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Abstract. Routine liquid water path measurements and cloud fraction from thirteen research flights was 63 %, higher
water vapor path are valuable for process studies of theahan that of adiabatic LWPs at 40 %, but lower than the lidar-
cloudy marine boundary layer and for the assessment ofletermined cloud cover of 85 %, further testifying to the fre-
large-scale models. The VOCALS Regional Experiment re-quent occurrence of thin clouds.

spected this goal by including a small, inexpensive, upward-
pointing millimeter-wavelength passive radiometer on the
fourteen research flights of the NCAR C-130 plane, the G-1  |ntroduction

band (183 GHz) Vapor Radiometer (GVR). The radiometer

permitted above-cloud retrievals of the free-tropospheric wa-The VOCALS Regional Experiment, held in October—
ter vapor path (WVP). Retrieved free-tropospheric (above-November 2008 in the southeast Pacific (SEP), had one fo-
cloud) water vapor paths possessed a strong longitudinatus on acquiring field measurements capable of illuminat-
gradient, with off-shore values of one to two mm and near-ing the processes linking aerosols, clouds, and precipitation
coastal values reaching ten mm. The VOCALS-REX free tro-(Wood et al, 20118, field measurements that could then
posphere was drier than that of previous years. Cloud lighelp assess modeled cloud-aerosol interactions @aide

uid water paths (LWPs) were retrieved from the sub-cloudet al, 2011, and references therein). Cloud property datasets
and cloudbase aircraft legs through a combination of thewere also desired with which to assess large-scale climate
GVR, remotely-sensed cloud boundary information, and in-models (Wood et al, 2011). These considerations moti-
situ thermodynamic data. The absolute (between-leg) andated the choice of instruments placed upon the NCAR C-
relative (within-leg) accuracy of the LWP retrievals at 1 Hz 130 plane. These included not only in-situ aerosol and mi-
(~100m) resolution was estimated at 20gfand 3gm?  crophysical probes, but also cloud remote sensors that could
respectively for well-mixed conditions, and 25gfnabso-  routinely provide information on stratocumulus precipitation
lute uncertainty for decoupled conditions where the inputand its vertical profile, the cloud boundaries, and liquid wa-
WVP specification was more uncertain. Retrieved liquid wa-ter (Wood et al, 2011H. These choices, given finite aircraft
ter paths matched adiabatic values derived from coincidengpace, recognized the value of airborne remote sensors for
cloud thickness measurements exceedingly well. A signifi-cloudy boundary layer studies (e.¢ali et al, 1998 van

cant contribution of the GVR dataset was the extended inforZanten et al. 2005 Rauber et aJ.2007 Bretherton et aJ.
mation on the thin clouds, with 62 % (28 %) of the retrieved 201Q Wood et al, 20113 Wang et al.2011). The National
LWPs <100 (40)gnt2. Coastal LWPs values were lower Science Foundation now includes a cloud radar and lidar in
than those offshore. For the four dedicated 8(fights, its deployment pool, and has invested in them for its newest
the mean (median) coastal LWP was 67 (61)tfincreas-  airborne platform for environmental research.

ing to 166 (120) g m? 1500 km offshore. The overall LWP
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VOCALS-REXx included the 94 GHz (3.2 mm wavelength)  Specifically, we ask:
Wyoming Cloud Radar (WCR) and the 355-nm wavelength
\/Vyoming Cloud Lidar (WCL’ Wang et aL_ 2009 on the C- 1. How well do GVR retrievals of fl’ee-tropOSphel’e WVPs
130 plane. The planners of VOCALS-REX also recognized ~ compare to those from radiosondes?
the value of routine, ideally instantaneous, liquid water path
(LWP) estimates. US aircraft missions have generally lim-
ited their use of microwave radiometry for boundary-layer
cloud process studies, maybe because downward-looking ra-
diometers need to account for surface reflectance and emis-
sion (e.g.Liu et al, 2003, or, because the instrument sizes 3. If so. what do the results tell us about the cloud adia-
can challenge payload restrictions. The search for a suit- batic;ity7
able radiometer ultimately led to a unique (for stratocumu- '
lus studies) feature of the VOCALS Regional Experiment: The first question anticipates the use of the many radioson-
the inclusion of the millimeter-wave 183-GHz G-band Va- ges previously launched in this region. These radiosondes
por Radiometer (GVR)Razmany2007) on the C-130 plane.  provide the inputs into forward calculations of brightness
The radiometer fit into a standard wing-mounted canister. ltemperatures that are then used for the WVP retrievals, sim-
small radiometer size is in part a virtue of its small wave- jjar 1o Racette et al(2005, Cadeddu et al(2007), Cimini
length (-1 mm) compared to those from more standard mi- et aJ, (2007, and Cimini et al. (2009. The second ques-
crowave instruments~10mm). An upward-pointing ori-  tion explores this study’s approach for retrieving LWP, of re-
entation facilitated integration with data from an upward- jying on aircraft state variables and the other cloud remote
pointing radar and lidar, and allowed the retrievals to use thesensors to specify the boundary-layer WVP. Retrieval accu-
isotropically-emitting cold space as the boundary condition. racy is primarily assessed by taking advantage of the pro-

A surface-based version of the GVR was deployed at Barnounced cloud adiabaticity previously documented for this
row, Alaska Racette et al.2005 Pazmany2007 Cadeddu  yegjon (e.g. Bretherton et a).2004 Zuidema et al.2005,
et al, 2007 Cimini et al, 2007 2009, where the high sen- anoygh that adiabatic derivations have been used as a LWP
sitivity of 170-197 GHz radiation to water vapor and liquid proxy for VOCALS-REX (e.g.Bretherton et a).2010. The
water emission within a cold, dry climate (WVRS5mm)  GyR retrievals in turn are used to provide a larger statis-
could be used to full advantage. The airborne GVR hastica| evaluation of cloud adiabaticity, establishing limits on
also been applied to wintertime mixed-phase clouds in thne impact of entrainment and sub-cloud decoupling on cloud
dry western United StatesMang et al. 201). As shown  processes. This dual function was achieved by first selecting
later, the WVP values retrieved by the GVR for the free- jgea| adiabatic conditions for the retrieval assessment, and
troposphere of the southeast Pacific are similar to surfacgnen evaluating adiabaticity statistics from a full dataset of
WVP values for Barrow, Alaska (see also the discussiongpproximately 60 000 1 Hz samples, equivalent&000 km

of measurements from the Chilean altiplanoTurner and  of gistance sampled at an aircraft flight speed of 100t s
Mlawer, 2010. The low free-tropospheric WVP values rein-

force the idea that a broad window in the infrared spectrum is
available for stratocumulus cloud top radiative cooling inthe 2 Background: initial retrieval design, further
southeast Pacific. The free-tropospheric WVP retrievals have instrument description, and radiative absorption
also allowed an investigation of satellite microphysical re-  models
trieval sensitivity to above-cloud water vapor absorption for
this region Painemal and Zuidema011). 2.1 Initial retrieval considerations

