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As a consequence of the discussions about the reasons of the so-called 'Neuartige Waldschaden'
(forest die-back) ground-level ozone (O3) and its impact on human health and vegetation has come
into focus more and more within the UNECE (United Nations Economic Commission for Europe)
and the European Union since mid eighties of the last century. The first European workshop on
critical levels for O3 to protect vegetation was held 1988 in Bad Harzburg, Germany, (UN-ECE
1988), followed by a second one 1992 in Egham, UK (Ashmore & Wilson 1992). While the 1988
long-term critical level for O3 was defined as a 7-hour mean of 25 ppb over the vegetation/growing
period, at the Egham workshop a change to a cumulative exposure index over a certain threshold
was recommended. The basis for the current European Convention on Long-Range Transboundary
Air Pollution to abate Acidification, Eutrophication and Ground-level O; (UNECE 1999) and the
European Directive on Ground-level O3 (EU 2002) was initiated at the UNECE workshop in Bern,
Switzerland, 1993. This was followed by a discussion on the suitability of the concept in the
scientific  literature in  the following years. Meanwhile a reorientation from
cumulative exposure index-based critical levels to flux-based limiting values took place (cf
Grinhage & Jager 2002; Fig. 1).
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Fig. 1. From critical levels to critical loads for ozone (Griinhage & Jager 2002)

The light grey rectangle contains approaches based on exposure concentrations, whereas the dark grey rectangle
summarizes flux-orientated concepts. Concepts listed in the overlay are based on canopy concentrations, which have to
be estimated applying a resistance model for ambient conditions.

(AOT40: accumulative exposure over a threshold of 40 ppb; MPOC: maximum permissible O3 concentration)



The only adequate tool to ensure effective protection against adverse effects of O3 on vegetation
is the derivation of critical cumulative fluxes/stomatal uptake (critical loads) for sensitive vegetation
types similar to the critical loads for acidification and eutrophication as determined in accordance
with the Convention's Manual on Methodologies and Criteria for Mapping Critical Levels/Loads
(UBA 1996). It seems advisable to differentiate between approaches for site or local (km) scale risk
assessments and for risk assessments on a European, national or regional scale as indicated in
Figure 1. While European, national and regional risk assessments are based on more or less
generalizing concepts, site and local scale risk assessments require a higher degree of precision. In
addition, generalizing concepts have to be based on approaches validated on representative flux
measurement sites distributed over Europe as indicated by the arrow in Figure 1 between the two
levels of risk assessments proposed.

At present, the data base for the derivation of critical loads for O3 is extremely insufficient. For
spring wheat, a flux (stomatal uptake) - response (relative yield) relationship was deduced by Pleijel
et al. (2000) from 5 open-top chamber experiments with two wheat varieties only (Fig. 2).
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Fig. 2. Relative yield of spring wheat vs cumulative stomatal uptake of O3 (CFO3) by the flag leaf
during grain filling (Pleijel et al. 2000, modified)

This relation was applied for a representative agricultural site in Hesse, one of the federal states
of Germany, using the SVAT model WINDEP (Worksheet-Integrated Deposition Estimation
Programme; Grinhage & Haenel 2000).

Stomatal uptake by the flag leaf was parameterized as described in Pleijel et al. (2000), the
development of spring wheat canopy during the grain filling period (phenological stage codes 61 to
87; after Zadoks et al. 1974 and Tottman 1987) as described in Griinhage et al. (1999) in addition
with an up-scaling from leaf to canopy according to eq. (36) in Griinhage et al. (2000). The
WINDEP model version used can be downloaded from:

http://www.uni-giessen.de/~gf1034/ENGLISH/WINDEP.htm

Taking into account the statistical uncertainties indicated by the confidence interval in Figure 2,
stomatal uptake above 1 mmolTh™ Os is linked with a yield loss deviating significantly from a
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100 % yield. To avoid an overestimation of risk i.e. yield loss, it seems to be reasonable to subtract
this threshold from the modelled O3 absorbed dose, PAD(O3), which then results in:

relative yield loss = 100 - {100.11- [(4.314 m? tmmol™){PAD(0,) 1 mmol tin 2}
with  PAD(O3) in mmolth

As shown in Figure 3 more than 10 % vyield loss due to O3 stomatal uptake could be estimated
for 1994, only. According to the experimental conditions optimal water supply, i.e. soil moisture at
field capacity, was assumed. Moderate water stress reduce the impact of Oz significantly due to
reduced aperture of the stomata.

