Clouds: Flights, Theory, and Data

SP2 CAMERA--__ {1 Ejectable Flares| ®Pilot  Scientist
— SO2 CPI & CCNC UN[:Ef‘A'?CRf*F ’— UNDER AIRCRAFT @ Racks/Instruments
DEW " RSX3
St | R
. AVAP .@ P" .
SFMR "
:-- UNDER AIRCBI}FT
| , Main
, \ / S Computer
v s R iy
BIP Flares. - : : ' I IP Flares
S L e == S 7" GRIMM
11 o0 11
/" TUNNEL
, RACK " ¥ \
' POWE 1 &)
CcCp TWCM RACK ICE

Dr. David Delene
University of North Dakota



Importance of Aerosols and Clouds
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Possible Measurement Objectives

* Determine the relationship between aerosols and cloud
droplet properties.
* Precipitation Formation
* Aerosol Indirect Climate Affect
* Determine if cloud seeding could be beneficial (Delene
2016).
* Help determine what is the optimal seeding method for

enhancing precipitation.

Delene, D. J., Suitability of North Dakota for Conducting Effective Hygroscopic Seeding, J
ournal of Weather Modification, 48, 43-67, 2016.


http://www.weathermodification.org/publications/index.php/JWM/article/view/549
http://www.weathermodification.org/publications/index.php/JWM/article/view/549

Relationship between CCN and Droplets
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Aerosol Concentration [#/cm?]
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Image reproduced from Figure 8 of Delene et al., 2011.




Clouds in the Atmosphere

Clouds are made up of water droplets and/or ice crystals, much
larger than typical aerosols (0.01-10 um).

Clouds are technically aerosols but have unique properties and
are typically considered separately.

East Grand Forks: 17 July 2011 Citation Flight: 14 july 2011



Rosemount Ice Rate

Detector (RICE) »

Operating Principles — Rod Frequency Change
Primary Measurements — Ice Rate Accumulation
Quality Control — Review Flight Data

Flight Profile Consideration — Icing Rate not
Same as Wings

Data Acquisition — Serial Data
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2-Dimensional Probe
Aircraft Measurements




Two Dimensional Cloud
(2D-C) Probe Optics
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May 12, 2010 Ground Test with Spinning Disk on 2DC Probe
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Citation Aircraft 2DC: December 16, 2011
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Images from 2-DC Probe
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Images from 2-DC Probe
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http://www.its.caltech.edu/~atomic/snowcrystals/class/class.htm
http://www.its.caltech.edu/~atomic/snowcrystals/class/class.htm

2-DC Probe: Spheres

¥ Agure wo. o: 30 I ery _|1] =
Sl E4dE ok TFoopb Toog ' e =D

B msac L EIrs sgos
— WS 2 January, 159454 -
=L maJc

Tdidzn L
o i i i

pET T
gLEL] I L b




sl e =g

Needles

23 January, 1596

1A AL A T A

I O 1 Sy A

b
=
=
-
a¥
@
0
N

TTTRL LT =W

A e Mo, 4t AL Imagey



ites

Dendr

[ ]
[ ]
234 January. 144d

.. 1]

I P B, LR el

b
=
=
-
al
@
-

- T.
ri :

L2 F L. TTiadwd

) -

b Flquic Mo, A 2 Imanow



2-DC Probe: Irregulars
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Images from 2-DC Probe
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Droplet Effective Radius
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9 April 2009 Flight
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DC probe on a research flight in Saudi Arabia.



9 April 2009 Flight
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water content equivalent (1 Hz data) measured by 2-DC probe
between on 9 April 2009 research flight in Saudi Arabia.
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2009 research flight in Saudi Arabia.