For the lower-altitude sub-cloud legs, the water vapor
overlying the plane fully saturated the center 183 GHz wa-Approaches for deriving LWPs from the GVR measurements
ter vapor absorption line. The emission from the wings of include a neural net algorithniPézmany2007) and a four-
the absorption line retained sensitivity to LWP, however, andchannel physical retrievalCadeddu et al2007. These al-
LWP can be retrieved given an input water vapor path specigorithms were developed from mid-latitude winter and Arc-
fied independently using other aircraft datasets. This is a nevtic temperature and moisture profiles that are not represen-
and different application of the GVR from its previous appli- tative of subtropical stratocumulus conditions. In particular,
cations in the Arctic, and the GVR’s usefulness for cloud the center absorption lines did not saturate. We developed
process studies within the dry subtropics are undocumentednitial expectations from forward radiative transfer calcula-
This is the purpose of this paper. The exercise will in thetions of brightness temperature based on radiosonde moisture
future contribute to the performance evaluation of anotherand temperature profiles from seven buoy-tending cruises oc-
183 GHz radiometer simultaneously deployed uponRke  curring between the years 2001 through 2008. These sam-
search Vessel Ronald Broviaut of different design and cali- pled the full diurnal cycle at regular intervals, and spent 6—7
bration technique, the Radiometrics MP-183. days at 83W, 2(° S, and~3 days along 20S to the coast

2. Can stratocumulus LWPs be usefully retrieved from
just the wing-line emission with other aircraft measure-
ments specifying the boundary-layer WVPs, and if so,
to what accuracy?
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25: . TR T a) 1100 satellite remote sensing of moisture). The sensitivity is most
i ] pronounced for WVPs:1 mm and thus could potentially in-
20 " WVPabove 1370m 180 fluence the free-tropospheric WVP retrievaRacette et al.
~ f K . ] (2005 andCadeddu et al2007 concluded that uncertainty
? 1500 ¢ Nyonvocats = 390 (346<1 em) 60 in the specification of water vapor above 10 km could only
g 0l Nyoeus = 207 (192<1 cm) 1 explain a difference of-1K in the center lineT,, however,
s /- 140 later supported byayne et al(2008. Thus, a climatolog-
= ’ ] ical stratospheric sounding extrapolated onto the radiosonde
5| A 120 soundings reaching at least 50 hPa altitude was deemed suf-
- 1 ficient, as also done withi@adeddu et al2007) andPayne
N 1o et al. (2008. In addition, although in theory th&,s could
0 N 4 6 8 10 12 14 be increased by scattering from high-altitude ice crystals,
25— 100 the observed cirrus fraction was low and clouds thin, with
i v b) ] previous studies reporting negligible scattering for ice parti-
20k 1g0 cle sizes<200 um (e.g.Buehler et al.2007 Cimini et al,
I ’ o ] 2007. We did not consider cirrus scattering. Vaisala RS-90
g s L y WVP above 150 m | g soundings do contain a small daytime solar heating bias, esti-
> 0 S\ ] mated at 5 %Nliloshevich et al.2009, but otherwise bright-
$ : 1 ness temperatures calculated from Vaisala RS-90 series ra-
g 101 140 diosondes have compared well to GVR measurements in the
T A ] Arctic (Payne et a).2008 and to chilled mirror hygrometers
5h / 420 (Miloshevich et al.2006 using the above assumptions.
i ’ ] The downwellingT,s corresponding to the 10th and 90th
0 feretr st ‘ ‘ 20 percentile of 300 Vaisala RS-92 radiosondes reaching 50 hPa
5 10 15 20 25 are shown for the 0-220 GHz frequency range in Bjdnot-
mm

tom panel, (black and red solid lines respectively), and for the
165-200 GHz range (top panel). The spectra corresponding

Fig. 1. (a) Histogram of free-tropospheric water vapor path val- -
ues calculated from ship-board radiosondes prior to VOCALS-REX,to the a}bove-clo'uq legs (purple. .ar.]d yeIIoW lines) show the
center lines retaining their sensitivity to moisture. At 150 m

and VOCALS-REXx separately (black and red lines, respectively).~*~’ ) : )
Dotted lines indicate the cumulative frequency of occurrer(pg.  altitude the center absorption lines are fully saturated, while

Same aga) but for the water vapor paths overlying the sub-cloud the wing lines retain a strong sensitivity to LWP regardless
aircraft legs at 150 m altitude. All radiosondes were released beof WVP.
tween @ and 23 S and east of W and all reached at least The sensitivity of the two outer wing ling,s to liquid wa-
200 hPa. ter path is shown in more detail in Fi§. Thet7 GHz T},s
(red lines) are less sensitive to LWP changes in more moist
conditions, while the outer wing linest( 14 GHz, black
(Or vice Versa). All but two of the cruises took place in Oc- |ines) remain responsive to ||qu|d water Chang%ﬁ% sen-

tober and all the post-2001 cruises used the more accuratgiivities between 0.6—1.5 K per 10 gthdepending on wa-
Vaisala RS-90 series radiosondes. The cruises are describeggr vapor. Initial assessments suggestecttfieand 14 GHz

more fully in Zuidema et al(2009, de Szoeke_ et a(_201(), channels performed equally well. For the work presented
de Szoeke et a(2011) and references therem. Histograms hare the choice was made early on to base the LWP re-
of the water vapor paths for the years prior 0 VOCALS-REX trieya| on just the+14 GHz T}, because that radiance was
and separately for the VOCALS cruise are shown in Big. e highly sensitive, and more linearly sensitive, to liquid
Free-tropospheric WVPs (calculated from 1370 m altitude,, ater path than the-7 GHz T,. Nevertheless, the combi-
the mean above-cloud aircraft height) during VOCALS-REX pation of the+7 and+14 GHzTjs could potentially reduce
were low compared to other years, typicalt).5mm with e sensitivity of the retrieval to uncertainties in the inputs,
outliers up to three mm. Radiosonde-derived water vapoiaricylarly the boundary layer WVP. Its assessment remains

paths calculated at 150 m, a representative altitude for the aify tsige of the scope of the work presented here, but is a
craft sub-cloud legs, also show VOCALS-REX WVPs lower o thwhile future activity.

than for other years, with values between eight to twenty mm

(Fig. 1b). 2.2 G-band vapor radiometer instrument design and
Several choices were made within the forward radiative calibration

transfer calculations based on the soundings. Brightness tem-

peratures ;) calculations for the center lines can be sen- The GVR measures brightness temperatures from four

sitive to stratospheric water vapor (providing the basis fordouble-sideband channels, centered d4at,+3,+7, and
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Fig. 3. Brightness temperatures for the outer wing channets4(
and+7 GHz; black and red lines respectively) as a function of lig-
uid water path at 150 m altitude for the 10th and 90th percentile
(dashed and solid lines) water vapor profiles represented ir2Fig.
T sensitivity to LWP for thet14 GHz channel is shown in blue,
with values indicated on right-hand axis.

