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Remote sensing

of the vertical structure of the
atmospheric boundary layer

5 Prof. Dr. Stefan Emeis | Grenzschichtfernerkundung Institute for Meteorology and Climate Research —
Atmospheric Environmental | Researc h
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subject of this lecture

Basic remote sensing techniques
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name princple spatial resolution direction type
RADAR backscatter, electro-magnetic pulses, fixed profiling scanning, slanted active, monostatic
wave length
SODAR backscatter, acoustic pulses, fixed wave  profiling fixed, slanted, vertical active,
length usually monostatic
LIDAR backscatter, optical pulses, fixed wave profiling scanning, fixed, horizontal, active, monostatic
ceilometer length(s) slanted, vertical
RASS backscatter, acoustic, electro-magnetic,  profiling fixed, vertical active, monostatic
fixed wave length
absorption, infrared, spectrum path-averaging fixed, horizontal, slanted active, bistatic or passive
FTIR
emission, infrared, spectrum path-averaging fixed, horizontal, slanted passive
DOAS absorption, optical, fixed wave lengths path-averaging fixed, horizontal active, bistatic
radiometry electro-magnetic, fixed wave length(s) averaging, profiling fixed, scanning, slanted, passive
vertical
tomography  travel time, acoustic, fixed wave length ~ horizontal distribution fixed, horizontal active, multiple emitters and
receivers
20.06.2013 Prof. Dr. Stefan Emeis | Grenzschichtfernerkundung Institute for Meteorology and Climate Research —
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Frequencies for atmospheric remote sensing
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LIDAR RADAR wind
profiler
FTIR MWR
106 cm-" 1 crIr1 10 cm!
log,, wave number 7 6 5 4 3 2 1 0 -1 -2 -3 -4 -5 -6 -7
I I | I | | I | | I I | I | | p —
1nm 1 um 1mm 1m 1 km magnetic
log,, wave length -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4
1 (1 [ | Jf 1 | | [ [ |
I III | I | | |
log,, frequency 17 16 15 14 13 12 11 A0 9 8 6 5 4
1THz 1 GHz i MHz
RASS
1mm 1Tm 1 km
log,, wave length -3 -2 -1 0 1 2 3
I I I| I| | | | I| I | acoustic
log,, frequency 5 4 3 2 0o 41
1 KHz 1 Hz
SODAR
particles clouds/ turbu-
precip. lence

Emeis, S., 2010: Measurement Methods in Atmospheric Sciences - In situ and remote. Borntraeger, Stuttgart,
272 pp., 103 figs, 28 tables, ISBN 978-3-443-01066-9.

20.06.2013
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SODAR (Large system), SODAR-RASS (Doppler-RASS), acoustic,
acoustic backscatter, Doppler electro-magnetic backscatter, determines speed
shift analysis = wind, turbulence  of sound = wind and temperature profiles

Th

Wind-LIDAR, optical backscatter, Doppler shift
analysis, wave length ~ 1.5 yum =» wind and

aerosol profiles

Ceilometer,
backscatter, optical
pulses, wave
length ~ 0.9 um

=>» aerosol profiles

image:
Halo Photonics

8 204620032 Prof. Dr. Stefan Emeis | Grenzschichtfernerkundung Institute for Meteorology and Climate Research —
Atmospheric Environmental Research
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SODAR

algorithms for the determination of
mixing-layer height

and low-level jet observations

Prof. Dr. Stefan Emeis | Grenzschichtfernerkundung Institute for Meteorology and Climate Research —
Atmospheric Environmental | Researc h
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monostatic SODAR: measuring principles
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height
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\\ O A ol A .r/

] [ © Scintec, Tubingen
emit receive
deduction: Emission of sound waves
eauction. into three directions:

EOUEd tr?tvel_tltme ’ - ?elghlt in order to measure all three
Dac slca irf![n ensity = r du enced components of the wind

oppier-shi = wind spee (horizontal and vertical)

10 20.06.2013 Prof. Dr. Stefan Emeis | Grenzschichtfernerkundung Institute for Meteorology and Climate Research —
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SODAR sample plot (daytime convective BL)

acoustic backscatter intensity sigmaw
| | B |
- 1Rl ||

40 -300 m

12 18
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Godargraemn dor 30-Mitisl dor Roflokbviid (R3) ™ 100m Bodsspraram ror Atk riom Sigman dor Faciaipsaaimindigholt (88}
My e Hoos Hprapuer Woos
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2 days, midnight to midnight

11 20.06.2013 Prof. Dr. Stefan Emeis | Grenzschichtfernerkundung Institute for Meteorology and Climate Research —
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SODAR sample plot (lifted inversion)

acoustic backscatter intensity sigmaw
A . -
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1 day, midnight to midnight
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criterion 1:
upper edge
of high
turbulence

criterion 2;
surface and

lifted
inversions

MLH = Min (C1, C2)

Emeis, S., K. Schéafer, C. Minkel, 2008:
Surface-based remote sensing of the
mixing-layer height — a review.
Meteorol. Z., 17, 621-630.