This example demonstrates the applicability of the flux approach for site and local scale risk
assessments in principle. On the other hand the application of Pleijel's flux-response relation can be
criticized due to the small number of experiments with two "old" wheat varieties from the late
eighties and mid nineties only at one site in Sweden and due to the fact that the model
parameterization was not validated and therefore is more or less empirical.
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Fig. 3. Variation in time of potential relative yield loss (%) due to O3 stomatal uptake under optimal
water supply (Jarvis factor for soil moisture = 1) and moderate water stress (Jarvis factor for soil
moisture = 0.7) for a representative Hessian agricultural site (fixed growing season; Griinhage &

Jager 2002)



Model description

The big leaf model WINDEP is a resistance model (Fig. 4), based on the soil-vegetation-
atmosphere-transfer (SVAT) model PLATIN (PLant-ATmosphere INteraction; Griinhage & Haenel
1997). WINDEP can be used in computer spreadsheets for Windows Lotus and Excel.
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Fig. 4: A deposition resistance analogy for ozone (modified from PORG 1997)

The exchange of Os; between the phytosphere and the atmosphere near the ground, Fioai(O3)
[ngmh2S™], can be modelled by:

Po3(Zpet)
I:total (03) == o3 et (1)
Ran (d+Zom, Zrer,03) + Ro,08 + Re 03
with  pos(Zrer) O3 concentration measured at reference height z.ef [ug™]

Ran(d+Zom, Zref, 03) turbulent atmospheric resistance [sith™] describing the atmospheric
transport properties between a reference height z.¢s o3 above the
canopy and the conceptual height z = d + zo, which represents the sink
for momentum (d = displacement height, zoy, = roughness length for

momentum)

Rp, 03 quasi-laminar layer resistance [sTh™] between momentum sink height
z=d + zZom and the O3 sink height z = d + 25 03

Rc, 03 bulk canopy or surface resistance [sih™] describing the influences of

the plant/soil system on the vertical exchange of O3

The resistance network (Fig. 4) allows to partition the total atmosphere-canopy flux Fiai(O3)
into the fluxes reaching the stomatal caves (Fapsorbed), the external plant surfaces (Fextemal plant surfaces)
and the soil beneath the canopy (Fsoir)

I:total (03) = l:absorbed + l:external plant surfaces + l:soil (2)



(see egs. (38) - (40)). The integral of Fapsormed OVer time t is the pollutant absorbed dose, PAD(O3)
[ngh™?], (Fowler & Cape 1982):
t
PAD(O,) = J’

1

Fabsorbed (O 3 )‘ Ddt (3)

According to the Monin-Obukhov theory (Monin & Obukhov 1954), the atmospheric resistance
Ran between the heights z; und z, can be expressed by

ot e

K Oug

(4)

Ran (z1,2,) =

with Zp=Zet 03 and z; =d+zonm

and L is the Monin-Obukhov length [m], k is the dimensionless von Karman constant (= 0.41; cf
Dyer 1974), ugis the friction velocity [mS'] and W is the integrated atmospheric stability function
for sensible heat (see chapter "spreadsheet stratification™). The friction velocity is given by:

K Uu(z,")

Ug = S)
. ;' —d o' = d 2, - d ©)
P h R
Zom L L
with Z0' = Zery  and  z; = d+zom

and ¥, the atmospheric stability function for momentum.

The quasi-laminar layer resistance for ozone Ry, o3 is estimated according to a simple approach
by Hicks et al. (1987) taking into account the empirical results for permeable rough canopies
described by Brutsaert (1984); for details see Griinhage et al. (2000):

Rp0s = Ry, heat DEE_:Q = =

2

maadg|

K Cug, OPrO

(6)
2—wﬁ?ﬂ+wh?5
= S0 U-Bmagg
Kk Lug
with In(zom / Zon) = 2, i.e. roughness length for sensible heat zp, = zom / €Xp(2)

where Ry, nheat 1S the quasi-laminar layer resistance for sensible heat, Sc is the Schmidt number (the
ratio of the kinematic viscosity of dry air and the molecular diffusivity of the respective trace gas) und Pr is
the Prandtl number (the ratio of the kinematic viscosity of dry air and the molecular diffusivity of heat).
For water vapor (Sc/Pr)?? is 0,90.

