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Outline Deutscher Wetterdienst

Wetter und Klima aus einer Hand

o

(I): Radiation tests (RS41)

 Motivation: Restrictions of earlier results from ‘old’ chamber
(current RS41-GDP-ALPHA.2)

« MOL wind channel:
— Description of new setup

— First results: T-response depending on irradiance, pressure,
ventilation, ‘sun elevation angle’

— Intended procedure for deriving a new radiation correction
e Conclusions

(I1): Time lag for rel. humidity (RS41)
« EXxperimental setup

 Results

e Conclusions
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(I) Radiation correction

Current approach

(RS41-GDP-ALPHA.2)

Radiatve heating AT / K

0.5

0.0

Experimental basis:

Perpendicular irradiation of one side of sensor

boom = maximum AT

RS92, 20160909, Step response (up)
I

(thermal equilibrium)

RS92, 20160909, Step response (down)
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(I) Radiation correction
Current approach Deutscher Wetterdienst
(RS41'GDP'ALPHA2) Wetter und Klima aus einer Hand

9

e Experimental data: ATmax,p,v)

* Model to transfer experimental results to
operational correction:
- Include orientation changes (sonde rotation) A,

Scale direct comp. of actinic flux with effective
area of sensor boom as seen from sun

after averaging over a full p-rotation

(Igir and I 44 from RT-simulation):

Ia\= g T fgeo o
=A/A,| = |cos@cosB’ —sinB cospsinb’]
geo ol, 0, 0

b
T-bias (correction): AT =a (pj-vk a, b, j, k from fits to experimental data
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(I) Radiation correction
Current approach Deutscher Wetterdienst %
(RS41_GDP_ALPHA2) Wetter und Klima aus einer Hand N7y
Emission Radiation
(Lw) (SW, LW)

Evaporative Coﬂvection
cooling '
(water, ice)

 Problem: T-response result of numerous T-compensation processes:
— Different parts of sensor boom heated to different extents
— Overlay of different time constants for heat flow components

« Ascent: Irregular changes of rel. orientation to sun (rotation, pendulum)
—> Variance in effective irradiation and ventilation
—> Variable forcing and smoothing of T-signal; probably never in equilibrium

Simple model using fgeo does not include temporal behavior
(assumes instantaneous and uniform warming of boom and sensor element)
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(I) Radiation correction
MOL wind channel: Setup

Deutscher Wetterdienst

Wetter und Klima aus einer Hand

9

New experimental approach:
Better reproduce real sounding conditions.

1) Arrange direction of ventilation and radiation relative to the
orientation of sensor boom similar to real soundings

2) ,Dynamical* measurements:
Continuous rotation of test sonde during irradiation;
Evaluate T-response as mean value over several (azimuthal) rotations

Empirical approach to measure the effective AT
( = average over some 10 s) directly

Lindenberg Meteorological Observatory

. :
C. von Rohden — ICM*11- Singapore Richard-ARmann-Observatory
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(I) Radiation correction Deutecher Wetterdienst
MOL W|nd Channel Setup Wetter und Klima aus einer Hand

9

Evacuable wind tunnel, p = (3 to 1000) hPa

Quartz glass tube (I=1 m, @180 mm) as test volume: sonde installation (w/o housing)

Air flow: circulating, control by fan revolution

Variable angles of incident radiation: free rotation of sonde (azimuth) + simulation of SEA

_GERELAN '
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(I) Radiation correction Deutecher Wetterdionct
MOL W|nd Channel Setup Wetter und Klima aus einer Hand N ‘

2m

Revolution

Rectifier Fan
counter

to minimize |= 1058 mm -

turbulence

Metal sieves |

/black back (inside)

" KF40

o
flow
..... —— e B ———ﬁ]—[ﬁfrwefm rotation

of sonde support
KR40

7 — j é
/ T-sensor / / Sonde power

Quartz glass tube (d=180 mm) Sensor boom 5.'-4|D‘|3f|‘1-r .
in rectangular metal frame; Electronic board (if required)

allows light incidence from (packed)

all directions

Rotatable sonde support

. Lindenberg Meteorological Observatory @
C. von Rohden — ICM-11- Singapore Richard-ARmann-Observatory A 8




(I) Radiation correction Deutecher Wetterdienst
MOL W|nd Channel Setup Wetter und Klima aus einer Hand

©

Simulation of sun elevation
(0°...~ 60°)