13 20.06.2013

A Algorithms to detect MLH from SODAR data

height

3

upper edge of
high turbulence
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height

upper edge of
high turbulence

example 1: daytime

Prof. Dr. Stefan Emeis | Grenzschichtfernerkundung

lifted
inversion
F =ML surface
low . Inversion
turb. i = | s
¥ EMEH
well- . - __j____
"t mixed . nocturnal
i layer . stable layer
fls dB 105 dag és dB 105 dB§
| acoustic backscatter intensity | acoustic backscatter intensity
0,3 mis 07 mis 0.3 mis 07mis _
sigmaw sigma w

example 2: night-time

Institute for Meteorology and Climate Research —
Atmospheric Environmental Research
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12002 12003
2 2002 2 2003
32002 32003
4 2002 4 2003
52001 52002
o -
8 2001 8 2002 L
9 2001 9 2002 AFO 2000
10 2001 10 2002 GEFORDERT VOM
11 2001 11 2002 * Bundesministerium
122001 122002 | firBidung

METEK DSDR3x7-SODAR des
IMK-IFU in Hannover-Linden

2-jahrige Messperiode an ein und
demselben Standort, davon 17
Monate mit demselben Mess-
programm

14 20.06.2013 Prof. Dr. Stefan Emeis | Grenzschichtfernerkundung Institute for Meteorology and Climate Research —
Atmospheric Environmental Research
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Versuch einer analytischen Beschreibung des vertikalen Windprofils

250
225 - logarithmisches Profil
1 analyt. 2-Schichten Modell (Etling)
200 - z,=1m,d=20m,z =68 m
175_' u =114 mis, L. = oo X
| m  Mittel Okt. 2001 Hannover (SODAR) ,/'
1504 | Potenzgesetz n = 0.672 Vi N

———- Potenzgesetz n = 0.517

Hohe Uber Grund in m
|

25 — tﬁ
0 — 77T AFO 2000
0 1 2 3 4 5 6 7 8 GEFORDERT VOM
. - = P Bundesministeri
Windgeschwindigkeit in m/s N
und Forschung
15 Prof. Dr. Stefan Emeis | Grenzschichtfernerkundung Institute for Meteorology and Climate Research —
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Ansatze fur durchgehende Windprofilbeschreibung in der nicht neutral-geschichteten
Grenzschicht (Emeis et al. 2007 basierend auf Etling 2002) mit der zuséatzlichen Annahme,

dass auch die ve

u(z) =

rtikale Windscherung in der Hohe z = z,, stetig ist:

u./x(In(z/z,) =¥, (z/L.)) forz<z,

u,(=sina, +cose,) forz=z,

U [1- 232670
sina, cos(y(z—z,)+nld—a,) forz>z

-27(2-2p) oin 2 1/2
p
+2e Sin“ ]
.
mit den externen Parametern z,, L. und u,
und den internen Parametern a,, z, und y.
16 05.03.2013 Prof. Dr. Stefan Emeis - Hohenextrapolation  stefan.emeis@kit.edu Institute for Meteorology and Climate Research —
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mit den externen Parametern z, und u, und den internen Parametern a,, z, und 1.
U, = 2‘ug yKZ . SIN

1
1+2yz,In(z,/z,)

o, = arctg

f
Zzgu*zp

Q
1

17 05.03.2013 Prof. Dr. Stefan Emeis - Hohenextrapolation  stefan.emeis@kit.edu Institute for Meteorology and Climate Research —
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wind speed in m/s
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LLJ

500 500
z,= 1.0, L= -200, u= 0.3743 z,=1.0, L.= 120, u.= 0.180
<<<<<<<< z,= 1.0, L.= -200, u= 0.3743 e = 1.0, L= 120, u.=0.180
400 4 2,150, 0=127°, u = 5.0 m/s 400 2,=30,a=32° u=65m/s )