DMT Precipitation
Imaging Probe (PIP)

Operating Principles — Shadowing of Diodes
Primary Measurements — Cloud Droplet
Concentration Spectrum (Reconstruction Gives
Larger Sized Particles)

Quality Control — Size Checks with Spinning Disk
(No Concentration Check Available)

Flight Profile Consideration — Icing of Probes,
Requires Correct True Air Speed

Data Acquisition — Binary Image Data



Prec1p1tat10n Partlcle Imager (PIP)
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Images frorn the prec1p1tat10n imaging probe (PIP) durmg 2 March 2017 flight near Fargo, North Dakota.
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Time series plot of the number concentration in channel 4 of the precipitation
imaging probe (PIP) during the flight on 2 March 2017 near Fargo, North Dakota.
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Cloud Imaing Probe (CIP) ' '\

Operating Principles — Shadowing
of Diodes

Primary Measurements — Cloud
Droplet Concentration Spectrum
(Reconstruction Gives Larger Sized Particles)
Quality Control — Size Checks with Spinning Disk
(No Concentration Check Available)

Flight Profile Consideration — Icing of Probes,
Requires Correct True Air Speed

Data Acquisition — Binary Image Data

CCP



Cloud Particle Imager (CIP)

03/02/17 Start: 2228.0299(00:37:8.0299) End: 2729 0399(00:37:9.0399) Delta: 1.0100000 [s] TAS: 77.05 [m/s]

“‘gg TR A, RAT 2

us,foz /17 Start: 2229, GSEQ(UD 37:9.0399) End: 2230.4499(00:37:10. 4499) Delta: 1.4100000 [s] TAS: 77.68 [m/s]

VR b e’ e Ry

u&;’t}zﬂ 7 Stort: 2230.4499(00:37:10.4499) End: 2232.1599(00: 37:12.1599) Delto: 1.7100000 [s] TAS: 78.79 [m/s]

. T LA

um}zﬂ 7 Start: 2232. 1599(0:1 37:12.1599) End: 2233.5699(00:37:13.5699) Delta: 1.4100000 [s] TAS: 79.45 [m/s]
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Images from the cloud imaging probe (CIP) during the 2 March 2017 flight near Fargo, North Dakota.




PIP/CIP Quality Control

- It is important to conduct performance
test on the CIP using a spinning disk.

» It is important to clean the on cloud
physics probes optics.




DMT Cloud Droplet
Probe (CDP)

Operating Principles — Forward Light Scattering
Primary Measurements — Cloud Droplet
Concentration Spectrum from 3 — 50 pm, 30
Channels (Liquid Water Content Derived)

Quality Control — Size Checks with Particles of
Known Size (No Concentration Check Available)
Flight Profile Consideration — Icing of Probes,
Requires Correct True Air Speed

Data Acquisition — Serial Data (230,400 bps) with
Particle-by-particle (pbp) Data




Optical Path of the FSSP

50 or 55 mm Collecting Lens
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/ =325 mm Lens Mirror
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* The beam splitter divides the scattered light onto two photodetectors.

* One photodector is optically masked to not receive scattered light from near the
laser beam’s center of focus.

* Droplets are rejected as being out of the depth of field when the signal from the
masked detector exceeds that from the unmasked detector.

FSSP schematic is taken from Dye and Baumgarnder, [1984]



FSSP Effective Sample Volume

Sample Volume = TAS*DOF*BD*(Tc/Ts)

TAS - Aircraft True Air Speed (~100 m/s)
DOF - FSSP Depth of Field (~2.9 mm)
BD - Laser Beam Diameter (~0.2 mm)

Tc - Number of Droplets Sized
(Total Counts)

Ts — Number of Droplets within the DOF
(Total Strobes)

/——F\
=
o

DOF

VN
N—_

-~

Air Flow

Laser Beam



LLaser Beam Fraction Correction

Effective Laser Beam Diameter (Tc/Ts)

Total Counts Laser Beam Total Strobes
(Tc) (Ts)

- The effective laser beam diameter is the fraction of the total
diameter where droplets are within the laser beam long
enough so they can be sized.

« A running average of droplet transit time through the beam
is maintained. If the droplet time within the laser beam is
less than the average, it is rejected from sizing but included
in the running average.