2001

T, (K)

100~

so-

i . et al. (2007, are repeated here. The sky brightness temper-
e e . atures are calculated internally using receiver gain and off-
Frequency (GHz) sets determined from two reference loads at set temperatures
(Pazmany2007); these were about 295K and 333K during
Fig. 2. Downwelling brightness temperatures at 150 m altitude cal- VOCALS-REX. The receiver gain and offset were monitored
culated using the 10th and 90th percentile of the 330 RS-92 rathrough viewing the two loads approximately once every ten
diosondes reaching 50 hPa (WVPs of 11 and 21 mm, black andeconds on a continuous cycle. This frequent monitoring re-
red lines respectively), for 0-220 GHz (bottom panel) and 165-qyced the impact of receiver temperature fluctuations upon
200 GHz (top panel). Cloudy-sky (LWP=100gTh cloud base o caicylated sky brightness temperatures. The absolute ac-

at 1 km) spectra are shown as dashed lines. Above-cloud spectra a . :
1370 m are also shown (WVPs of 1.9 and 9.8 mm, purple and yel_chracy of the reported load temperatures is approximately

low lines, respectively). Thin vertical lines indicate GVR frequen- 0.2K (Pazmany 2007, which could in theory correspond

cies, these are combined into four double-sideband values withirf® &n error in the sky brightness temperature of almost 3K
the radiometer. (Cadeddu et al.2007). This is considered to be the most

significant source of calibration erra€édeddu et a/2007).

An estimate of the absolute calibration was done in Barrow,
+14 GHz off of the 183.31 GHz water vapor absorption line Alaska by comparing the ground GVR measurements to ra-
(Pazmany2007). The absorption spectrum for LWP is not diosondes and other millimeter-wave radiometers and arrived
symmetric around 183 GHz (evident in Fi§). The instru- at~2K (Cadeddu et 312007 Cimini et al, 2009. An in-
ment bandwidths are 0.5, 1.0, 1.4 and 2.0 GHz for-f#, dependent external assessment of the airborne GVR, done
3, 7, and 14) GHz center frequencies, whereasTthealcu-  immediately prior to VOCALS-REX, found all fouf;, mea-
lations were monochromatic and centered within the band-surements within 1 K of each other and of the calibration tar-
width. In addition, we assumed that each of the two side-get. We assume a 2K calibration error estimate here to be
bands contributed evenly to the measurement. All of theseonsistent with the stated accuracy of the internal tempera-
assumptions may affect the comparison of the GVR meadture sensorsRazmany2007).
surements to the radiosonde-calculafgd, but they seem The channel noise provides an estimate of the relative cal-
reasonable given the passband frequency response shownifyation (i.e., the accuracy of individual values compared to
Fig. 2 of Pazmany2007). their neighbors). It depends on the integration time, band-

Salient details relevant for understanding the instrumentwidth, and, receiver noise temperature, and is estimated at
calibration, provided withirPazmany(2007 and Cadeddu 0.2K at a 200 ms integration tim@#&zmany2007. It can

Atmos. Chem. Phys., 12, 355869, 2012 www.atmos-chem-phys.net/12/355/2012/
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Fig. 4. The NCAR C-130 flight plan along 25, with the outward leg in black and return leg in grey. Figure provided by Robert Wood, see
Wood et al.(2011h for more information on flight plans and aircraft instrumentation.

be assessed experimentally using a time series within highlyadar detected cloud top given sufficiently strong scatterers,
homogeneous conditions. We evaluated several random 21t a vertical resolution of 30m. The cloud lidar possessed
s time series from the outgoing ferry leg of flight RF9 at a vertical resolution of 3.75m, and provided a sensitive de-
5.3 km, and found representative standard deviations of (0.8ection of cloud base even in the presence of precipitation (if
0.3, 0.3, and 0.4) K for the:(1, 3, 7, and 14) GHz lines. more variable). At times, the presence of scud — a lower, sec-
These support the published estimate and we chose 0.3 K asdary cloud layer formed from precipitation-moistened air
a representative value. — inflated the cloud thickness estimate attributed to the ac-
A temporal resolution of 1s was desired for the reportedtive overlying single-layer cloud (e.g., Fig. 14 Bfetherton

brightness temperatures, to be on a common framework witt¢t al, 2010. During the RF9 flight, the lidar laptop did not
that of other remote sensing measurements. This correspondécord data and that flight is excluded from all the statistics
to an approximate 1 Hz measurement rate with Occasiona])resentEd here. Prior to RF9, the lidar computer clock occa-
0.25s calibration gaps. The retrieved LWPs represent th&ionally drifted. This was corrected for as best possible by re-
average over a horizontal aircraft transect leg-80 m, es- moving time discontinuities between the GVR and adiabatic
timated from the antenna beamwidth of<lahd an aircraft- LWP time series when they were expected to match. Exclud-

distance-to-cloud of 500 m. ing the RF9 flight, 60 590 1 Hz samples were collected.
The cloud base heighk(,) combined with the lifting con-
2.3 (C-130 Flight details, Wyoming cloud radar, densation level was used as a measure of boundary layer mix-
Wyoming cloud lidar, and ancillary datasets ing. (Z.,-LCL) differences greater than 125 m were taken to

indicate decoupled boundary layers, followidgnes et al.

Fourteen C-130 research flights sampled the SEP atmosphe(@011), who found the difference corresponded to an ap-
in October and November of 2008, eight at night and sixproximate 0.5 g kg* difference in the total mixing ratio
during the day. Four of the nighttime flights sampled alongbetween the bottom 25% and upper 25 % of the boundary
20° S out to 88 W. lIts flight plan, shown in Fig4, was typ- layer. Initial calculations found LCLs that exceedgg,s,
ical of all missions in that it dedicated ten minutes each toand an offset of 0.8 K was added to the reported dewpoint
sub-cloud legs (SC~150m altitude), cloud-base legs, and temperatures to bring the LCL arid., into agreement for
above-cloud legs (AC). The above-cloud legs occurred anon-precipitating well-mixed conditionB(etherton et aj.
~200m above the cloud top for a mean above-cloud flight2010. This also allowed in-cloud relative humidity read-
altitude of 1370 m, with cloud top heights varying between ings to reach 100 %. Last, the cloud base temperaf}® (
one to two km Bretherton et a).201Q Rahn and Garreayd ~was used within the boundary layer WVP specificatidy,
2010. Other flights sampled open cellular convection with was determined from a Heimann radiometric sensor measur-
legs of 40 min duration. Several of the daytime flights sam-ing radiation between 9.5 to 11.5 um with a stated accuracy
pled along the coast. More details on overall aircraft perfor-of £0.5K.
mance and individual flights are available withWood et al. Adiabatic calculations were only done when both radar
(2011B. and lidar identified their respective cloud boundaries, pri-