£ ——measured (Hannover, Aug. 2002, day) £ ——measured (Hannover, Aug. 2002, night)

£ £

-g 300 -g 300

> >

) o

=)} (o)}

@ 200 9 200

2 3

(] ©

e e

L =

o 100 D 100

‘@ 7]

2 2

0 T T T 0 T T T T T T T T T
0 1 2 3 5 0 1 2 3 4 5 6 7 8 9 10

wind speed in m/s

die gestrichelte Kurve zeigt die durchgehende Profilfunktion,

die durchgezogene Kurve ein nach oben fortgesetztes logarithmisches Profil

18 05.03.2013 Prof. Dr. Stefan Emeis - Hohenextrapolation  stefan.emeis@kit.edu Institute for Meteorology and Climate Research —

Atmospheric Environmental Research
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Hohe (m)

Héhe (m)

1200

1000

0o

600

400

Mittlerer Tagesgang (Monatsmittel) der
Inversionshohe tber Hannover

Februar 2003
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1200

10060

ang

April 2002
1200
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200
0
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100
800
E
n @
& o
©
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800
780
780
740
720
700
B8O
580
540
620
GO0
280
5&0
540
520

vertical profiles &
. 4580
of wind speed

(30 min means)

420
400
3aa
380
340
320
oo

23-30 June 2005 x|

220
200

AdP Chd G 160

140
120
0
g0
&0
40 °

Hihes in m

Teil (MET)

e

23.05.05

I0'—Mittel der Windgeschwindigkeit (V) —_ BV = 4 /s
vertical wind profiles

20 Prof. Dr. Stefan Emeis — Low-level jets  stefan.emeis@kit.edu Institute for Meteorology and Climate Research —
Atmospheric Environmental Research
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vertical profiles
of wind speed

26 June 2005

AdP Ch d G

21 20.06.2013

height above ground in m

Low-level jet
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e— 2005 06 26 00 00
= 2005 06 26 00 30
2005 06 26 01 00

= = 200506260130
« « 2005 06 26 02 00
----- 2005 06 26 02 30
e | =100 M
| =500 m
s ne utral

wind speed in m/s

Prof. Dr. Stefan Emeis | Grenzschichtfernerkundung
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examples for low-level jet observations with SODAR \\‘(IT
[
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600
1 —mmemaas B s et s P
550? —— 2005 06 26 00 30 e T
2005 06 26 01 00 .l
900 | . . 200506260130 y
. - + 2005 06 26 02 00 v
£ 4504 ----- 2005 06 26 02 30 '
_ _ S 400 - 4
vertical profiles © 4
. . . C 350 4
of wind direction 3 ]
= 300 -
()] -
26 June 2005 S 230
_8 200 -
© -
AJPChdG = 150
m -
‘o 100 4
_: -
504 , -
0 L I L} I L] l L l L l ) l ) I ] I ) I )
0 10 20 30 40 50 60 70 80 90 100
wind direction in degrees
22 Prof. Dr. Stefan Emeis | Grenzschichtfernerkundung Institute for Meteorology and Climate Research —
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Cellometer

algorithms for the determination of
mixing-layer height

Institute for Meteorology and Climate Research —
Atmospheric Environmental Research
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Ceilometer/LIDAR measuring principle

height

emit receive
detection:
travel time of signal = height
backscatter intensity = particle size and number distribution
Doppler-shift = cannot be analyzed from ceilometer data
(available only from a Wind-LIDAR: velocity component in line of sight)
24 20.06.2013 Prof. Dr. Stefan Emeis | Grenzschichtfernerkundung Institute for Meteorology and Climate Research —
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2000

—_ —_ —_— —_

—_

Height in m, 160 m mean, calc limits 100-2000 m, tilted by 0°
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optical backscatter intensity

CL31 Augsburg LFU backscatter density on 19.05.2007 in 10 m! sr”?

[ ] = (s3] [a=]
= [} [ [
L) o L= L=
P -
5,

[ ]
=
L)

. 800
o Gradient local minimum
»  Cloud

700

1600

1500

1400

1300

200

100

| |
03:00  06:00

1 1 | 1
09:00 12:00 1500 1800 21:00 00.00

Time on 19.05.2007, 1800 s mean, MB 150, MG -0.63

20.06.2013
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" cellometer sample plot (daytime convective BL) ﬁ(IT
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negative vertical gradient o
optical backscatter intensity

CL31 AugshurgFH negative gradient density on 19.05.2007 in 109 m " gr!

