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Why NO, ? Why inland waterway vessels (IWVs)?

NO, = (NO + NO,) are one of the main
trace species in the urban air pollution

= Diesel engines of IWVs operate at high temperatures = emit NO,

= Emissions could significantly contribute to the local air quality (e.g.
along intensively used Rhine River)

Knowledge about IWVs’ contribution to the local air quality

Scarce data on IWVs’ emissions

Ground-based Multi-AXis Differential Optical Absorption
Spectroscopy (MAX-DOAS):

- Sensitive to NO, emitted by IWVs

- Spatial and temporal ship plume distribution

{ —
MPIC Tube MAX-DOAS in Eich on 23 of July 2020.
Courtesy of Steffen Dorner
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‘Russelsheim llangen

< Measurement site: Rhine River between Mainz and
Gernsheim cities in western Germany

‘Hamburg Lau benhEim

eiin D B & 8l = MAX-DOAS method was used to measure NO,
% Weitefstadtis
Germany i

* Cologne

‘Erankfurt

Oppenheim

Pfdngstadt
Google Earth :
Eich
Google Earth

Gernsheim

Created with Google Earth Pro, 2021
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Mainz - ‘Russelsheim . Langen

< Measurement site: Rhine River between Mainz and
Gernsheim cities in western Germany

‘Hamburg LaU benhEim

Peiin g i 8 = MAX-DOAS method was used to measure NO,

Welte_[§gadt;,

Germany Darmstact

MAX-DOAS geometry for ship emission measurements

* Cologne

Oppenheim

‘Erankfurt

Measures scattered
sunlight in different
viewing directions

RPfungstadt

Google Earth 3 %
Google Earth

QV‘.
Gernsheim

Troposphere

Created with Google Earth Pro, 2021

Retrieves Differential Slant Column Density DSCD (molec/cm?):
L

DSCD = SCDpeqs — SCDyep,  with SCD = f c(s)ds

0
L =light path and ¢ = concentration

Adapt from Platt and Stutz, 2008
2.
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Mainz o ‘thsse‘!shelm i Langen

< Measurement site: Rhine River between Mainz and
Gernsheim cities in western Germany

‘Hamburg LanenhEim

Peiin g i 8 = MAX-DOAS method was used to measure NO,

Weiterstadts

Germany Darmstadt

* Cologne

MAX-DOAS geometry for ship emission measurements

‘Erankfurt

Oppenheim’ :
: Scattered light passes

the exhaust plume of

inland ship = sharp

enhancements in NO,
slant columns

RPfungstadt
Google Earth

Eich
Google Earth

Gernsheim

Created with Google Earth Pro, 2021

Retrieves Differential Slant Column Density DSCD (molec/cm?):
L

DSCD = SCDpeqs — SCDyep,  with SCD = f c(s)ds

0
L =light path and ¢ = concentration

Adapt from Platt and Stutz, 2008
2.
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MAX-DOAS measurements:
NO, DSCDs (molec/cm?)

15 r29.5£2.9
o 13-
Total NO, emission (%) =
flux through the plume | 211 21.4£2.3¢
: © o
slice (molec/s) c 9 5
© 7] 113.5+1.7 = — =
5 <
W O]
3 | | r5.8%£1.3
0.0 0.5 1.0
NO, DSCD (10'® molec / cm?)
Plume cross-section in Eich, 23 of July

2020 13:07 UTC

Adapted from: Kern, 2009
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Integrated amount of NO, (molec/cm)

in the cross-section of plume S, = average slant column density between two viewing directions
Ah; = distance between two viewing directions

. e X NO-> = E (S Ah ) sm’y = ship velocity
2 Vship
NOZ emlssm? ﬂu(x therl;g)h the / ic Plume Vwing, 1 = Wind velocity parallel to ship sailing direction
plume slice (molec/s

PNO; = XNO3 * Uplume Plume transport velocity (cm/s) Integration of NO, amount in a ship emission plume

Uplume = Uship — Vwind, ||
15+ r29.5+2.9
o 13-
Q
911 121.4+2.3 E
@© Q
s 9 5
W O
3 | | '5.8+1.3

0.0 0.5 1.0

NO, DSCD (10'® molec / cm?)