The WCR and WCL provided the cloud boundaries marily selecting for thicker clouds. These comprised 40 %
needed for the adiabatic LWP calculation. The radar waof the total samples, and the comparison of retrieved to adia-
situated towards the rear of the plane and the lidar and GVPbatic LWPs was restricted to these. For thin clouds the lidar
were located more centrally. For this study only the upward-could detect a cloud base but a radar-based algorithm might
pointing beam of the 94 GHz radar was used. The cloudnot identify a cloud top. For such cases, the altitude of the

www.atmos-chem-phys.net/12/355/2012/ Atmos. Chem. Phys., 12, 3558-2012
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300 b) ]

Table 1. Number of 1Hz samples influencing cloud boundary
statistics from thirteen research flights (these excluded RF9). Radar ,,,
returns include those for which the altitude of maximum reflectivity
is used as a cloud top proxy. Cloud-base legs are excluded. The [

percentages assume a total of 60 590.

2 8.10 8.15
PEREUS hour (UTC)

lidar returns  radar returns  adiabatic clear-sky 25(.N

(cloud base)  (cloud top) LWPs (no lidar/radar) 1or _ wox

£ 1s0F q

N 51836 41449 24192 4918 sol- ook 1

% 855 68.4 400 8.1 |
0

0.5 10 1.5 2 25 30 35 6.35 6.40

0 6.50
WVP (mm)

h\vur(U'l?E‘)j
radar return with the maximum reflectivity, if available, was Fig. 5. (a) Simulated7, for the 1, +3,+7, and+14 GHz GVR
used to establish the cloud top for the GVR LWP retrieval. channels calculated for 330 RS92 soundings reaching 50 hPa (pur-
Only time series containing a consistent lack of returns wereple, blue, red, and black filled circles, respectively) at the RF3AC1
deemed clear-sky. Statistics on the cloud boundaries for theltitude of 1335m, and GVR leg-mean values for RF3AC3 (blue

sub-cloud legs only are summarized in Table diamonds, collected at 1548 m altitude and shown only for compar-
ison) and 5-min mean values for RF3ACL1 (yellow diamonds). Time
2.4 Mi”imeter-wa\/e'ength absorption models series of GVRIT},s for (b) RF3AC3 and(c) RF3AC1, with+(1, 3,

7, and 14) GHz lines indicated in purple, blue, red, and black re-

The correspondence between sonde-calcul@isdand the — Spectively.
GVR measurements also depended on the microwave ab-
sorption models used to convert radiosonde moisture and
temperature profiles into microwave brightness temperaturé® Free troposphere water vapor path retrieval
values. Previous work at 22 and 30 GHz frequencies fa- calculations and assessment
vored theLiljegren et al.(2005 gaseous absorption model,
itself modified fromRosenkranz1999 for this stratocumu- Measurements and calculations done for the above-cloud
lus region Zuidema et al.2005. For the current work we RF3ACL1 leg are used to demonstrate the retrieval of the
further modified theLiljegren et al.(2005 gaseous absorp- free troposphere WVP. Brightness temperatures calculated
tion model to include the water vapor continuum coefficientsfrom 330 VOCALS-REx RS-92 radiosondes at 1335m, the
in Table IV of Turner et al.(2009. This was done to ad- RF3AC1 aircraft altitude, are shown as a function of WVP in
dress concerns that LWPs retrieved using all four 183 GHZFig. 5a. TheT), response to increasing WVP is mostly linear
channels could be markedly smaller than those using the 22for the wing lines, while the center line shows a non-linear
30 GHz channelsGadeddu et al.2007), perhaps because response as WVPs increase beyond 2 mm. Hh@€Hz 7,
of the spectroscopic specification of the 183 GHz absorptioris the most sensitive of the four lines to WVP variability be-
line (Payne et a).2008 and/or the water vapor continuum tween 1 to 3.5mm, maintains the most linear response, and
line (Hewison 2006. Our modification of the water va- has the leasT;, variability at a given WVP of the four chan-
por continuum coefficients brings intermodel differences tonels. The spread in thg, values at a given WVP indicates
within 2 K over the window regions between 10 to 400 GHz sensitivity to the water vapor vertical profile and its emis-
Turner et al.(2009. The modification primarily impacts —sion temperature at those heigh®acette et al2005. The
thet(14 and 7) GHz channels. soundings show that most of the meteorologiavariabil-

The GVR liquid water path calculations also relied on the ity originated from free-tropospheric moisture variability at
Liebe et al.(1991) andLiebe et al.(1993 liquid dielectric ~ ~5km and in the upper troposphere (F&j.
models. Water permittivity models are more difficult to eval- The off-shore free-tropospheric brightness temperatures
uate than gaseous absorption models, butllebe et al.  did not typically vary much over the 72 km distance of one
(1993 model has produced results similar to that of otherleg (e.g., Fig5b). This is expected for a strongly-subsiding
models in the 18-20° C range Cadeddu and Turng2011). atmosphere with little variation in the free-tropospheric
The more important limitation to our radiative transfer calcu- WVPs. The average of nine RF3 above-cloud leg-mean
lations is an assumption of Rayleigh scattering and attenua?; standard deviations (between-leg variation was little and
tion: at the radiometer wavelength-ef..66 mm, Mie scatter- AC1 was excluded) was (3.2, 3.0, 1.8, 1.6)K for thél,
ing and attenuation effects can be locally large within heavy3, 7, and 14) GHz channels. The center line was the most
stratocumulus precipitation. The scattering and attentuatiovariable as it was the most sensitive to low clear-sky WVP
effects do partially compensate for each other. We did not exvalues. Near the coast, continental moisture outflow can give
plore this further here, but this needs to be researched morgse to gradients in the measur&gs. The gradients were
thoroughly. typically local, within~10km (e.g., Fighc). We typically
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estimated a leg-mean WVP value from a best-fit of the fourFig. 7. (a) Two 2 November above-cloud overpasses, RF8 AC2
GVR Tps to the forward-calculated radiosonde-derivigd and AC4, occurring at 07:04:20 and 08:03:20 UTC, and 1.38 and
done at leg-mean aircraft altitude. Near the coast the |egl.6 km altitude, shown using black and red time series traces respec-
measurements were split into two halves. Example wyptively for all four channels, with the warmest values corresponding
values are shown in Figa for the two legs shown in Figb to the +1 GHz channel. Thé}s simulated from a ship-launched
and c. If an initial WVP estimate is made using a best-fit to radiosonde at 07:22:20 UTC at 1380 and 1600 m altitude are shown

thet3 GHz line only, the deviations from the other channels as black and red d|§m9nds respectivelly) measured,s du_rlng
. . a 11 November, 19:59:40 overpass (RF12) at 1410 m altitude and
suggest a conservative WVP error estimate-6f2 mm.

calculatedr},s from a radiosonde launched at 20:50:00 UTC (dia-

) monds). (c) measuredls from above-cloud legs on 25 October

3.1 Comparison to R/VRon Brownsonde (RF5) at 09:22:00 and 12:47:00, affigs calculated from radioson-
des launched at 07:23:00 and 11:16:00 UTC (diamonds).