Sizing Calibration: Pulse Amplitude

3

2

Pulse Amplitude [mV]

Calibrations (left axis):
{ glass beads

O PSL spheres

@ water droplets (at the center of the DoF)
—— Power fit to water droplet calibrations

y =120 +2.70 (x""®)

CDP diameter bins
— CDP diameter bins (with 2um shift)

!!!!!!

rﬁ"

I glass beads (n = 1.59)
PSL spheres (n = 1.56)
M water droplets (n = 1.33)

Mie Calculations (right axis):

3.5°-10.8" (upper estimate)

45°-13.8° (lower estimate)

detection angles used in calculations:

10

2 3 4

Droplet Diameter [um]

Figure is from Lance et al. [2010]: Atmos. Meas. Tech. Discuss., 3, 3133-3177,
2010, www.atmos-meas-tech-discuss.net/3/3133/2010/ doi:10.5194/amtd-3-
3133-2010
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http://www.atmos-meas-tech-discuss.net/3/3133/2010/

Size Calibration Procedure

00
Chnl Cts Size
1 22 2680
el § 1 2 11 730
3 5 11.20
L | 8 14.40
290 |- i ] 12 17.80
I 8 55 21.00
A 7 243 24.50
1 } 8 49 2860
180 - | - | E 3IZ2.80
i 10 0 38.10
| 11 0 4£3.30
| i 12 0O &45.10
en 13 0 S3.70
[ | L 14 0 59.80
L 1% 0O 65.20
0 ﬂ—ﬂ—.—-r— | 18 70.70
] 1 [ 4 — i 1 1 a
5 10 15
Rameae: 0O Beads ize: 30.200 HitrEguiw: 24 _600 Augltnl - & .98
Probe Tupe: fssp HIE Data - File_3/N_Info:
miecurve .dat
Probe S7H: dafault
2081058163 4.0-12.0: 0873088
Probe Ounsar:
LD Pha Data - Fila.S3/N_Info:
phadata.dat
Data Taken: defaul t
11:13:42.00 to 12,92
11:13:33.00
102303 Offaet Data - File E/N.Info:
offsets dat
Processed: datault
102303 11:13:43 12,92
Data File:

r—30pre .cal

Sizing calibrated is done to determine the instrument's channel size

boundaries by using the channel counts obtained from measurements on
beads of known size.



Bead Performance Check

GR_01_29_08_16_2%.countaspp_fesp.raw (Time Peried: 31227.500 to 31228.500)
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FSSE Channel Mumber

January 29, 2008 FSSP calibration check at 8:40:28 using
15 pm beads.



Good Calibration Standard?

0102115 23_.caunta.cdporaw (Tira Pari GA25.000 to SEB2E.000)
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COF Charnnel Mumbear

October 20, 2010 CDP pertormance checks using 15 pm
beads. Black line 'good' size standard, red line 'poor’
size standard.



CDP Performance Check

Tirne [UTC]

145500 1424520 14:51:40 150000 150820 15:16:40
] O L B R
. Pine :
. Pollen :
S 3000 -
c 3 Water :
% - Droplets ]
£ - .
o 2000 —

[

S B .
_ - 15 pm ]
il L _
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November 4, 2010 Cloud Droplet Probe
(CDP) performance check.



CDP 15 pm Spectrum

10_11_04_14_30_14.counts.cdp.raw {Time Period: 52732000 to S2738.000)
BD 1 I I | 1 I I I | I 1 ; I | 1 I 1 I | I 1 I I I I I 1 I

I

I
&
' I

I3
-
|

I

Droplet Counts [#]

el v

5 10 15 20 25 30
Cloud Droplet Probe Channel Number

Cloud Droplet Probe (CDP) spectrum from 52,732 to 52,738
stm. The average channel value is 12.8500.



CDP 30 pm Spectrum

10110414 30 14 counts.cdporaw (Time Peried: 53112000 to 53125.000)
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Cloud Droplet Probe (CDP) spectrum from 53,112 to 53125
stm. The average channel value is 17.8234.



Saudi Spring 2009
FSSP-SPP100 Performance Checks

Post-
Start End Pre-Peak| Peak Bead Water Eq.| Cal. Av

Date 1 'semp | sFmp | PE2CH | count | count g:t";‘:t Mode  gizeum] sme | CH | StdcH
09/03/19 28714 28715 11 34 37 33 0 30 24389 1099 11.279
09/03/19 28994 28996 5 61 66 50 0 15 12.91] 4938 5573
09/03/20] 456024 45603 5 75 9 7 0 15 12909 4978 5573
09/03/20] 45605.7 45606.2 4 5 15 7 0 15  12.909 4.074 5573
09/03/20 45926 45928 4 22 23 15 0 Pine Pollen 3.88

