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Abstract. A modified UFT-M version of the ultrafast air- of marine stratocumulus fields capped by a strong inver-
borne thermometer UFT, aimed at in-cloud temperature measion due to large-scale subsidence in high-pressure sys-
surements, was designed for the Physics of Stratocumulugems. Many earlier campaigns aimed at airborne measure-
Top (POST) field campaign. Improvements in its construc-ments of stratocumulus properties were performed in West-
tion resulted in the sensor’s increased reliability, which pro-ern Pacific along the California coast (see e.g. overview in
vided valuable measurements in 15 of the 17 flights. Over\Wood , 2012. A description of the flight strategy during
sampling the data allowed for the effective correction of thethe POST campaign and a summary of the flights can be
artefacts resulting from the interference with electromagneticfound in previous studiesGerber et al.2010 Carman et
transmissions from on-board avionic systems and the theral,, 2012 Gerber et al. 2013 and in the POST database
mal noise resulting from the sensor construction. The UFT-held by the NCAR'’s (National Center for Atmospheric Re-
M records, when averaged to the 1.4 and 55 m resolutionssearch) EOL (Earth Observing Laboratory) Htp://www.
compared to the similar records of a thermometer in a Roseeol.ucar.edu/projects/pos@f key interest was investigating
mount housing, indicate that the housing distorts even low-the interactions among turbulence, thermodynamics and mi-
resolution airborne temperature measurements. Data cokrophysics, which were assessed to improve the understand-
lected with the UFT-M during the course of POST charac-ing of the entrainment of free tropospheric air into stratocu-
terise the thermal structure of stratocumulus and capping inmulus clouds and the subsequent mixing processes. The sci-
version with the maximum resolution ef 1 cm. In this pa-  entific importance of these interactions has been underlined
per, examples of UFT-M records are presented and discusseth recent reviews Bodenschatz et al201Q Siebert et al.
201Q Devenish et a).2012. The main part of each flight
(so called “pod”, see Figl) consisted of porpoising ma-
noeuvres of an amplitude ef 200 m. These manoeuvres in-
1 Introduction volved ascents from the cloud top region across the capping
inversion to the free troposphere and subsequent descents
Physics of Stratocumulus Top (POST) was a research camntg the cloud top. Additionally, in each pod three horizon-
paign aimed at the airborne investigation of marine stratocuyg segments: above the sea surface, at the cloud base and
mulus clouds and capping inversion. In June and July 2008¢|gse to the cloud top were taken in order estimate turbulent
a research aircraft, a turbo-prop CIRPAS (Center for Inter-fiyxes. A typical flight consisted of three pods and two verti-
disciplinary Remotely-Piloted Aircraft Studies) Twin Otter, ¢g) soundings.
equipped with high-resolution instrumentation used to mea- The present study focuses on the description and perfor-
sure thermodynamic, microphysical and dynamic propertiespance of a specially designed version of the ultrafast ther-
of clouds, performed 17 research flights over the Pacificometer (UFT) Haman et a].1997, 2001), which was one

Ocean in the area-125km west of Monterey Bay, Cal- of the key instruments used in the POST field campaign and
ifornia. This area is well known from persistent presence
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An overview of a typical segment (pod) of flight in POST campaign
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Fig. 1. An illustration of flight strategy adopted for the POST research campaign. In the upper panel flight altitude (black) in the course of
a single flight segment called “pod” is plotted, the blue rectangle marks the cloud layer. The lower panel shows corresponding temperature
and liquid water content.

