWC derived by the MMCR was varied by +75 %, the un-  larger deviations, but even those are small compared to those
certainty derived for this method Bhupe et al(2006. Sec-  resulting from liquid water property uncertainties. To eval-
ond, sensitivity to the leading coefficient used in the empiri- uate the relative importance of ice properties, all cases were
cal Z-IWC relationship was evaluated. This was done basedun with ice influences removed. The result of this compar-
on the use of 0.04 as a leading coefficient for M-PACE cloudsison is shown on the far right of Fig, with ice removal
in Shupe et al(2008h. Finally, an overall analysis of all pos- resulting in increased downwelling shortwave radiation of 0—
sible combinations of these perturbations was performed t& Wm~2, and decreased downwelling longwave radiation of
derive net retrieval sensitivity. Please note that the impac0-8 Wn12. These changes are generally small when com-
of the leading coefficient in the IWC retrieval was not in- pared to the absolute magnitude of flux density, meaning
cluded in this net analysis. The quantity used to illustrate thethat the ice contribution to the radiative profile is generally
sensitivity is the difference in derived flux densities under a small one. Despite relatively large IWP, this is not surpris-
perturbed conditions from those derived assuming the basghg given the limited amount that ice contributes to the total
conditions described at the start of S&cf optical depth (se¢; opt, Tablel). Evaluating the impact of

Results from this evaluation are shown in Fador down- all possible combinations of the four left-most parameters
welling long- (blue) and shortwave (red) flux densities. Sincepresented (i.e. not including IM&} results in uncertainties
upwelling longwave flux density is simply a function of sur- of roughly 10 Wnt2 (IQR) in the shortwave flux density and
face temperature and upwelling shortwave flux density is a4 Wm~2 (IQR) in the longwave.
function of surface albedo, differences in these values are While outside of the cloud property retrievals, surface
not evaluated here. As with other box plots, the mean valuecharacteristics also impact the surface radiation budget. As
is shown by the black line, the IQR is represented by thewould be expected, surface shortwave flux densities demon-
box, and 1.5xIQR beyond the 25th and 75th percentiles isstrate significant sensitivity to the assumed surface albedo.
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—_ 20 Ramanathan et a11989. Here the short and longwave ra-

@ Jol : diative forcing are defined as:
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< 2 5 E g ‘g’ 2 ;2 where LWyeT and SW(eT the net surface long- and short-
I = = - wave flux densities, respectively, and “cloudy” and “clear”

Parameter terms represent the cloudy and clear-sky flux density, respec-
tively. As in the rest of the paper, all flux densities are defined
as positive downward. In order to determine the clear sky