The above-cloud GVR}s were independently assessed by

comparing GVR values from three C-130 overflights of

the R/V Ronald Brownto T,s calculated from ship sound- . . I .
ings. The three overflights occurred on 25 October (RF5), 20'2 mm respectively (Figra). The longitudinall, gradient

of the eastern flight leg, if extrapolated, may explain some of
_November ﬁRFS)’. alr:1_d ll_”ll\lov_enrwl?t_er (RZFI%IZ). Tr;e cOMParine 0.6 mm discrepancy. The comparisor-8GHz was the
::;r?;oirsvzs (t)r\?:a annostI%busf (?:'%1) Iir:?hat itov\(/zr: free;C;r: worst of the four channels, however, and can also be seen on
. A . Fig. 5. This line is nearest to the spectroscopic 'pivot point’,
known dry daytime humidity biasMiloshevich et al, 2009, 9 S P pic pivot poi

and a sounding was launched near in time to the overflightat which specifications in line width and intensity should
. N compensate for each othdPgyne et a).2008. Neverthe-
The two aircraft above-cloud legs occurred 18 min prior and P & 3) 8

. ) . less, bothPayne et al(2008 and Turner et al.(2009 indi-
41 min to a sounding, approximately 100 km east and 50 km )
west of the ship. The GVR,s exceeded the radiosonde- cate that the spectroscopy of the center 183.31 GHz absorp

tion line may require further refining, which is at least con-

ﬁlenvedbvaluf? S mostG‘r\lj)tablel for the C;“ﬁ; Ime;.' Thz 1Jsistent with the offset shown here. We lacked the means for
ovember afternoon GVR;s also exceeded the radiosonde- further evaluation. Almost all cases showed a good general

: on i
galm:lateg.valueds, evlen agter a:!owmgr forTa;IS /|° d'ﬁ?rggcecorrespondence, similar to that in Fi§. For above-cloud
ue to radiosonde solar absorption (Fib). The closes leg segments with littld}, variability, we estimate the error

Oc_tober aircraft-ship ”_“atCh Is glso shown for complete_nes% the retrieved WVP at 0.2 mm. The along-coast flights ex-
(Fig. 7c) but adds little information (GVR data were lacking perienced the mosf, variability and may have larger errors
from the direct overpass of the RRon Brown). in their retrieved WVPs

The comparisons of the measurements to the radiosonde-
calculated values (Fid) suggest the GVR}s may be biased
high. For 2 November, GVR-estimated WVPs of 2.0 mm
and 1.5mm (at 1.38 and 1.60km altitude) exceeded the
radiosonde-derived values of 1.42 and 1.27 mm by 0.6 and
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ture (to which the millimeter-wave absorption is sensitive)
was made from the cloud boundaries combined with tem-
perature sounding composites done at three off-shore dis-

Table 2. Major error sources within the GVR LWP retrieval

error source ‘ 8Ty (K)  SLWP (gnr?) tances: coastal, 300—600 km, and 600-1000 km, similar to
8 (WVPreetropospheneOf 0.2mm | 1 6-10 Fig. 6 but done for temperature. Errors of a couple of de-
relative calibration 0.3 2-3 grees in inferred cloud temperature only have a small impact
absolute calibration 2 10-20 on the millimeter-wave emission, and cloud boundaries were
absorption model 2 10-20 defined more leniently within the retrieved LWP calculation
8 (WVPpoundarylayetof 0.2mm- | 1 6-10 than for the adiabatic calculation. If local cloud boundary

information was missing, either the neighboring or the leg-

mean cloud boundaries were used. If no radar cloud top was
4 Cloud liquid water path retrieval determined during the entire leg (more likely to occur than

no cloud bases), a cloud top height was estimated from the
The free-tropospheric WVPs retrieved from the above-cloudneighboring ascent and/or descent legs. For the RF9 flight (9
legs were summed with boundary-layer WVPs computedNovember), the cloud bases were solely estimated from the
from in-situ thermodynamic data, and the total WVP usedaircraft profile legs, and although GVR LWP retrievals were
as an input into the LWP retrieval. The boundary layer waterdone, their accuracy is unknown. The retrieval then consisted
vapor path was calculated, at 1Hz resolution, by integratingof forward-computing brightness temperatures as a function
the in-situ water vapor mixing ratio from flight level up to of LWP, and iterating on the assumed LWP until a best-fit
the lifting condensation level. If the LCL was higher than of the computed:14 GHz T, to the measuree-14 GHz T},
half-way from the flight level to cloud base, the in-situ water was found. In a couple of near-coastal cases, the LWP itera-
vapor mixing ratio was integrated up to one-half the distancetion could not always be made consistent with the composite
from the flight level toZ.,, and the cloud base mixing ratio temperature profile, adversely affecting the retrieval. Future
used thereafter. This was done to account for decoupled corwork could be done to address this; RF13pocs2b may be one
ditions, for which the water vapor mixing ratio at cloud base such case.
might not match the in-situ vapor mixing ratio. The cloud A summary of the major error sources within the GVR
base temperaturd,) was estimated from the larger of the LWP retrieval is given in Tabl@. Disregarded errors include
T., estimated by the aircraft infrared radiometer, or, that es-Mie effects, daytime instrumental heating, monochromatic
timated using a dry adiabatic lapse rate. Above cloud basegalculations, and the 50 % sideband-weighting. Mie effects
liquid water was adiabatically removed from the water vaporon both scattering and emission are considered the most sig-
mixing ratio up to the radar-inferred cloud top. nificant of these errors. Errors will be higher within decou-