may be used in future campaigns that involve airborne in- — cloud droplets wetting the housingLgwson and
vestigations of small-scale features of warm clouds. High- Cooper 1990 Eastin et al. 2002 Sinkevich and
resolution temperature measurements are needed to charac- Lawson 2005 Wang and Geert2009.
terise filaments formed in the course of mixing of clouds with )
the environmental air. They allow to distinguish volumes un- During the development Process, a moderatt_a-resp(_)nse
dergoing active mixing from regions already mixed, Charac_thermoco.uple was replaced with a very fine cold wire, whl_ch
terise homogeneous and inhomogeneous mixing (see discud/@S prewously_used to measure fa;t tempgrature fluctuations
sion inDevenish et al.2012and references therein), investi- " the convective surface layeMglinowski and Leclerc.
gate a relative importance of radiative vs. evaporative cooling:999- The néw sensor, denoted UFT, was described in a
in clouds (see e.gVood, 2012, and seek for effects of evap- Previous study oHaman et al(1997). Its prototype ver-
orative cooling at the interfaces between cloudy and clear aif!O": mounted on a slowly flying powered glider, allowed for
(Malinowski et al, 2008. It can be also used, together with the first airborne temperature measurements in clouds with
the other airborne data to characterise properties of differ résolution on the order of 1 crid@man and Malinowski
ent cloud layers and regions (see e4gman et al. 2007 1996. The UFT provided insight into the intriguing small-
Malinowski et al, 2013. Last, but not least, high-frequency scale thermal structure of turbulent clouds. Further devel-
temperature measurements can be used, together with the ?pment resulted in a variety of UFTs that were designed
propriate vertical velocity data in sensible heat flux estimates ©" spec.lflc. airborne platforms and applicatiort$anan et
from slowly flying aircraft (like inMetzger et al.2012. al., 2001, Siebert et a].2003. In particular, the UFT-F (fi-
Construction of UFT-M follows a novel airborne ther- Nal F for fast) version of the sensor, which was designed for
mometer for in-cloud measurementdaman 1992. The platforms that make measurements at true air speeds of 50—
sensing element of Haman's device (i.e- 80 um thick ther- 10 s, was used on turbo-prop research aircraft in mul-
mocouple) was protected from getting wet in the clouds by!iPI€ field campaigns. ,
a specially designed rod. Both, the sensing element and the While providing unprecedented resolution, the UFTs suf-
rod, were placed on a rotatable vane that adapted to the loc&¢red from drawbacks and were incompatible with the equip-
flow. The unique design was aimed to minimise the unwantednent of multiple research aircrafts. Vibrations in flight of-

influences of the housing, which typically affect temperatureten led to the_ deterioration and failu_re of sensing ele_ments.
measurements in the following ways: The UFT’s high-frequency output signals were subject to

electromagnetic interferences with avionic systems. Specif-
— aerodynamic effectd¢iehe and Khelif1992 Mayer et ically, the temperature signal was often affected by inter-
al., 2009; ference from a cable that ran between the sensing wire and
the amplifier. Additionally, the amplified analogue signal was
subject to high-frequency interferences on the signal cables
that connected the amplifiers to the dedicated data acquisition

— thermal inertia of housingFtiehe and Khelif 1992
Inverarity, 2000; and
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systems in the cabin. Small imperfections in the shielding ornoise) of an amplitude that increases roughly with the square
even minimal displacements of the cables from their optimalof the true airspeed (TAS).

locations led to artefacts in the recorded signals. For typi- The design of the rod differs in various versions of UFT.
cal low- and moderate-response instruments, this effect is nain UFT-F, the rod is aerodynamically shaped and has 12 mm-
visible due to signal conditioning and low-pass filtering that long and 0.35 mm-wide slots on its sides, which are con-
occurs prior to recording data. However, the response frormected by means of a pressure duct to the Venturi nozzle that
the UFT exceeded the capabilities of aircraft data acquisitioris exposed to the airflow. A pressure deficit from the nozzle
systems, which required the use of special units and signasucks off the surface layer from the rod, thus reducing pres-
conditioning at much higher frequencies. In effect, the over-sure and temperature fluctuations in the wake and removing
all reliability of UFT sensors often appeared unsatisfactory,water collected on the shield. Nylon string (0.25 mm diame-
which limited their use. In many field campaigns, useful datater), located 3 mm ahead of the rod, also improves the effec-
were available from only 10-20 % of research flights. tiveness of the shield.