Fig. 5. Distributions of differences between downwelling shortwave flux density, RRTMG was run on each case after removal of
(red) and longwave (blue) flux densities derived using base parameliquid and ice and adjustment of the temperature profile to
ters (see text for details), and those derived with alternate values foremove inversions caused by cloud-top cooling. Inversions
the parameters shown. IWQrepresents the sensitivity of surface were removed via linear interpolation of temperature from
flux densities to IWC retrieval uncertainty, while IWCepresents  the surface to the top of the cloud-induced inversion.
the sensitivity to the coefficient used in the empirical relationship.  Cloud radiative forcing estimates from this calculation are
IWCc i; not accounteq for in the net calculatiqn ;hovyn. The no icepresented in Fig6. Distributions of shortwave, longwave,
cglc_ulatlon on the far nght compares clouds with |ce_|ngluded inra- 3nd net cloud radiative forcing are provided for the 154 re-
diative transfer calculations, and the same clouds with ice removedy ;oo profiles. The contribution of nighttime and low light
The mean value is indicated by the black line in each distribution, . . . . .
the box indicates the IQR, and the whiskers represenk 1R cases IS eV|den2t in the large peak in shortwavg fqrcmg cen-
beyond the 25th and 75th percentiles. Outliers are not shown, an&ered on me - The rest of the cases are d'St”bUteq on
nightime cases are omitted in the shortwave evaluation. the negative side between 0 ar80 W2 (cloud results in
reduced shortwave surface flux) due to variability in cloud
properties and solar zenith angle. Longwave radiative forc-
Changes in downwelling shortwave flux density of up to ing is positive, with a large peak around 75-85 WmBoth
80Wm2 and up to 100Wm? in the upwelling surface longwave and shortwave distributions are qualitatively sim-
shortwave radiative flux density result from changes in theilar to those collected byshupe and Intrier(2004 for a
surface albedo between 95 % and 50 %. The largest chang&®ar of measurements from the SHEBA campaign. However,
occur at the upper end of this scale, with changes from 95 4ongwave cloud radiative forcing values are slightly higher
to 90%, for example, resulting in larger decreases in sur{70-90 Wn1? compared to 25-75Wn¥) when compared
face shortwave flux density than changes from 60 % to 55 %!0 the Shupe and Intrier{2004 study. This is likely due to
Throughout M-PACE, as solar zenith angle decreases, sensihe short time period covered in the current study, and the
tivity to surface albedo is reduced substantially. This is alsolikely inclusion of numerous thin liquid clouds in the one-
evident when comparing the sensitivities from this study toyear SHEBA dataset. The longwave values are higher but
those from Shupe and Intrieri (2004), who demonstrated &comparable to those reported Bpng and Macg2003 for
decreased surface flux density of roughly 40 Watior ev-  Summer months in Barrow (4070 Wr). Short- and long-
ery 0.1 decrease in surface albedo for conditions featuring &vave cloud radiative forcing estimates for Barrow during Oc-
60° SZA, 0.6 surface albedo and 50 gALWP. For case one tober fromDong et al(2010 were smaller in magnitude than
conditions (SZA of 75, 0.6 surface albedo and 150gf/m  those derived in the current study, but their analysis was not
LWP) that sensitivity is closer to 5 Wn% per 0.1 decrease in limited to mixed-phase clouds or liquid-containing clouds.
surface albedo due to the lower SZA and thicker cloud. In ad-Combined, the short- and longwave contributions result in
dition to the impact of surface albedo on shortwave flux den-2 positive cloud radiative forcing for mixed-phase stratiform
sities, surface temperature impacts upwelling surface longclouds observed during the M-PACE campaign. Net values
wave radiation. For the cases from M-PACE, a five degregange between roughly 25 and 90 W with a majority of
decrease in surface temperature resulted in a decrease in ugases falling in the 70-90 Wi range. This means that
welling longwave surface flux density of roughly 20 W mixed-phase clouds increase incoming radiation at the sur-
face due to the longwave contributions during the observed
3.4 Derived cloud radiative forcing autumn period. An overview of mean cloud radiative forcing
estimates is provided in Tabk
As an example of a tangible end-product derived from Figure 7 demonstrates the sensitivity of cloud radiative
the calculated flux densities, cloud radiative forcing forcing to several relevant properties. In the top row, short-
may be derived in a method similar to that used inwave cloud forcing is normalized to remove variation due to

www.atmos-chem-phys.net/11/11937/2011/ Atmos. Chem. Phys., 11, 1MB@¥3-2011



11946 G. de Boer et al.: Mixed-Phase Cloud radiation retrieval

Table 2. Mean cloud radiative forcing for M-PACE mixed-phase

©
o

7)) Total Profiles: 1541 clouds by case, and for the entire period. The M-PACE mean short-
QD 70 LW 1 wave cloud radiative forcing does not include nighttime cases.
= 4
o NET
& %0 Case  CRFw CRRy CRRx
u= 30 1 —48.6 82.1 335
o 1 2 00 799 799
10 3 00 851 851
=100 -50 0 50 100 4 —45.7 84.9 39.3
Cloud Radiative Forcing (Wm?) 5 00 816 816
6 —49.8 86.1 36.4
7 0.0 83.6 83.6
] o ) 8 -19.3 82.7 63.5
Fig. 6. Distributions of shortwave (SW, light grey), longwave (LW, 9 0.0 84.5 84.5
dark grey) and net (black) cloud radiative forcing from M-PACE 10 _285 83.7 55.2
12 —-2.0 74.1 72.1
. . L 13 0.0 82.3 82.3
solar zenith angle (SZA). Here, normalized cloud forcing is 14 0.0 76.9 76.9
defined as: 15 00 588 588
SWNET(cleay — SWnEeT(Cloudy) 16 -1.2 78.2 76.7
CFsw.NoRM = SW i (8)
NET(Clean M-PACE -253  80.2 675

where SWet(cloudy) is the calculated net cloud flux in the
presence of clouds, and W/ (clear) is the value calculated