(fixed) Annular orifice
Xe-lamp 3-70 mm

1,5un elevation

\angle* _ \
- 650 mm . \\\ P p
Adjustable
aperture window ;-j} -
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(I) Radiation correction

New experimental setup: Deutscher Wetterdienst
Flrst reSUItS Wetter und Klima aus einer Hand N

» Continuous rotation: Fit function (‘up’ an 'down’):

— Uniform turning of AT = Tconv t+ ¢ - exp G)
sonde during periods
of light incident

RS41, 20190227 _, model="tau", up RS41, 20190227 _, model="tau", down
T T T T T T T T T T

— Irradiation period until  [" """ " A T
quasi-equilibrium b oA A W A Frmsmpem- .
. . . S Wow W W W 1 conv,u 1
(.constant' oscillation) | / p=15hPa | g
: oL v=2mstl | ]
— AT determined by = | Trot =165 | |
average value over  gos| | . AT .
oscillation g [ Moo pah ool ]|\
:g 04+ |\ [V '-\-'I vy v ou vV - -
L p =30 hPa
0_2: v=>5 m'S_l i ‘ ]
_ Trot=4s ]\ _
- \.:?‘*-»-— . Tconv,down
00 - e —— — .
R SI(J S 1(!)0 = ‘léﬁ - 2él0 — (I) I 2|0 I I 4I€I I I I Blﬂ
Time /s Time /s

.‘W _ . B W -\
.r’z?;g:&f [ i) F‘. i n I |
GEUAN
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(I) Radiation correction
New experimental setup: Deutscher Wetterdienst
FII’St reSUItS Wetter und Klima aus einer Hand

9

e Continuous rotation:

— Test of different frequencies for ¢-rotation: Tyot = 4, 16, 32 S
- AT sensitive to Tyot ?

v =2m-s? p=15hPa, I, = 1156 W-m2, SEA = 0°

—nRs41  Trot=4s Trot=16s

o
L L

18600 18800 19000 19200 719400
Time /s

Trot: 32 S

1.2

1.0
0.8
0.6

0.4

( Tsonde - Tref) / K

0.2

o

0.0
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(I) Radiation correction
New experimental setup:
First results

Deutscher Wetterdienst
Wetter und Klima aus einer Hand B &

Continuous rotation:

— Test of different frequencies for ¢-rotation: Tyot = 4, 16, 32 s

AT/K

- AT sensitive to Tyot ? =2 No.

16 AT(rot. period) (/,=1156W-m; 6 =0°)
e v=2.0,p=99.3 v=3.0, p=99.5 + v=5.0, p=199.3

1.4 - v=3.0, p=199.4 + v=2.0, p=199.3 m v=4.0, p=14.2

v=3.0, p=14.2 m v=2.0,p=14.3 v=5.0, p=29.3
1.2 + v=4.0, p=29.3 =v=3.0, p=29.3 +v=2.0, p=29.3
1.0 - = ] u
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(I) Radiation correction
New experimental setup:
First results

Deutscher Wetterdienst
Wetter und Klima aus einer Hand B &

o Example for I, = 1081 W-m?, 8(=SEA) = 53°, p and v variable

Radiation experiment, 20190311 (Xe-lamp)

1400 = ————————— -
- —pleont) = . = Pag = Ve ]
1200 —= 103
£ 1000 E— - o :- T E
2 = - - ]
— 800 |
0} - - . _ ) g 10
8 - -
S 600 _ _ ) e
© — -

S 400 ; - - - 1
- = = 10
200 - - - - - E
2.0 — —

—— RS41 B

< 15k E
3 - b
[y - n
1 1.0 — —
§r .
:0-5_— MNM MM M -
0.0 F SRR 61— M LI M” 1L “”” Illl”l R

5000 10000 15000 20000 25000 30000

Time /s

Pressure / hPa

|III|I\I|I\I‘IIIJ
LS

[0)]
-1

Ventilation / m's

Lead Centre

C. von Rohden — ICM-11- Singapore

Lindenberg Meteorological Observatory
Richard-ABmann-Observatory

m
LF 5o

13



(I) Radiation correction

New experimental setup: Deutscher Wetterdienst
Flrst reSUItS Wetter und Klima aus einer Hand N

e Ventilation
[,=1081 W-m_2, 0=53°, R=16 s, p=parameter
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(I) Radiation correction
New experimental setup:
First results