To overcome these deficiencies, an improved version of The sensor and protecting rod are mounted on a rotat-
the UFT-F thermometer, UFT-M (M for modified), was de- able vane that adapts to the local airflow. Sketches and pho-
veloped. UFT-M proved to be much more reliable than thetographs of UFT-F thermometers as well as an experimental
original UFT-F, providing valuable results from 15 of the 17 analysis of temperature fluctuations in the wake can be found
research flights that took place during the POST campaignin a previous studyHaman et al.2001). Numerical simu-
UFT-M allowed for the collection of very high-resolution lations of the flow around the rod, vortex shedding effects
(maximum~ 1 cm resolution) records of the thermal struc- and droplet trajectories have also been previously examined
ture of stratocumulus clouds and capping inversion. Thes€Rosa et al.2005. A concise description of the sensor can
records, accompanied by high-resolution records of liquidbe found inBange et al(2013.
water content (LWC, 5.5 cm maximum resolution), humidity =~ The current version of the UFT-M sensor, pictured in
(55 cm maximum resolution) and 3 components of velocity Fig. 2, has a similar geometry to the UFT-F. The differ-
fluctuations £ 1.4 m resolution) from closely collocated in- ence is that the slots in the protecting rods are elongated to
struments, as well as standard-resolutistbb m) measure- 17 mm. The slots are elongated such that two independent
ments of microphysics and radiation, were collected over thesensing elements can be placed behind the rod, thus ensuring
course of approximately 900 penetrations through a stratocuredundancy.
mulus top and led to a unique data set that characterised the Other modifications introduced to minimise the deficien-
interface between the stratocumulus-topped boundary layeties of the UFT-F include the following:
and the free troposphere.

In this paper, we describe the UFT-M sensor construction
and improvements with respect to previous versions (Sgct.
the data collection procedure (Se8}.and the UFT-M per-
formance during POST (Se@.2) compared to the perfor-  _ 3 redesigned vane with an increased stiffness and with
mance of the temperature sensor in Rosemount housing and  jmproved bearings on the axis to reduce vibrations.

present examples of measurements performed with the in-
strument (Sect). The sensing wires are soldered to the tips of the Teflon-

coated copper connectors placed inside stiff stainless steel
tubes. The middle connector, common to both sensing wires,
is the common ground. Two independent pre-amplifiers col-

— aredesigned miniaturised amplifier circuit, placed close
to the sensing elements to minimise electromagnetic in-
terferences with avionics; and

2 Description of the UFT-M thermometer lect signals from the outer connectors. The current in the
sensing wires is reduced to 2mA to minimise resistive
2.1 Sensor construction heating.

An electronic circuit, ensuring a 68-fold amplification of

The sensing element in all of the thermometers in the UFTthe signals, a frequency response up to 20kHz and output
family is platinum-coated tungsten resistive wire that is Noise less than 1 mV peak to peak, is surface-mounted on
2.5pum thick and 5mm long and has50%2 resistance at @ specially designed printed board that is small enough to
room temperature. The small diameter of the sensor results i€ hidden inside the vane. The whole circuit, except for the
low thermal inertia and negligible radiative effects, while the Sensing wires, is screened. The printed board is inside the en-
large length-to-diameter ratio allows negligible heat trans-velope of a copper foil, and connectors to the sensing wires
port from the supportd{aman et a.1997). The sensing wire ~ are inside the stainless steel tubes, which are structural ele-
is positioned 6.5mm behind a shielding rod, thus protect-ments of the vane and support the sensing wires. Screening is
ing the sensor against droplet impact and moisture. Unfortuimportant, as a weak signal from the sensor is easily affected
nately, pressure fluctuations in the eddies shedding from th®Y electromagnetic disturbances (e.g. from aircraft radar, ra-
rod cause temperature fluctuations (i.e. aerodynamic thermdlio and/or avionic systems).
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where N, is the Nusselt numbery =0.025WnT1K1
protecting rod is the heat transfer coefficient for aip=60ms? is
with slot the air velocity, D=2.5x 106 m is wire diameter, and
v=15x10"°m?s 1 is the kinematic viscosity of air. This
value compared to the radiative heat flux per unit length of

signal amplifiers
(inside the vane)

sensing o
wires: the wire:
UFT-M1 0, = SAD, @

UFT-M2

whereS = 1300 W12 is the maximum solar flux and = 0.3
is absorption coefficient for platinum, gives the maximum
temperature effect of radiatiod7 = 0.005 K.