under clear sky conditions, as described above. The remainhough clouds with the lowest liquid water optical depth also
ing rows show calculated cloud radiative forcing as describedeatured the lowest cloud base temperatures. Consequently,
in Egs. 6)—(7). Nighttime cases are not included in this top for non-nighttime cases shortwave cloud radiative forcing
row, since the denominator of E@)(would be zero. also increases in magnitude (becomes more negative) with
On the far |eft, norma”zed ShortWaVe, absolute ShortWaVejncreasing Cloud base temperature_ Because th|s re|ati0n_
longwave and net radiative forcing are shown as a functionship holds in the normalized analysis, this is not simply a
of SZA as observed during M-PACE. As expected, abso-resylt of colder clouds occurring at times with low sun an-
lute shortwave cloud radiative forcing becomes more negagjes, but rather that optically thinner clouds were found to
tive with decreasing SZA (decreasing SZA means that theyccur at colder temperatures. Although there are physical
sun is higher in the sky). Cases for which the SZA were 90reasons that this may not be surprising (i.e. increased ice
degrees are indicative of a sun that is at or below the horizonpycleation or decreased moisture availability under colder
and all calculated SZA values higher than 90 were set to 9Qonditions), the small subset of cases sampled here does not
degrees. While longwave forcing is shown to decrease withg|low for the construction of concrete general conclusions.
increasing SZA, this is likely due to decreases in tempera+ ongwave cloud radiative forcing demonstrates a relation-
ture at later times of year. The second column from the leftship to cloud thickness similar to that of the liquid optical
demonstrates the relationship between liquid optical depthhickness. Clouds over approximately 600 m thick had sim-
and cloud radiative forcing. The most noticeable influencejjy longwave cloud radiative forcing of 75 Wr# or larger.
is on the longwave cloud forcing, with a sharp decrease inas with cloud base temperature, normalized shortwave cloud
cloud forcing associated with very low optical depths. This is radjative forcing demonstrates a clear relationship to cloud

due to a cold overlying atmosphere combined with increaseghickness. This relationship is masked by SZA contributions
cloud transmissivity in cases with low optical depths. A sim- jn the raw forcing calculation.

ilar effect can be seen with the ice water optical depth (center

column), though it is not nearly as well-defined. Shortwave

cloud forcing is also impacted by liquid optical depth, as can4  Summary

be seen by the normalized analysis in the top row. As may be

expected, optically thicker clouds force the surface radiationSurface radiative properties were estimated for mixed-phase

more strongly than thin clouds. cloud conditions observed during M-PACE using a combi-
The effect of cloud base temperature is shown in the secnation of modern cloud remote-sensors, current cloud mea-

ond column from the right. As expected, lower cloud basesurements and retrievals and an advanced radiative transfer

temperatures result in decreased longwave cloud radiativenodel. Using profiles of cloud properties such as liquid and

forcing at the surface. In the cases presented, it appears ase water paths, cloud heights, effective particle sizes and
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Fig. 7. Shortwave (SW, top), longwave (LW, middle) and net (bottom) cloud radiative forcing as a function of (from left to right) solar zenith
angle (SZA), visible liquid optical depttr jig), visible ice optical deptht jiq), cloud base temperaturédg), and cloud thickness\(Z)
for profiles observed during M-PACE.

temperature profiles to drive the radiative transfer model, asumptions (e.g. ice crystal habit, cloud base effective droplet
total of 16 mixed-phase cloud periods were evaluated, resultsize) and of measurement errors (e.g. MWR-retrieved LWP,
ing in 154 two-minute mixed-phase cloud observations. Thisradar-retrieved IWP), along with a combined, net impact in-
technique was demonstrated to generally agree well with sureorporating all possible combinations of individual tests. The
face radiometric estimates, with the magnitude of most errordiquid droplet size assumed at cloud base was found to have
falling below 10 Wn12 (61 %, 72 %, 97 %, 95 %, 76 % and the largest impact on downwelling shortwave fluxes, while
79 % of total profiles for downwelling shortwave, upwelling ice crystal habit and ice water content uncertainty impacted
shortwave, net shortwave, downwelling longwave, upwellingthe downwelling longwave component most strongly. With
longwave, and net longwave, respectively). For shortwavethe exception of the impact of liquid droplet size on surface
radiation, errors were found to be largest for clouds with shortwave radiation, variation of different retrieval parame-
thicker liquid components, and were generally found to beters generally lead to smalk& Wm~2) differences in sur-
negative, meaning the model flux densities were too lowface fluxes. Various parameters could result in larger uncer-
when compared to the observations. Errors in downwellingtainties when combined, resulting in net uncertainties 2%
longwave radiation were largest for clouds with low LWP, to 15 Wn1 2 in the shortwave, and5 to 5 Wn1 2 in the long-
and generally positive, meaning the model flux densitieswave.

were too high compared to those observed.
As a demonstration of the utility of these calculations,

In order to better understand the capabilities of this tech-cloud radiative forcing for M-PACE mixed-phase clouds was
nique in estimating surface radiative properties, a sensitivcalculated. Shortwave forcing was generally small, due in
ity analysis was completed. This analysis included 56 addi{part to the contribution of nighttime cases, and in part to low
tional radiative transfer experiments, with each one coveringsun-angles during this time of year. The largest shortwave
all of the observed profiles. Sensitivity tests were completedforcing occurred early in the observation period and was
to understand the individual impacts of different retrieval as-roughly —50 Wm2. Longwave cloud forcing was always
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