Plume cross-section in Eich, 23 of July

2020 13:07 UTC

Adapted from: Kern, 2009
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Integrated amount of NO, (molec/cm)

in the cross-section of plume S, = average slant column density between two viewing directions
Ah; = distance between two viewing directions

NO, emission flux through the / XNo, = Z (S - Ah; ) sinvy sh.p‘sh'p velocity

. , Vwing, 1 = Wind velocity parallel to ship sailing direction
plume slice (molec/s) N i€ Plume /

PNO; = XNO3 * Uplume Plume transport velocity (cm/s) Integration of NO, amount in a ship emission plume

Uplume = Uship — Vwind, ||
15- r29.5%£2.9
. o 13
Total NO, emission [9) E
flux (molec/s) 2 11 21.4£2.3
© cu
ONOx = [ - ONO2| £ 9] E
/‘ g 71 -13.511.72
TG
Conver§|on factor 3] 5 8+1.3
f=1.32 (Beirle etal., 2011) 0.0 05 10
NO> DSCD (10'® molec / cm?)
Plume cross-section in Eich, 23 of July

2020 13:07 UTC

Adapted from: Kern, 2009
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Eich, 23" of July 2020 AL ALl 12

Measured NO, DSCD
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Eich, 23 of July 2020
Measured NO- DSCD -
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Background correction
Eich, 23 of July 2020

NO, DSCD (10%® molec / cm?)

Measured NO- DSCD
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—— downstream ships
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NO, DSCDs = background +
ship emissions

values not affected by ship
emissions
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Measured NO- DSCD
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Background correction
Eich, 23 of July 2020 AL

Measured NO- DSCD
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Average NO, emissions
Eich, 23 of July 2020

NO, DSCD (10'* molec / cm?)

Altitude (m)

45+0.9 10.6x1.1 19.9+1.6

2.0

1.5]

1.0]

0.51

0.0

average DSCDgpjp / Eich,
ship number 23rd Jul 2020
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Elevation angle (°)
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Average ship emission plume

d

DSCDyy,,, averaged for every elevation angle
Divided by number of ships that passed the instrument
Only values within 5 min “ship window”




Average NO, emissions
Eich, 23 of July 2020

NO, DSCD (10'* molec / cm?)

Altitude (m)
4.5+0.9 10.6+1.1 19.9+1.6
average DSCDgpjp / Eich,
2.0 ship number 23rd Jul 2020

1.5]

1.0]

0.51

0.0

¢Nox= 1.140.4 x 10*° [molec/s]
0.8%0.3 [mg/s]
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Average ship emission plume

d

DSCDyy,,, averaged for every elevation angle
Divided by number of ships that passed the instrument
Only values within 5 min “ship window”




Average NO, emissions
Eich, 2314 of July 2020

NO, DSCD (10'* molec / cm?)

Altitude (m)
45+0.9 10.6+1.1 19.9+1.6 3.6£0.7 13.4%1.0 23.7+1.5 35.0%2.1
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15.7£3.2 36.7%£3.3 69.1+3.8

Oppenheim,
18th Jun 2020

average DSCDgpjp /
ship number

Qe

¢N0x= 19.0%6.2x 10%° [m
14.6%4.8 [mg/s

olec/s]

11 13 15
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MAX-DOAS technique can detect NO, signals originating from IWVs

For an unambiguous plume detection, measured NO, DSCDs were background corrected

Average background-corrected NO, signals were used to estimate average NO,
emissions from inland ships

Average values vary between 0.8 and 14.6 mg/s for shown measurement days
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