Temperature effects of dynamic pressure — changes of the
airflow velocity — also affect temperature measurements (see
e.g. Sect. 2.5.1 iBange et al.2013. They depend on the re-
covery factor of the thermometer. Estimates the UFT recov-
B ery factor byHaman et al(1997) give a value of 0.6. This,

. _o__ =% 2= e together with the measurement speed of 55 femd fluctu-
—“adjustable P ations in the range a5 msL result in the shift of temper-
stiff stainless steel support ature byAT =0.2K and fluctuations-0.04 K. The value of

; 5 shift is of secondary importance, since UFTs are designed to
measure small-scale temperature fluctuations, not static tem-
perature and are used together with calibrated low-frequency
temperature probes (see Sect. 3.1.3).

2.2 Mounting of the sensor

| C‘\ pressure duct The mounting of the UFT-M sensor must be designed sepa-
... <+—Venturi nozzle rately for each type of aircraft. During the POST campaign,
: the UFT-M was mounted on a particularly stiff, stainless-

steel tube positioned below the nose of the CIRPAS Twin
Fig. 2. The UFT-M as used in POST. Upper panel: the sensor, sensOtter (Fig. 3) and was in proximity to the following fast-
ing wires 1 and 2 are referred as UFT-M1 and UFT-M2. A printed €SPONse instruments: particle volume monitor (PVM)-100
circuit with the electronics, here exposed, is screened and hiddeHquid water content (LWC) probeGerber et al. 1994,
inside the red tail of the vane. Lower panel: the sensor support andiygrometers, including the fast NCAR Lyman-(Beaton
mounting details. and Spowart2012, and a 5-hole turbulence probing sys-

tem in the radome. A description of the instrumentation can

be found at the POST web padsttp://www.eol.ucar.edu/

The sensitivity of the amplified signal is 25mVK-%,  Projects/post/ The tube was tilted back to compensate for

and the thermal drift is less than 0.25 mVK The UFT-Mis  the typical angle of attack during the measurements. Easily
designed to measure temperature fluctuations, and such driftccessible clamps allowed for the adjustment of the support
is acceptable. length; these adjustments helped keep the sensor outside ma-

A comprehensive description of accuracy, resolution andiF’r disturba_nces of the flow and minimise vibrations. Th(_a en-
overall performance of UFT sensors can be founHaman  tire tube with the sensors could be replaced or repositioned
et al. (1997. Below we discuss in more detail errors due N @ few minutes, even during field conditions. A 1.5 m-long,
to radiation and velocity fluctuations. The first is estimated double-shielded signal cable was led along the tube. The ca-
from the comparison of heat fluxes due to solar heating of?l® was equipped with a connector that was compatible with
the sensing wir, and heat transfep between the air and @ receptacle at t_he input of the anqlogue—to-dlgnal converter
the sensor at temperature differencg. Q per unitlengthof ~ (ADC), located in a shielded box in the baggage compart-
the sensing wire can be estimated after chapteiSaotiborn ~ Ment of the aircraft.

1972 f he f la:
(1972 from the formula 2.3 Data recording

1/2
Q = Nykn AT ~ kt AT <0.318+ 0.69- (%) ) (1) Before digitisation with 16 bit resolution, both temperature

signals were conditioned using a low-pass filter of selectable
limiting frequencies: 2.5, 5 and 10 kHz. At the signal input
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Fig. 3. UFT-M and other fast-response sensors mounted close together around the nose of the Twin Otter research aircraft during POST.

range of £5V, the least significant bit corresponded to (2) separate random spikes in the signal records, indicating
0.15mV, i.e. 0.006 K. A 1Hz square wave analogue sig-that not all interferences with avionics were eliminated.

nal, which allowed for the synchronisation of all instruments

aboard the aircraft, was connected to the third input of the3.1 Error correction, time synchronisation, calibration
ADC. The maximum theoretical sampling rate of the device and signal averaging

was 2x 10° samples per second (200 kS$on all channels. _

In practice, to avoid data loss, three signals (two temperas-1-1  Error correction

tures and time sync) were digitised at a rate of 20°S s Two types of errors required different detection and correc-
(20kS 1) in each channel. This value was set to match the yp d