Several limitations exist to this methodology. The radio- pled boundary layers, documented in Sé&gtand near the

metrically inferredT,, can be underestimated if the cloud is coast, where the water vapor path overlying the plane is both
in fact a greybody, i.e., when LWRs30 g nT2. The inferred  higher and more variable. Errors in LWP are estimated from
T., can also be overestimated because of unaccounted-fahe sensitivities shown on Fig. Figure3 also shows that er-
water vapor emission. In highly-decoupled conditions, therors (sensitivities) decrease with increasing LWP and WVP.
use of the dry adiabatic lapse rate may generate an under-
estimate of thel,. An error in the cloud base temperature o
or height by 1K or~100 m is estimated to correspond to © Cloud liquid water path assessment

an error in the boundary-layer WVP of 0.13 mm, assumingThree independent assessments of the GVR LWPs were

a WVP of 20 mm distributed over 1.5km depth. Similarly, "
the adiabatic assumption may overestimate the removed "qgone. One traditional approach evaluates the non-zero LWP

uid water amount. An overestimate of, e.g., 50iquid retrievals in conditions deemed clear by the lidar (€ugner

water will only underestimate the boundary layer water vaporeg atlhsggtnﬁag}li 'solﬁé.st.cf)r::fg;;l;tle tpegsés:]zntgtﬁgzgz
path by 0.05 mm. Each of these errors is less than the 0.2 mriRoY m ” Ut w v

. o »
error ascribed to the free-tropospheric WVP. Although all a\[:/)plheti t;tthhe Li\alv/lg of t?le ssrtr;]plres fth?triﬁﬁimfd'dv_ve also
of the limitations mentioned here are unfortunate, none arg vaate N s (or lack thereof) fo clouds. cases

considered severe. This is ultimately confirmed by the goooIWhere the lidar detected a cloud base, but the radar did not

. . . detect cloud. This occurred in almost 14 % of the total sam-
correspondence between the retrieved and adiabatic LWPs mles and were further broken down by counled and decou-
situations where that is expected. In sum we assign a maxic y P

mum error of 0.2 mm to the boundary layer WVP specifica- S\IZ?y)S u‘?;(:elOrrL:gs(tx;?acljtlitsl?iZﬁﬁ;lc_)gtl;s:as;;r:algr? cr:r(])éepss?ri(gthe
It;;rgrlvlth smaller values expected for well-mixed boundary retrieved LWPs to the adiabatic LWPs (40 % of the total sam-

The LWP retrieval itself was modified from that of 5?;3;,1-@335;3\,:;6 also divided further into well-coupled and
Zuidema et al(2005. An estimate of the cloud tempera- P ’
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Fig. 8. (a) GVR-retrieved and adiabatically-derived LWP (black
and red filled circles respectively) for the RF3 SC2 leg (21 Octo-
ber, 02:32:25-02:42:50LT). Retrieved and adiabatic LWP mean
(standard deviations) are 207 (76) and 211 (69T§ mespectively.
Pre-descent and post-ascent LWP values derived from the FSS
and King probes are indicated by a small green “F” and blue “K”
at beginning and end of the time serig®) Corresponding lidar-
inferred cloud base (green), the lifting condensation level (purple)
and radar-derived cloud top (blue).

Fig. 9. Distribution of GVR-retrieved (black) and adiabatic (red)

SLWPs from all nine subcloud legs of the 21 October research flight
ERFS). Total number of samples is 5471 and 4003 for the GVR and
diabatic calculation respectively. LWP bins of 20g#n

'5.2  Statistical comparison of GVR LWPs to adiabatic
LWPs

In intermittently-coupled legs the correspondence between
the adiabatic and GVR LWPs was nevertheless often good
(e.g., Fig.8). The RF3 flight sampled a particularly deep

Many sub-cloud legs took place in apparently well-mixed Poundary layer with high LWPs and significant precipitation,

boundary layers, but most such layers possessed mean LWP§t conditions remained overcast, inviting a “best-case” sta-
~100gnT2 (for a mean cloud thickness300m). A cloud  fistical comparison using data from the entire RF3 flight. The
thickness uncertainty of 30m, corresponding to the verti-GVR and adiabatic LWP distributions from all nine RF3 sub-

cal resolution of the cloud radar, corresponds to a clougcloud legs are shown in Fi@. The two distributions were
liquid water path uncertainty of (30%,20%,15%) for a basically |de_nt|cal for LWPs of 200_and 400 g#) lending
(200,300,400) m thick cloud. Thus, thick yet non-drizzling further confidence to the GVR retrievals. The GVR LWPs

clouds within well-mixed boundary layers are ideal for €xceeded the adiabatic LWPs for LWP€00gnT2. One

assessing the GVR LWPs with their adiabatically-derived Plausible explanation is that Mie scattering from the larger
counterparts. drop sizes encouraged an overestimate of the actual LWP.

Our best-case example, from the 21 October RF3 flight For LWPs <200gnT?, the most likely explanation for the
had a mean cloud thickness 6450m and a mean LWp 9dreater frequency of GVR-retrieved LWPs is the generally
slightly above 200gm? (RF3SC2, Fig8), with the cloud lower radar reflectivities of the thinner clouds, so that a cloud
base and LCL often closely aligned. The above-cloud WVPOP hgight was less likely to be reported and an adiabatic cal-
was 1.2 and 1.5mm before and after this leg; values weréulation not done.
linearly interpolated across the sub-cloud leg. The column- _ .
maximum radar reflectivity fluctuated between -20 and —105'3 LWPs in clear-sky conditions
dBZ and a robust radar-inferred cloud top was observed CONyies considered clear by the lidar were likely to also be

tinually. The bordering aircraft ascents and descents indi-Considered clear by the GVR. LWPs retrieved within the
cated well-mixed conditions with minimal ClOUd'tOP entr_aln— clear-sky conditions of the subcloud legs for thirteen research
ment. The agreement between the GVR and adlabatlcallyﬂights totaled 4918 samples, or 8.1 % of the total (Table
derived LWP was excellent, with only a 2% difference be- Their distribution is shown ir; FiglOa. Clear skies, within
tween their means (Fi@). This was true even towards the '
end of the leg, where the boundary layer would be considere

decoupled.