Deutscher Wetterdienst
Wetter und Klima aus einer Hand B &

* Ventilation

[,=1081 W-m_z, 0=53°, R=16 s, p=parameter

2.0

AT=a-(1v)°

1.5 —

AT/ K

p (a, b) }
45- 55 (1.65, 0.40)
9.5- 10.5 (1.31, 0.45) 7
14.0- 16.0 (1.12, 0.43)
19.0- 21.0 (1.01, 0.45)_|
29.0- 31.0 (0.87, 0.45)
48.0- 52.0 (0.72, 0.47) -
195.0- 205.0 (0.37, 0.24)
490.0- 510.0 (0.27, 0.32) 7
990.0-1010.0 (0. )
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(I) Radiation correction

New experimental setup: Deutscher Wetterdienst
Flrst reSUItS Wetter und Klima aus einer Hand N

e Pressure
1,=1156 W-m~%,0=53°, R=16s, v=parameter 1,=1156 W-m~2,0=53°, R=16s, v=parameter
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(I) Radiation correction
New experimental setup:

First results

Deutscher Wetterdienst

Wetter und Klima aus einer Hand B &

e Pressure

1,=1156 W_m—z’ #=53°, R=16 s, v=parameter

I,=1156 W-m % 6=53°, R=16 s, v=parameter
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(I) Radiation correction
Measurement plan and intended Deutscher Wetterdienst
derivation of radiation correction wetterundidimaaus einerand

o

e AT shows smooth and systematic dependence on p and v

1) Select fixed setting for I,, ~(1000-1500) Wm-

2) - Measure AT as function of p and v for
p = (5, 10, 15, 20, 30, 50, 100, 200, 500, 1000) hPa
v=(1,2,3,4,56,7,8,...)mst!
as average over continuous azimuth rotation with Tyot =16 S;
- Derive expression for AT (p, v) (2D-non linear regression)
3) Repeat 2) for several settings of SEA (= 6)
4) Create look-up table from 3) to interpolate for any 6

5) Scale AT linearly with I,

Sced centre C. von Rohden — ICM-11— Singapore e A e et % 18




Conclusions (|) Deutscher Wetterdienst

Wetter und Klima aus einer Hand

o

New setup for radiation experiments operational
(some constructive issues to be finished)

First results for RS41 from ,dynamical’ measurements
auspicious

To be discussed/resolved:

— Role of absolute temperature (see KRISS experiments)

— More information about sonde movements (rotation)
during real ascents needed to support exp. approach

Time line:

— Continuation of measurements with RS41 In
Summer/Autumn 2019: evaluation and derivation of
radiation correction; implementation in RS41-GDP
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(I RH Time lag RS41.: _
] . Deutscher Wetterdienst
O bJ EC'[IVG Wetter und Klima aus einer Hand

o

e Objective:

Long response times of polymer sensor at low T,
-> considerable time lag (smoothing) in UT and tropopause
(especially tropics)

o Solution: Apply time-lag correction based on measured sensor
response behavior

» Experimental approach / evaluation:

— Measure step response of rel. humidity over
atmospheric T-range;
Assumption: response can be described with single time
constant A =1/t

— Evaluate response time 7 as ‘63 %’-time for each step
— Parameterize response time t(T)

W caicentre C. von Rohden - ICM-11- Singapore Lindenberg Meteorological Observatory R




(I RH Time lag RS41: _
Deutscher Wetterdienst
SEtu p Wetter und Klima aus einer Hand 3 &

Climate chamber
(Feutron KPK 3526/02; +30°Cto -80°C)

« Step-like humidity changes by |
quick switches from dry to Gas supply (N, 5.0)
humid air flow over sensor ~2 L/min |
boom leoollng
oop
« Efficiency of humidifier (*10 m)
not controlled
« Selection of T-points during ‘ 1 ot coll
self-warming of chamber Switch valve = |
(-70°C ... -10 °C;
T in chamber not stabilized t . ff}fl?fifﬁffi,,,|
after initial cooling phase) Bk oocmooozs
« Valve outside chamber; E
switched by hand T
S AN
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(I RH Time lag RS41:
Results

Deutscher Wetterdienst
Wetter und Klima aus einer Hand B &

e U-sensor kept ~5 K above
ambient air

- 1 derived for 'internal’ U

- 1 related to ‘internal’ T
(T of U-sensor)

e T at plateau taken as

reference for U-response
. . I
« 7 estimated from regression %
curve (fit parameter) 3

T

4 . I . | . . I . | . ' I . | . ' . . | . ' . ' |
t t t t t t h

I
—— T(air flow)

Teon
I

— T (hum, sensor, mean) -

———— I

T t + t + T t + t + 1 1 t + t + L

— U (air flow, calc.)