. i . . c}ion methods. First, occasional switching between the chan-
minimum theoretical time constant of the sensor estimate

from its length (5mm) and typical true airspeed (50TH)s nels was rare, relatively easy to detect and correct, except for
e . . . afew cases that resulted in the loss of a small amount of data.
as 1x 10~"s, in agreement with previous calculations and

experimental estimatesiaman et al.199%. The limiting Second, random spikes which deviated substantially from the

frequency of the low-pass conditioning filter was accordinal local signal level. We tested several error-correction algo-
setqto 10in P 9 9 yrithms, e.g. based on median of absolute deviations (MAD)

The digital signal was sent via a shielded 10 m-long use2® mPapaI_e et ak200§ andMauder e_t al(2_013. We found
; . o that statistics of temperature fluctuations in various segments
cable (with the signal amplifier) to the portable computerof the record (e.g. free troposphere, temperature inversion
inside the cabin and recorded on a hard disk. Typically 9. Posp ' P '

~ 10 GB of raw data were collected during each flight. and cloud top region) are very different. MAD-based algo-
rithms lead to rejection of many good and interesting data

segments, even when applied to e.g. high-pass filtered data
in order to remove large-scale temperature fluctuations. Fi-
3 Data processing and evaluation nally, since spikes were typically single-point events, a sim-
ple detection algorithm produced satisfactory results: the sig-
As a preliminary quality check following the flight, the data nal valueV (n) at pointn was subtracted from the arithmetic
were visually inspected for major flaws. Such inspection af-mean ¢ (n — 1)+ V(n + 1))/2 and compared to the experi-
ter the first flight revealed artefacts in the form of a regu- mentally chosen threshold-0.15 K, slightly above the max-
lar series of high-amplitude spikes. Ground tests have showimum amplitude of the aerodynamic noise). When the thresh-
that despite careful shielding, one of the avionic systems wasld was exceeded; (n) was replaced by the arithmetic mean
interfering with the sensor. Fortunately, the system could bV (n — 1)+ V(n + 1))/2.
switched off, except during landing procedures. Other prob-
lems, such as sensor ageing (which affected the long-tern3.1.2  Time synchronisation
drift of the signal and led to a decrease in sensitivity) were

solved by regularly replacing the sensing elements every 1.A 1 Hz square-wave reference_timer signal fr(_)m a GPS clock
3 flights. on the plane was used to precisely synchronise the 20kS's

Except for quick assessments and initial quality checks temperature records with those from other instruments. The
volume data processing had to be performed a posterioricorrected and synchronised 20kS &FT-M signal \ivas av-
Evaluating the records revealed two major types of arte-eraged, and time series of 1000, 100, 10 and "I'Srgere
facts: (1) occasional switching between three recorded charRroduced.

nels (two temperatures and time sync) in data streams; and
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3.1.3 Calibration and averaging 2
To calibrate the temperature signal against the reference ther-
mometer in Rosemount housing (UCI temperature probe de-
scribed inFriehe and Khelif1992, 1 S s'! series were used. 22t
Calibration was completed in each flight for each partic-
ular UFT-M sensor and was aimed to determine sensitiv-
ity rather than absolute accuracy. Multivariate fits, account-
ing for variations of the true air speed were tested, but
they did not produce better results than the best linear fit.
Figure 4 presents an example of calibration that illustrates
the 1Ss?! temperature from the UCI probe of one of the

UCI temperature [°C]
=
[o2]

UFT-M temperature channels during the whole flight and 120

the fit, i.e. T =(44.302+ 0.003)V — (79.488+ 0.006). The

slope of the fit indicates that the sensitivity of the sensor is 10

23mV K~1, which is in reasonable agreement with theoreti- 9 Y 23 24

2.2
cal estimates. UFT-M voltage [V]

Figure 5 presents 1 ss temperature records frqm two Fig. 4. Example calibration of the UFT-M1 (one sensor) against a
UFT-M sensors and the UCI probe. Clearly, a UCI signal V-1 ss1record from the University of California temperature sensor

eraged to 1 S lags behind the UFT-M signal presented in rosemount housing. Each dot corresponds to a 1's average from
according to the average readings, at least in regions of faghe UFT-M1.