5.1 Best-case comparison of GVR LWPs to adiabatic
LWPs

his data sample, possessed a LWP cloud fraction of 3%, and
0% of the retrieved LWPs were20 g nT 2.
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Fig. 10. Frequency distributions of th@) LWPs in clear-sky con-

ditions (i.e., neither the lidar nor radar provided a valid return), and longitude ("W) 178
when only the lidar detected cloud undé) coupled (CBH-LCL 10 :
< 125 m) andc) decoupled (CBH-LCE 125 m) conditions. LWP L b ° 1 g8
bins of 20 g nT2. gl ]
[ ] W38

6 . -
5.4 Cloudy skies without liquid g i . ]

4 o
Skies for which the lidar sensed a cloud base but the radar did L. . o
not determine a cloud top should correspond to thin, low- 2L ee . *é ]
LWP clouds. These totaled 22 % of the 60590 cases. The i i
GVR-retrieved LWPs were also broken down into coupled 0 ‘ ‘ ‘ ‘

-28 -26 -24 -22 -20 -18

and decoupled conditions (N=6179 and 7100 respectively, or Jatitude (°S)

11% and 12.5%). The distributions of the LWPs, when they

Wer.e retrleyeq, are shown in FIg?BOO and c. The LWPs Fig. 11. Free-tropospheric water vapor paths retrieved from the
retrieved within decoupled conditions were generally lower ;p e _cloud legga) of all research flights, as a function of lon-
than in coupled conditions. This is physically plausible be- giiude (85 legs), andb) as a function of latitude for longitudes
cause upward moisture transport will be discouraged by thexast of 75.8W (42 legs). Colors indicate the leg altitude. Mean
decoupling, but can also be a retrieval artifact. In decouplediight altitudes, when binned by 2.5 longitude from 70 W west-
conditions the water mixing ratio near cloud base may be reward, were, in meters, with the number of samples in parentheses:
duced from that used to estimate the boundary-layer WVP1495 (14), 1370 (26), 1715 (10), 1695 (19), 1735 (11), and 1855
and the retrieved LWP will be underestimated - or not re-(5). These altitudes were used to calculate free-tropospheric WVP
trieved at all. This appears to occur in some cases, as in 74 9lues from soundings launched from ship during VOCALS (dark
of the decoupled conditions, the GVR retrieval was likely to °/@"9€.V = 207) and cruises during 2001, 2003, 2006 and 2007
miss the cloud, compared to 59 % of the coupled conditions.(purple'N =293).
Nevertheless, reassuringly, the LWPs, when retrieved, were

low, mostly < 40g 2, in both coupled and decoupled con- e, showing relative humidities-30 % above 3km. The
ditions, as expected. other high free-tropospheric WVP value of 8 mm came from

2 November(RF8) from the first above-cloud leg, also near
Avrica, after the aircraft ascent had sampled a second moisture
layer between 2—3 km, with RH30 %, above the boundary
layer. Most of the higher-WVP points west of A/ came
from the daytime flights.

The distribution of the retrieved leg-mean free-tropospheric  Sounding-derived water vapor paths are also shown in

(above-cloud) water vapor paths are shown as a function ofig- 11 for VOCALS-REXx (orange, 207 sondes) and the
longitude for all fourteen research flights in Fitjla, and ~ October-November cruises in 2001, 2003, 2006 and 2007

as a function of latitude for the near-coastal legs (Eith). (purple, 293 sondes), calculated using the mean above-cloud
Free_tropospheric WVPs were often below 2 mm, and occaaircraft altitude for each 2°%in. These show that the GVR-
sionally higher near the coast, particularly above the Arica@nd sonde-derived values for 2008 were similar, despite dif-
Bight. Two of the WVP values approaching 10 mm came ferent sampling days, with a drier free-troposphere in 2008
from the first and last above-cloud leg for the 23 Octoberthan in other years (consistent with Figout using the GVR-
(RF4) flight, near Arica. Flight notes reported a haze andderived dataset).

pollution layer at 3km, with the aircraft sounding out of

6 Project-summary results

6.1 Free-tropospheric WVPs
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Fig. 12. Distributions of GVR-retrieved (black) and adiabatic (red) LWPs from the four research flights dedicatec 6 ai@bttime flight
pattern out to 85W (21, 23, 25 October and 6 November; RF 3, 4, 5 and 10) subdivided by longfa)@® W-86> W, (b) 75° W-80° W,
and(c) 70° W=75" W. LWP bins of 20 grT2. The cumulative frequencies for both the GVR-retrieved (black) and adiabatic (red) LWPs
correspond to the right y-axis.

6.2 LWPs The distribution of retrieved and adiabatic LWPs from the
subcloud legs for all research flights except RF9 is shown
As shown in Fig9, the GVR LWP sample size for RE3was in Fig. 13, subdivided by coupling. Conditions were ap-
larger (V =5471) than the adiabatic sample size of 4003, be-proximately evenly divided between coupled and decoupled:
cause of the GVR's ability to retrieve LWPs for thin clouds 52 9% and 48 % (Tabl®). The retrieved LWP cloud frac-
lacking radar-determined cloud tops. Most of the thin cloudstion was 71 % for the well-coupled boundary layers, versus
occurred near the coast. This is shown by the summary statiss7 o for the decoupled boundary layers, with slightly more
tics divided into three Iongitude bands for the four nighttime low-LWP values retrieved within Coup|ed conditions (65 %
flights that flew along 20S out to 88W and back on 21,  of the LWPs were<100 gn1?2 versus 61 % for the decou-
23 and 25 October, and 6 November (RF 3, 4, 5, and 10) irpled samples). The adiabatic LWP cloud fraction, in contrast,
Fig. 12. These flights flew the pattern shown in Fgleav-  was higher for the decoupled cases (51 %) than for the well-
ing Arica, Chile near midnight and returning at dawn. Near mixed cases (42%). This can be explained by more radar
the coast 45% and 86 % of the GVR LWPs werd0 and  cloud top returns for the decoupled cases because of precip-
100 g nT2 respectively. Meatrstandard deviation (median) jtation within open cellular convection (Fid:c). The dis-
LWPs between 70-75° W were 6744 (61)gnT2. The fibutions of the GVR and adiabatic LWPs under decoupled
near-midnight sampled value appears representative of thgonditions were also more similar than under coupled condi-
diurnal-mean satellite-derived values showrQtbell et al. tions, possibly because precipitation decoupling a boundary
(2008 andO’Neill et al. (2011). layer thermodynamically, may also reflect a stronger circula-
Further west, the mean (median) LWPs increased tjon that is otherwise encouraging mixing (see, e.g., 8)g.
123+87 (105)gnT? between 75-80° W, and to 166152  Qverall, liquid water paths greater thanl60gnr2 were
(120)gnT? between 80-86"W. Higher LWPs west of  determined well by both adiabatic and millimeter-wave ap-
80°W are consistent with deeper boundary layers and ayroaches under both coupled and decoupled conditions, and
greater propensity for precipitationLdon et al, 2008  the biggest difference between the coupled and decoupled
Zuidema et al.2009 Bretherton et a).2010, as well as a cases was in the detection of thin clouds.
sampling time approaching a near-dawn diurnal maximum The Jiquid water path frequencies as a function of the
(Zuidema et al.2005 O'Dell et al, 2008 O'Neill et al.,  jndependently-derived cloud thickness are shown in Fig.
2011, but also here 23% and 50% of the GVR LWPs cjoud thicknesses, available for all adiabatically-calculated
<40 and 100gm?.  As already shown in Fig9, clouds | \WPs (40 % of the total samples; see Tablavere extended
with retrieved LWPs between 100 and 400gfmatched 4 further 23% by establishing the altitude of the maximum
adiabatically-calculated LWP values exceedingly well. This 4Bz return as cloud top for those samples with missing cloud
is consistent with previous results based on a smaller saMpps. The adiabatic LWPs are more tightly constrained by
ple size Zuidema et al.2009, but not with North Atlantic  the cloud thickness values than the retrieved LWP values, as
observations (e.gPawlowska and Brenguie2000, and a  \ould be expected. In this figure, one-half of all the GVR-
high adiabatic fraction (LWitrieved L\WPadiabatid May be a  retrieved LWPs correspond to clouds with recorded thick-
particular feature of the southeast Pacific stratocumulus.  nesses<180 m thick, and this excludes 15 % of the clouds
with retrieved LWPs and no indicated cloud top.
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Fig. 14. Retrieved (filled grey-scale contours) and adiabatic (red
contour lines) LWP relative percentages as a function of cloud
thickness, based on bins of (10 m, 20g#hin cloud thickness and
LWP. Total Nyetrieved= 32492 andVgdiabati— 24 188. 5660 LWPs
were retrieved without coincident cloud thicknesses and are not in-
cluded.