=100

2000 400
) o Gradient local minimum

2 «  Cloud

2 1600 350
9

= 1600

E 300
o

§1400

9 1250
5 1200

E - 200
© 1000

©

Q

§ 800 1130
(]

£

£

o

©

£

£

£

o)

(]

I

03:0 06:00 09:00 12:00 1500 18:00 21:00 00:00
Time on 19.05.2007, 1800 s mean, MB 150, MG -0.63
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Algorithm to detect MLH from Ceilometer-Daten ..\g(IT
height height
|
criterion
minimum
minimal vertical gradient
gradient of backscatter \\
Intensity (the most largest
negative gradient minimum
J J ) gradient B __.:'
= MLH \
> o >
optical backscatter intensity vertical gradient of

optical backscatter intensity

26 20.06.2013 Prof. Dr. Stefan Emeis | Grenzschichtfernerkundung Institute for Meteorology and Climate Research —
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Different gradient methods (see Sicard et al. 2006, BLM 119, 135-157
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Research Alliance

LD40

two optical axes
wave length: 855 nm
height resolution: 7.5 m
max. range: 13000 m

CL31/CL51

one optical axis
wave length: 905 nm
height resolution: 5 m
max. range: 7500 m

28 20.06.2013

comparison of two different ceilometers
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Karlsruhe Institute of Technology
LD-40 Augsburg LFU backscatter density on 19.05.2007 in 109 m! o CL31 Augsburg LFU backscatter density on 19.05.2007 in 107 1 s
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Eyjafjallajokull ash cloud over Southern Germany
17.04.2010 12:00-23:59 Colorscale 5010 m”" sr' (64 s * 40 m)
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read more: Emeis, S., R. Forkel, W. Junkermann, K. Schéfer, H. Flentje, S. Gilge, W. Fricke, M. Wiegner, V. Freudenthaler, S. GroR3, L. Ries, F. Meinhardt, W. Birmili, C. Miinkel,
F. Obleitner, P. Suppan, 2011: Measurement and simulation of the 16/17 April 2010 Eyjafjallajokull volcanic ash layer dispersion in the northern Alpine region.

Atmos. Chem. Phys., 11, 2689-2701
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principles of operation

examples
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RASS measuring principle

height

NV NV Y

N
W emt  fime
oundpuise | | receive
detection:

travel time of em./ac. signal = height
ac. backscatter intensity = turbulence (identical to SODAR)
ac. Doppler-shift = line-of-sight wind speed (identical to SODAR)
em. Doppler shift = sound speed =>» temperature
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Bragg condition:
acoustic wavelength = % electro-magnetic wavelength

electro-magnetic - acoustic frequency pairs for RASS devices

incident acoustic
inciden A
UHF-RASS VHF-RASS T —— wave
waves
wave length 10cm 1m 10m a°°“:fi°
wave front
| \ \ electro-
' | magnetic
frequency v 10000 MHz 1000 MHz 100 MHz 10 MHz >
1290 MH4 482 MHz 53,5 MHz <>
wave length A 10 cm 1m 10m <>
T I T I T acoustic
frequency v 10000 Hz 1000 Hz 100 Hz 10 Hz <>
dimension of atmospheric reflected
turbulent structures RASS Wavelength ¥V electromagnetic
ratio: )"e =2 7\,3 waves

Emeis, S., 2010: Measurement Methods in Atmospheric Sciences - In situ and remote. Borntraeger, Stuttgart,
272 pp., 103 figs, 28 tables, ISBN 978-3-443-01066-9.
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SODAR-RASS
(Doppler-RASS)

(METEK)

acoustic frequ.: 1077 Hz
radio frequ.: 474 MHz
resolution: 20 m
lowest

range gate: ca. 40 m

vertical range: 540 m
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example RASS data: summer day
potential temperature (left), horizontal wind (right)
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example RASS data: winter day
potential temperature (left), horizontal wind (right)