temperature variations. The lag in regions of large tempera-
ture jumps resulted in remarkable differences in temperature
readings from both instruments, which explains the spread of \wetting of either thermometer should result in a temper-
calibration points observed in Fig. ature drop at the exit from the cloud into clear unsaturated
Figure6 illustrates the difference in the performance of the air (cf. Figs. 9, 11, 12, and 14 inawson and Coopef 99Q
UCI probe in the Rosemount housing and the UFT-M in morefig. 4 in Haman et al.2001, and discussion itWang and
detail. Two successive panels present an example of 40 Ss Geerts 2009. No similar patterns were detected, but low
records (maximum available resolution of UCI probe) dur- LWC in the investigated clouds and a high-temperature dif-
ing two stratocumulus top penetrations (descent and ascenference between the cloud and the free troposphere could
The LWC record from Gerber's PVM-100 shows the pre- mask the signatures of UFT-M wetting. There is, however,
cise position of cloudy and clear air filaments. At 55Ms  an indirect signature of Rosemount housing wetting: differ-
true air speed, the 40 Sk data correspond to an approxi- ences in temperature records between the UFT-M and the
mate 1.4 m spatial resolution (i.e. records from all three senycC| sensor are usually larger at the cloud exit (ascending
sors are representative of the same sampling volume). Simpart of the porpoise) than at the cloud entrance (penetration
ilar to the 1 Ss? record, the UCI temperature lags behind into the cloud).
UFT-M. The temperature fluctuations of the UCI record are  pata sets and metadata after error correction, calibration,
smoother than those of the UFT-M. The lag is most likely visual signal inspection and comparison of the two UFT-
due to the thermal inertia of the Rosemount housFriehe M temperature sensors have been uploaded to the POST
and Khelif 1992 and the heat conduction from the supports database. Raw, error-corrected and calibrated 20k&ata

of the sensing element in the UCI proliagne et a).1994). can be obtained from the authors.

Additionally, the effects of positioning the Rosemount hous-

ing relatively close to the airplane fuselage, which gives off3.2  performance of the UFT-M

large thermal inertia, cannot be excluded. The maximum dif-

ferences between the UFT-M and UCI probes are 0.6K inThe UFT-M has been thoroughly tested in typical flight con-

the descending and 1K in the ascending part of the porpoiseyitions with respect to signal quality, frequency response

These values seem large, but similar differences between and the compatibility of both sensing elements. The UFT-

UCI sensor in Rosemount housing and a NCAR K-proben frequency response is clearly illustrated by an example

in flight through inversions have been reportédi€¢he and  of the power spectral density (PSD) of the temperature fluc-

Khelif, 1992. Additionally, another previous studf(uette  tyations recorded in the turbulent inversion above the cloud

et al, 2000 presented data indicating similar differences be-top, as shown in the upper panel in Figj. The following

tween the recorded temperature values and the lag of thesps are plotted: the calibrated 20 kS signal after adapt-

Rosemount temperature behind a fast-response airborne uhg the spike removal procedure (red), the same signal fil-

trasonic thermo-anemometer. tered digitally with a 20th order low-pass Butterworth filter
of 2.5kHz cutoff frequency and no phase shift (blue) and,
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W. Kumala et al.: Modified ultrafast thermometer UFT-M and temperature measurements 2049

1Hz UFT-M and UCI Rosemount temperature records compared
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Fig. 5. Comparison of 1 S temperature records from UFT-M1, UFT-M2 and UCI in the course of two consecutive porpoises.
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Fig. 6. Example UFT-M1 and UCI Rosemount 40Slstemperature records in the course of penetrations from cloud to free atmosphere
(upper panel) and from free atmosphere to cloud (lower panel). The 2BISKEC signal from PVM is added to show the cloud.