mixed boundary layers, the mean (median) adiabatic fraction
is 0.81 (0.86) while for decoupled boundary layers the adia-
batic fraction is 0.85 (0.96) (after disallowing adiabatic frac-
tions>1.0).

7 Conclusions

Brightness temperatures from a millimeter-wave radiometer
on board the NCAR C-130 plane were used to retrieve above-
cloud water vapor paths, and, were combined with remotely-
sensed cloud boundaries and in-situ thermodynamic data to
retrieve liquid water paths during the sub-cloud and cloud
base legs. A particular strength of the higher 483 GHz
frequency is the ability to retrieve low liquid water paths. The
leg-mean LWP error in well-coupled conditions can origi-
nate from incorrect specification of the above-cloud WVP
or boundary layer WVP (each estimated at 0.2mm, or 6—

2 . .
Table 3. Number of 1 Hz samples contributing to the distributions 109 nT %), and a 2K absolute and 0.3K relative uncergalnty
shown in Fig13. These represent all samples from thirteen researchin the GVRT}, corresponding to 10-20 gmand2-3gm?,
flights with well-defined cloud bases and LCLs.

N lep Nadlwp
coupled 24994 17817 10401
decoupled 26842 18048 13791
total 51836 35865 24192

respectively (Table2). Based on these numbers we con-
servatively estimate the absolute leg-mean LWP uncertainty
to be~20gnT? and the relative (within-leg) uncertainty at
~3gm 2 in well-mixed conditions. In decoupled condi-
tions, for which the boundary layer WVP specification is less
certain, we estimate a higher absolute leg-mean LWP uncer-
tainty of 25-30gm?2. The uncertainties will be higher in
heavily-precipitating conditions. Further work could be done
to improve LWP retrievals in decoupled conditions within

Figure 14 allows us to conclude that the thinner open cellular convection using all four GVR channels from
(LWP<100gn1?) clouds are also adiabatic. Histograms the cloud-base legs.

of the adiabatic fraction, or ratio of retrieved LWP to the

The retrieved above-cloud water vapor paths were on

adiabatically-calculated value, are shown more explicitly for par with surface-based Arctic values, further confirming the

coupled and decoupled boundary layers in Ely.For well-

Atmos. Chem. Phys., 12, 355869, 2012

presence of a very dry troposphere in the southeast Pacific
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10F ) e 1 Both boundary-layer and free-tropospheric air east of
; N /_ o 75° W are likely to encounter continental aeroBigtherton
8 - 7] § et al, 2010. The thin, adiabatic clouds are likely to be par-
f‘gn 6; _ ] g ticularly susceptible to aerosol (e.Betters et al2011; Kim
s 0 ]2 et al, 2008 and references therein), which may help explain
2 4F 1= the global-maximum albedo susceptibilities derived by satel-
[ 1 E lite for the southeast Pacifi©Ofeopoulos and Platnick008.
2r 1° Quantitative observational estimates of the first aerosol indi-
0b AL L rect effect can vary greatly, for reasons at least partially at-
0001020304 05 06 0708 0.9 10 1.1 tributable to scale and to the choice of liquid water path as a

constraint McComiskey and FeingoJ®011). The comple-

r - mentary airborne cloud measurements at process-level scales
107 b) Al 3! may help estimates of the first aerosol indirect effect made
gl ] ] g using different platforms converge for this region, and have
R 1 & been used to understand precipitation susceptibility for this
£ of 1 “;; region (Terai et al, 2011).
5‘; 4l ] 8 Data from the three cloud remote sensors have been
f 1 § combined into Integrated Datasets publicly available for
2r 1 ° each research flight through the NCAR Earth Observing
oL S nAARNARNAR RN NARN Laboratory data archiven{tp://data.eol.ucar.edu/mastest/
00010203084 02 06 070809 10 11 ?project=VOCALS, with plots for each research flight avail-

able throughhttp://www.rsmas.miami.edu/users/pzuidema

The combined datasets free users from obtaining data for the
Fig. 15. Distribution ~ of  adiabatic  fraction individual instruments and from some of the data process-
(LWPretrievedL\WPadiabatid for (a) coupled and (b) decou- ing. The VOCALS experiment was the first and last field
pled boundary layers. Only clouds with thicknesses exceedingdep|0ymem on the C-130 of the airborne GVR, but the GVR
100 m were included, for a total of 22718. has features that recommend further aircraft deployments of

similar instrumentation. It is small, easily integrated onto an

. . . aircraft platform, inexpensive, and its upward-pointing orien-
(Bretherton et a].2010) and reinforcing the idea that a broad tation is conducive for integration with other datasets includ-

infrared window is available for cloud top radiative cooling. . ) . -
ing concurrent sub-cloud air sampling, as well as providing a

A comparison of the VOC?ALS retrieved free—trop ospheric cold space background for the LWP retrievals. The retrievals
WVPs to radiosonde-derived values from previous yearscould in theory be done instantaneously through a neural net
finds that the free-troposphere sampled during VOCALS was, ry Y 9

. . . . (Pazmany 2007). The millimeter-wavelengths are not op-
drier than in other years, with values ranging from one to . . )
timal for the subtropical stratocumulus region, but could be
two mm off-shore to almost one cm near the coast. . . . -
. 2 combined with lower-frequencies focused on establishing the
Clouds with LWPs<100 (40)gm™® composed almost water vapor path, such as around the 22 GHz water vapor ab
two-thirds (one-third) of the entire dataset. Thin clouds por path, P

were more frequent near the coast, with a mean (median?orpt'on line.
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