I
- = = Fitline: U(t) = U, - U,-expft " *1)
R P R S SR S R N S N
12050 1 12100 12150 12200 12250 12300 12350
I time /s I
Valve switch Valve switch

P| ead Centre
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(I RH Time lag RS41: _
Deutscher Wetterdienst
ReSUItS Wetter und Klima aus einer Hand B &

o Parameterization t(T), T = temperature of humidity sensor

| | | | | | | | | |

B Model: r=a-exp[b-(T-T,)]; TinK 7

100 — T, = 273.15K _

— a = 0.483 + 0.043 -

N b = -0.0756 + 0.0022 B

L B X2, =0.99 -

[ — —
£

X — -

N — -

(4p] — _

o | _

1 — —

B | | | | | | | | | | N

-60 -40 -20 0
Temperature of humidity sensor, T/ °C

GEUAN R
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(”) RH Time Iag RS41.: Deutscher Wetterdienst
Example (RS41'GDP'ALPHA2) Wetter und Klima aus einer Hand EaETY

SNG, 2019-01-17, 00:00:00, ‘internal’ rel. humidity

IIlTlIIll[[I||I]I|II]][Illlll TTTTTTT

— Jal
|

|T|T|[|[|[ |[||]||”|”||I||]|| TTT
_TU.sans — é‘é _AU:Ucorr_Uuri

20 —T 20 |— H— u(U

cor r)

Site:SNG

System:SNG-RS-01 -
Setup:ROUTINE2
Date:2019-01-17 -
Time:00:00:00

B-No:1 n
DPS-No:0
Sonde:RS41-SG
SN:P0920682
Step:44
HumidityTimelagCorrection -

15 — 15 —

—
)
[

Altitude h [km]
T

III|III|IJ_I|II|IIIIII|III III|III|III|III|III|I

O 0 IIII|IIIIIIIII|IIIIIIII
0 20 40 60 80 100 120 140 -100 -80 60 -40 -20 0 20 -20 -10 0 10 20
Relative humidity U [%RH] Temperature T [°C] Correction of RH AU [%RH]

o

N Lindenberg Meteorological Observatory %
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(I RH Time lag RS41: Deutecher Wetterdienst
Example (RS41-GDP-BETA) Wetter und Kiima aus einer Hand N)

SNG, 2019-01-17, 00:00:00, ‘internal’ rel. humidity

|T|T|[|[|[ |[||l||”|”||[||]||”||
_TU.Sans J
—T 20 — g!‘ o Ll(l“lcorr)

air

IIl[lllllIilljlllilllll[[lllli TTTTTTT _
) ori

20

Site:SNG
System:SNG-RS-01 - -
Setup:ROUTINE2
Date:2019-01-17 - —
Time:00:00:00
B-No:1 n B
DPS-No:0

Sonde:RS41-SG -1 15
SN:P0920682 _ -
Step:44
HumidityTimelagCorrection - -

15 15 —

10 — 10—

—
o

Altitude h [km]

III|III|IJ_I| II|III III|III O III|III|III|III|III|I 0 IIII|IIIIIIIII|IIIIIIIII IIIII|IIIIIIIII|IIII
0 20 40 60 80 100 120 140 -100 -80 60 -40 -20 0 20 -20 -10 0 10 20
Relative humidity U [%RH] Temperature T [°C] Correction of RH AU [%RH]

o
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Conclusions (| |) Deutscher Wetterdienst

Wetter und Klima aus einer Hand

o

o Step response of RS41 humidity sensor measured at
temperatures between 0 °C and -70 °C

e Re-analysis leads to more consistent time-lag
correction for RS41

e Implementation in next version of RS41-GDP

 Measurements done at normal pressure:
- transferrable to lower p of atmospheric profile?

AR “-_;.03 ¢ )\\ g 9 i ! !
Lead Centre C. von Rohden — ICM-11- Singapore Iﬁalir;ﬂzrr]ctj)ir%erA:rwtﬁ?(r)?)lggrl\Clgl’toorgservatory ke 26



Thank you.