finally, the signal averaged down to 1 kS'sas submitted to  processing, slightly affect the filtered signal but have a mi-
the POST database (black). At frequencies up tbkHz all nor influence on the averaged record. Thus, the plot demon-
PSDs roughly follow the-5/3 power law. All spectra overlap strates that the errors due to aerodynamic thermal noise and
up to 300 Hz. Differences above 300 Hz are due to averagingimperfect spike removal in the UFT-M data that have been
which effectively dampens residual spikes. The PSDs of theaveraged to the 1kS$ are smaller thaa:0.05K and that
filtered and the unfiltered data overlap up to 2kHz. Abovethe similar errors on the 20kSk filtered data are smaller
2kHz, vortex shedding from the rod produces temperaturghan+0.1 K.
fluctuations (thermal noise), which add energy to the power In Fig. 8, the unfiltered (red), filtered (blue) and 1000 s
spectrum. This is effectively filtered by the digital low-pass averaged signals (black) from two nearby (0.5cm apart)
filter. All spectra have a visible, very narrow peak at 90 Hz, sensing wires of UFT-M are compared. The unfiltered
which is the signature of the acoustic wave from the aircraft'srecords show that the sensing wire of UFT-M2 is affected by
propellers. larger temperature fluctuations in the wake than the sensing
To illustrate the effect of residual spikes and temperaturewire of UFT-M1. These fluctuations are the result of small,
fluctuations (thermal noise) in the wake of the rod, the lowerunavoidable imperfections in the assembling procedure that
panel in Fig.7 illustrates a temperature record collected in can result from asymmetries or differences in soldering,
a thermally uniform free troposphere region and is presenteédmong other factors. The discussion in Sect. Roka et
at different stages of processing procedure. It follows that theal. (2005, based on a detailed two-dimensional modelling of
amplitude of temperature fluctuations due to vortex sheddinghe flow around the protecting rod, explains the mechanisms
is ~0.05 K. Low-pass filtering and averaging effectively re- of differences due to asymmetry in the location of sensing
move these fluctuations. Small residual spikes due to the inwires. Filtering and averaging effectively eliminates these
teraction with avionics, not removed in the course of signal
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Fig. 8. Temperature fluctuations from two sensing wires of UFT-M.
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Fig. 7. Upper panel: power spectral density (PSD) of the tempera-
ture fluctuations in the entrainment interfacial layer and inside the
cloud. The red line represents a PSD of the 20“K]Stxemperature
signal after error corrections; blue line — PSD of the same signal that
was digitally filtered with a 20th order low-pass Butterworth filter
of 2.5 kHz cutoff frequency; black line — PSD of the signal averaged
to 1kS s . Lower panel: comparison of the unfiltered, filtered and 10 ‘ ‘ ‘

. 2
averaged signal. 10 10 10 10 10
Frequency [Hz]

Power/Frequency [K2/Hz]

) d . . Fig. 9. Power spectra of the error corrected, unfiltered signals from
effects: the 1000 S's averaged signals from both sensing yy nearby sensing wires, UFT-M1 and UFT-M2, recorded in the

wires differ only to a marginal degree. region of intensive turbulent mixing.
Another analysis of the differences observed in the ex-

posures of the UFT-M1 (black) and UFT-M2 (red) sensing
wires to wake eddies is presented in FigThe power spec-
tra of unfiltered temperature signals disagree at frequencie
above 2 kHz.

ar greater. The next segment of the record, which lasts until
21.2s (height range 684-666 m), is characterised by a sys-
tematic drop of the mean temperature, and sharp, small-scale
fluctuations are superimposed. This corresponds to typical
4 Example records thermal characteristics of inversion capping stratocumulus.
Similar properties of inversion, denoted as the entrainment
The upper panel in FidlO presents the typical temperature interfacial layer (EIL), were observed in DYCOMS Il (Dy-
and LWC fluctuations averaged to a rate of 100 5while namics and Chemistry of Marine Stratocumulus) Ggr-
descending at a constant vertical velocity of 1.6th&om ber et al.(2005 and Haman et al(2007. The maximum
the free troposphere to the cloud deck during research flighamplitude of temperature fluctuations in the layerig K,
TO10. Three regions of clearly defined characteristics ofwhich is considerably lower than the 8 K temperature jump
temperature fluctuations can be distinguished. In the first reacross the inversion. This suggests that turbulent eddies and
gion, i.e. the free troposphere (time span 0-9 s, height rangeixing events in this layer have a vertical extent smaller
698-684 m), the temperature record is smooth, and the varithan the thickness of EIL; otherwise, filaments with temper-
ations occur in the horizontal scales on the order of 100 mature differences as large as the inversion strength should be
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UFT-M temperature and PVM LWC fluctuations, descend into the cloud, 100Hz data
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Fig. 10. The uppermost panel presents temperature fluctuations (red) recorded during the descent into the stratocumulus cloud. The smoott
signal at 0-9 s is identified as recorded inside the free troposphere; that at 9-21.2 s as the temperature fluctuations in the inversion cappin
the cloud deck (no significant LWC, blue); and that at 21.2—30 s as the temperature fluctuations at the cloud top and inside the cloud. The two
lower panels present consecutive blow-ups of temperature records to illustrate sensor performance. Colour code on these panels correspor
to that in Fig.7.