09/03/20 46071 46073 7 28 3 22 0 Water 6.925

09/03/22] 24773.5 24774.8 8 15 18 17 0 30 24389 8.04 11.279
09/03/22 27008 27007 8 40 43 420 o 30 24389  8.016 11.279
09/03/22] 27283.5 27284.8 4 280 350 270 0 15 12.91] 3988 5573
09/03/22] 27288.7 27289.7 4 210 300 2800 0 Pine Pollen 4.088

09/03/22] 28439.7 28441.3 10 27 33 20 0 30 24389 99125  11.27
09/03/22] 28622.7 28623.7 5 4.1 43 22 0 15 12.909 482 5573

http://atmoswiki.aero.und.edu/atmos/citation/cals/spp/home



http://atmoswiki.aero.und.edu/atmos/citation/cals/spp/home

FSSP Liquid Water Content [g/m~3]

Ice Contamination
March 14, 2004 Flight
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The FSSP LWC calculations assume spherical water droplets.
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dN [#/cm?3]

Cloud Droplet Probe

Number Concentration Spectrum
July 15, 2010 Flight

Number Concentration
b - 100 to 150

: - 150 to 200 :
=F - 200 to 250

Cloud Droplet Diameter [um]



Cloud Droplet Probe

Normalized Concentration Spectrum
July 15, 2010 Flight

Number Concentration -
- 100 to 150
- 150 to 200
- 200 to 250

12—

dN [#/(cm3 um)]

20 a4

&0

Cloud Droplet Diameter [pm]



Cloud Droplet Probe (CDP)

Time [UTC]
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Time series plot of the cloud droplet probe (CDP) concentration during the
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2 March flight near Fargo, North Dakota.
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Liquid Water Content Calculation

The liquid water for a given volume of air may be
determined through mass integration of the cloud
droplet distribution.

I
T ) :
LWC = pw-ﬁ? Z NI+ (d;)
)
=1

P — Density of Water

N; - Concentration of droplets in size channel i
d; - Droplet diameter in size channel i

m - Total number of channels



SEA Water Content
Measurement (WCM)

Operating Principles — Hot Wire Elements
Primary Measurements — Liquid Water Content
and Total Ice Water Content (Ice Water Content
Derived)

Quality Control — Review Flight Data (Ensure
Zero Out of Cloud Values)

Flight Profile Consideration — Icing of Probes,
Clear Air Sampling

Data Acquisition — Network Data (M300)



Multi Element Water Content Measurement (WCM) System
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Time series plot ot the total water content amps from the water content

measurement (WCM) during the 2 March 2017 flight near Fargo, North Dakota.



Conclusions

Liquid Droplets are round, ice is not.

Flight Date: 06/%4/08  Start Time = 31749.0684(08:45:9.0684)  End Tirme = J1740.2327(08:49:9.2257) Delta Time = 0154297 [=] TAS = 11219 [m /=]

FHHHHTIE T ————= === bt} T

Flight I:I-::lte 0B/ 24,08 Stur‘t Time = 31743.1719{08:4%:2.1715)  End Time = 31742.2B32(08:42:5,2832) Delta Time = Q111326 [3] TAS = 112,28 [m/5]
Flight Date: 08/ Z4/08  Start Time = 31749 2885(08:48:8.7895) End Tirme = 31748.7695(08:49:3.7885) Dselta Time = 0.500000 [=] TA3 = 112.21 [.-n,a-r ]

Flight Date: Q24,08  Start Time = 31750.0503008:4%:10.0508)  End Time = 31752, 2555(08:49:12.255%)  Delta Time = 220508 [3] TaS = 11279 [m 5]

T ——FEIE = FFFHE—F— LT

i : art Ti = . s45:18,
Flight Dater 06 24/08  Start Time = 31758.2558{08:45:18,2558) n

IHIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIi

Flight Date: 08/24 /08 Start Time = 31759.3954(08:4%:19.3954) End Time = 31752.7344(06:49:19.7344) Dslta Time = 0.335838 [=] Ta5 = 112.20 [m/a]

IIHIIIIIIIIIIHIHIHIIIIIIIIIIIIIIIII III%FF?

Flight Date: 0B/24,/08  Start Time = 31760.0858(05:49:20,0888) End Time = 31760.6113(08:49:20.6113) Delta Time = 0.521484 [s] TAS = 215.00 [m/s]
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