Supplementary




(I) Radiation correction
New experimental setup:

First results

Deutscher Wetterdienst
Wetter und Klima aus einer Hand B &

Static' measurements:

— No continuous sonde rotation

— fixed ‘azimuth’ angles ¢

— thermal equilibrium

AN

0.8 -

o
o

Radiative heating AT / K

0.2

0.0 -

RS41, 20190307_, model="tau", up

Fit function (‘'up’ and 'down’):
t
AT = TCOHV +C - exp (;)

p =10 hPa, v =4.3 m-s, § =53°

RS41, 20190307 _, model="tau", down

04 -

ead Centre

C. von Rohden — ICM-11- Singapore

Richard-ABmann-Observatory

L L | 1 T T T 1T T T T T 1 1 T 1 1 1 1 T 1T 7T 1 T
— i Teomun ¥ =777 .
. o )
/ @ =315 g
' 1 |
/ |
/ - I| -
/ |
{
|II |||
| |
IllI I|II AT
II |
III I||I
— o |
|I / (p —225 —+ "'. "u,\ |
Ill,"; i "\ \\
I/ (Y
|!."|l Y \
\\x Tconv,down
< T T T —— e .
[ | | I IR N - TR I SO I T [Ny O T S T T S N =
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Time /s Time /s
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(I) Radiation correction
New experimental setup:
First results

Deutscher Wetterdienst
Wetter und Klima aus einer Hand 3 &

e Static’' measurements:
— No continuous sonde rotation 1.2
— fixed ‘azimuth’ angles ¢

[,=1156 W-m 2, p=(4.0-6.0) hPa, R= 0's, f=parameter

‘ . @0°
SEA. .53»'

. 1.0 |- .
— thermal equilibrium [ :
S f :
04 [ = ]
- v~ 4mst -
02 F -

0.0 [ 1 l | I I l | I I
0 45 90 135 180 225 270 315 360

Azimuth ¢ /°
N Lead Centre C. von Rohden — ICM-11— Singapore Lindenberg Meteorological Observatory 75
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(I) Radiation correction

New experimental setup: Deutscher Wetterdienst
FII’St I‘eSU|tS Wetter und Klima aus einer Hand N—|

[,=1156 W-m 2, p=(9.0-11.0) hPa, R= 0's, =parameter
I I | | I I |

‘ . @0°

1.4

o ,Static' measurements:
— No continuous sonde rotation 1.2
— fixed ‘azimuth’ angles ¢
— thermal equilibrium

1.0

0.8

AT /K

0.6

- Direction of incident radiation
determines AT

10 hPa
4 mst »

0.4

ST
Q Q

—> Considerable proportion of AT 0.2
from sensor boom

0.0 X L | l l L | l l
0 45 90 135 180 225 270 315 360
Azimuth ¢ /°
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(I) Radiation correction _
) . Deutscher Wetterdienst
Setup Ventl|atIOn Wetter und Klima aus einer Hand 3 &

142 3/2 1/2
VP, ) =Coq +C1oP  +CpuP+C3uP" +Co; fry +Cy P

R=(70-100) mm

12 A2 172 32 /2
o f f

172 312
+Co P i tC3 P Froy TCo FiHC1P i HCopP  fy+C3 P Fiy

X’=31.95
» Air speed measured as Xy~ 071
. . eg_p=1.
cross-sectional profiles  deg frot=1.0
using Laser-Doppler- eg-comb=a8
Anemometry (LDA)
e Derivation of
expression for v(p, frot) -
for central axis of quartz °[1. ;
cylinder at position in Nod E
front of sensor boom AU e g
(cylinder symmetry W {3z
assumed) o ;
Cyo = 2.40651E-006 _
c,, = -6.00432E-007 )
C,= 1.50143E-008 1
Cy = 6.76840E-011
Coy = -3.43153E-004 .
c,, = -1.30964E-002 = __
C,, = 2.27332E-003 - MR e &0
C,, = -5.52825E-005 B v
Cqe = 2.81044E-002 a0 by
C,a= 7.87864E-003 e\

C,, = -5.76137E-004
Co, = 1.11104E-005

R Brandenburgische
) ) ChflStOph Egbe_rs, btu Technische Universitat
Fluid Dynamics and Aerodynamics Cottbus - Senftenberg