observed. At 21.2 s, the LWC signal indicates that the air-temporal resolution of this image demonstrates the advan-
craft enters the first blob of cloud, i.e. begins to penetrate theages of the UFT-M.
cloud’s top layer. Cloudy filament is characterised by a low Due to a close collocation of the PVM and the UFT-M
temperature and small temperature fluctuations. Clear air fil{separation of the instruments45cm, c.f. Fig.3 and de-
aments exhibit increased temperatures, and the temperatutailed sketches iiGerber et al.201Q 2013, the LWC and
differences between cloudy and clear air regions are similatemperature signals, when averaged to 10055 cm res-
to the differences observed in EIL. A comprehensive analy-olution), can be treated as collected in the same sampling
sis of the consecutive layers in the stratocumulus’ top regionyolume. Thus, the correlations of temperature and LWC in
distinguished based on high-resolution measurements, is presoudy volumes on scales larger thar0.5m can be inves-
sented in a recent study bfalinowski et al.(2013. tigated. Examples of correlation studies aimed at analysing
The next panels in FiglO present blow-ups of the tem- the buoyancy of cloud parcels can be foundfalinowski et
perature patterns to illustrate the error-corrected (red), low-al. (2011); Gerber et al(2013.
pass filtered (blue) and averaged (black) UFT-M records. The The next demonstration of the UFT-M capabilities is given
timescale corresponds to this scale in the upper panel. Thim Fig. 11, illustrating the PSDs of 1000 S temperature
middle panel is centred on the first cloud parcel penetratedecords (flight TO10) from selected sub-layers of the turbu-
by the aircraft (21.36-21.52's, LWC not shown). The tem-lent, stratocumulus-topped boundary layer. Dot-dashed lines
perature variations indicate small-scale (thickness 10 cm) filshow a reference5/3 slope, which represents the value ex-
aments of different temperatures that are present on the sidgeected in turbulent flows with contrasts of passive scalar con-
of the cloud parcel. The temperature inside the cloud partent (see, e.gWarhaft 2000. For frequencies lower than
cel drops to 10C. In the bottom panel, a filament struc- 10 Hz (i.e. detectable with typical aircraft temperature sen-
ture on the right-hand side of the cloud parcel is shown. Thesors), all spectra are parallel to thé/3 slope, suggesting
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PSD’s of temperature fluctuations in various layers recorded signal with a 2.5kHz cutoff frequency efficiently
‘ removes the aerodynamic noise and allows investigating the

— 50m above surface| o . -
— cloud base temperature variations at a centimetre scale. Additional aver-
——mid cloud ‘ aging to 1000 Ss!, aimed at removing some related arte-
:‘;I"L“d top facts, produces a high-quality record of temperature fluc-

" tuations in clouds with the spatial resolution of 5.5cm at
55ms ! true airspeed of the airplane and thermal resolu-
tion of 0.01 K. This record is not affected by the influence
of housing, which, even in the presence of a relatively fast-
response sensor inside, distorts the temperature readings. Us-
ing a UFT-M in a POST field campaign on board a CIR-
PAS Twin Otter research aircraft provided a unique docu-
mentation of the thermal structure of stratocumulus clouds
at 5.5cm spatial resolution, which is available in the open
databasdnttp://www.eol.ucar.edu/projects/pagtligher res-
olution data on temperature fluctuations (up to 20k3 are
available from the authors.
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