300 m
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Doppler windlidar

wind, turbulence, aerosol detection,
mixing-layer height, low-level et
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Doppler windlidar measuring principle

height

emit receive
detection:
travel time of signal = height
backscatter intensity = particle size and number distribution
depolarisation = particle shape
Doppler-shift = wind speed in the line of sight
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mobile Doppler windlidar from Halo Photonics
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sample data from
o windlidar
o April 16, 2010

by
: Univ. of Reading

. taken at

Chilbolton, UK

http://www.met.reading.ac.uk/
radar/realtime/archive/doppler-lidar/
20100416_chilbolton_halo-doppler-lidar.png

volcanic ash
. from
0 Eyjafjallajokull

realtime data: http://www.chilbolton.rl.ac.uk/weather/lidar.htm
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Comparisons
between different
Instruments
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e temperature profile and aerosol backscatter AT

comparison of RASS data (potential temperature, riglyt)y" =
with aerosol backscatter from a ceilometer (left)

CL31 Augsburg AVA log,  of backscatter with MLH on 01.03.2009in 10 m" sr”

well-mixed

stable nocturnal
boundary layer
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S iy Detection of the diurnal variation of PBL structure \\‘(IT
from SODAR and Ceilometer data taken in Budapest o e o T

SBL:
O H1 Sodar
¥ H2 Sodar
A H3 Ceilo stable boundary

layer (usually at
night and in winter)

CBL:

convective bound-
ary layer (usually
at daytime due to
strong insolation)

height above ground in m

RL:

0 : , , , , , , , , , , residual layer
0 6 12 18 24 (usually at night-
9 July 2003 time)

Emeis, S., K. Schafer, 2006: Remote sensing methods to investigate boundary-layer structures relevant to air pollution in cities.
Bound.-Lay Meteorol., 121, 377-385,
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Comparison of MLH retrievals with three different remote sensing techniques

SODAR
acoustic backscatter
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Emeis, S., Chr. Minkel, S. Vogt, W.J. Muller, K. Schafer, 2004: Atmospheric boundary-layer structure

from simultaneous SODAR, RASS, and ceilometer measurements. Atmos. Environ., 38, 273-286.
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Determination of regional surface emission fluxes of a substance e

Assumptions:

- horizontal homogeneity
- no fluxes through the upper boundary (inversion)
- no sources and sinks within the volume of interest

[ew-ds - % v
Ssurf Vv dt

KIT — die Kooperation von Forschungszentrum Karlsruhe
Forschungszentrum Karlsruhe GmbH ﬁ HELMHOLTZ in der Helmholtz-Gemeinschaft
und Universitat Karlsruhe (TH) | CEREINSELARY I-



Konzentration [ppm]

simultaneous measurement of concentration and MLH

(inverse method)

Ccha

— CH4 ppm
— NMHC ppm
—THC ppm

_H

12004 -
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height above ground in m
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determination of regional [C.,, W], (curves) from
concentration changes (x-axis) and MLH (y-axis)
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determination of regional [C.,, W], (curves) from
concentration changes and remotely sensed MLH

methane emissions:

typical values obtained here:
span: 0.10 to 2.00 pug/(m2 s)
mean value: 0.50 pg/(m2 s)

average values from national reporting (Kyoto protocol):
for entire Germany: 0.20 pg/(m2s)
among this from agriculture: 0.13 pg/(m2s)

KIT — die Kooperation von Forschungszentrum Karlsruhe

Forschungszentrum Karlsruhe GmbH ﬁ HELMHOLTZ in der Helmholtz-Gemeinschaft
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Summary
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© © © 6 RASS delivers temperature profiles, wind profiles are additionally available.
MLH directly from temperature profiles. LLJ from wind profiles.
Does not work properly under high wind speeds. Restricted range.

© © © & wind lidar detects wind profiles, aerosol distribution and water droplets.

It has to be assumed that the aerosol follows the thermal structure of the atmosphere
and the wind.

MLH from aerosol backscatter, wind speed variance, LLJ from wind profiles.

Does not work properly in extreme clear (aerosol-free) air and during precipitation
events and fog.

© © 6*6* Ceilometer detects aerosol distribution and water droplets. It has to be
assumed that the aerosol follows the thermal structure of the atmosphere.

MLH indirectly from aerosol backscatter using a MLH algorithm.

Does not work properly in extreme clear (aerosol-free) air and during precipitation
events and fog.

© 6*6*6* SODAR detects wind profiles, temperature fluctuations and gradients,
but no absolute temperature.

MLH indirectly from acoustic backscatter (MLH algorithm). LLJ from wind profiles.
Does not work properly under perfectly neutral stratification, with very high wind
speeds, and during stronger precipitation events. Restricted range.
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