. Lindenberg Meteorological Observatory
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(I) Radiation correction _
.. : Deutscher Wetterdienst
Setup: Transmission Quartz Cylinder  wetterundxiima aus einer Hand ey

 Effective light transmission T measured e« Empirical fit to data,
by comparing irradiance inside and based on Fresnel formula:
outside cylinder at different ,sun ) (R 2 cos(cy-a) 2
elevation‘ angles B

0" tan(cz-f) Lnycos(cy-a)+cos(cz-f)

: . _1 (sin(cq-a)
with § = sin"? (22)
n,
(Top view)
CMP21 g
\ < 06
\ @
o
-dl 5
} 2 047
E o
Aperture & -
. = 02 o 05.07.2018
(688£5) mm ~ 29.06.2018
Ny [:l D | 1 1 |
0 20 40 60 80
=N Incidentangle &/ °
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(I) Radiation correction

New experimental setup: Deutscher Wetterdienst
. W rund Klim iner Han
Flrst reSUItS etter und a aus einer Hand B g

« ,Contamination’ from permanently heated (~5 K) Emission Radiation
humidity sensor

Evaporative Coﬂ"ecti?‘r‘
cooling Z |
(water, ice)

- T sensitive to v at low ventilation (<4 m s1)

... Extra investigation/correction needed,
iIndependent of radiative heating?

p =6 hPa, SEA=53°, [,= 1156 W-m?, v variable

T | | T T T I I 1| . T 7 I° 1" T
C 1 = I = 1 I I [ ]
27 - RS41 S | 5 | 1mst 10 m s} 11 i
L = I = I I (fan ! [ _
- 3.8 : 3m st : 2mst : offy ! 1 :2:3: 3.8mst ]
26 - [ [ : 11 ]
L shadow a hadew 7
e L I I 11 .
~ r I I 11 -
3 25 L I I 11 ]
S L I I 11 _
[ I 1 T T (I -
— I 11 —
24 - | Lo -
L I 11 7
L — T 1 -
- | | —
23 SRt St " IO A —
: ey B ]
L L, o L ), O L L | | 1 S | R S
8000 9000 10000 11000
N A N Time /s
1 - C. von Rohden — ICM-11— Singapore Lindenberg Meteorological Observatory m 34
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(”) RH Time Iag RS41: Deutscher Wetterdienst
Example (RS41'GDP'ALPHA3) Wetter und Klima aus einer Hand N

SNG, 2019-01-17, 00:00:00, Rel. Humidity (after conversion to air temperature
T T T T T T T T T T T T 7T dednd © 71
20 = o /GC o Time:00:00:00 —

\\,. ) Mraw B-No:1
ya— —
- — — Y=t Sonde:RS41-SG
4 SN:P0920682
— ) Step:48 —
\ Finalise Humidity

—_—
p—

Altitude [km]

0 1| [ [ | [ | | |
0 20 40 60 80 100
Relative humidity [%RH]
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(”) RH Time Iag R341.: Deutscher Wetterdienst
Example (RS41 GDP V. ALPHAB) Wetter und Klima aus einer Hand N

SNG, 2019-01-17, 00:00:00, Rel. humidity

I I O I B I 0 Y0
| r System:SNG-RS-01  _|
o Setup:ROUTINEZ
U)c% sat Date:2019-01-17
20 — o Time:00:00:00 —
raw B-No:1
DPS-No:0
B Uiina[ *U(Ugpna) Sonde:RS41-SG —
SN:PO920682
I Step:48 —
FinaliseHumidity
15 [— —]
£ - —
=
)] - —
o
2
Z 10 — —
5 — JE—
0 | | I [ | L1 | | |

0 20 40 60 80 100
Relative humidity [%RH]

AN
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(I RH Time lag RS41; |
Deutscher Wetterdienst
ReS U ItS Wetter und Klima aus einer Hand B &

ambient air 280

-> 7 derived for 'internal’ U L 260

- trelated to ‘internal’ T =
(T of U-sensor) = 240 |

e U-sensor kept ~5 K above X

raw

e U-steps accompanied by 220
(undesired) T-steps

60 -
40 —
I
= I
® 30 - | a
ol ] Il
| lin 0 tiap g -
10 F L .
! -l al | . 11
A - - | W gl | V1] = I}
O ————/——/—/ I [ S S S TR R [ R S S T 17
0 100 200 300 400
time / min
— :‘ | ' -
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