The bulk canopy resistance R; o3 is @ composite resistance describing the transfer through the
leaf stomata Riear, stom, 03 @and into the mesophyll tissue Riear, mes, 03, the transfer through the cuticle of
the leaves Riear. cut, 03 and the deposition on external plant surfaces Riear ext, 03 and on the soil Rgif, o3
By upscaling from leaf to canopy, these resistances are combined as follows:



O LAI O
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According to the discussion in Grunhage et al. (2000), the in-canopy aerodynamic transfer
resistance Rin-canopy 1S replaced by the use of a weighted Rsii: with S the actual canopy development
stage is taken into account (cf Griinhage & Haenel (1997; eq. (12)).

The calculation of the aforementioned resistances, i.e. the exchange of Oz between phytosphere
and atmosphere near the ground requires the following measured input parameters:

- 0zZone concentration Po3 [ung'3] at a reference height zys 03
- horizontal wind velocity u [m[S™] at a reference height zyr .
- global radiation S; [Wh™?]

- air temperature t, [°C] at a reference height zyes 1

- air humidity rH [%] at a reference height zys

- air pressure p [hPa] at a reference height zy,

Spring wheat canopy architecture and development is characterized by
- roughness length for momentum zom, [M]
- displacement height d [m]
- leaf area index of non-senescent leaves LAl geen [M*Ih™]
- leaf area index of the whole canopy LAl [M2h™?]
- shortwave albedo o [=0.22 for S; > 0 Wh™]
with d = 0.6701, zoy, = 0.13[0 and h the height of the canopy
according to Griinhage et al. (1999):

Table 1: Encoding of typical phenological stages of spring and winter wheat in the
AMBAYV model (Grunhage et al. 1999)

spring wheat winter wheat
DOY gart first leaf through coleoptile (code  10) 60
DOY ¢oge 31 stem elongation, first node detectable (code 31)
DOY petween DOY ¢oge 31 - 10 DOVYcoge3t - 5
DOY ¢ote 51 first spikelet of inflorescence just visible (code 51)
DOY max DOY ¢odes1 +5 DOYcoges1 +5
DOY code 61 beginning of anthesis (code 61) = DOY pux
DOY code 87 hard dough (code 87)
DOY harvest harvest (caryopsis hard, code 92)

DOY, day of the year
") after Zadoks et al. (1974) and Tottmann (1987)



Table 2: Approximation of canopy height h of wheat (Grinhage et al. 1999)
DOY < DOV ch=h

h2 (DOY B DOYstart ) .
— [ if h'>h; else h=h,
8 (DOYbetween - DOYstart)

DOYat < DOY < DOY petween - h=h=

h_ZHD (DOY B DOYbetween)
70 (DOY,, - DOY

h
DOYpemeen < DOY < DOYpax: h = 72 + qu -
U

between )

DOYmax <€ DOY < DOVYpanest © N = hy

with hy=0 and h,=0.8m for spring wheat,
or h; =0.05m and h,=0.8m for winter wheat.

Table 3: Approximation of total leaf area index (non-senescent and senescent leaves) LAl Of
wheat (Griinhage et al. 1999)

DOY < DOYgut CLAlo = LAlggan

= (LAlbetween - LAIstart) D (DOY - DOYstart)

DOYstart < DOY < DOYbetween :LAItota| (DOY
b

+ LAI start
- DOYstart)

etween

DOY -DOY
total = (LAI max LAI between) D ( O O between) + LAI between
(DOYmax - DOYbetween)

DOYpax < DOY < DOYyax + 5 LAl = LAlnax

DOYbetween < DOY < DOYmax - LAI

(DOY ~[DOY,, +5]) LAl

DOY x + 5 <DOY < DOYpgest: LAl = LAl — e
(DOYharvest - [DOYmax + 5]) 17

with  LAlg =0 , LAlpegueen = 0.3 M*M? and LAlpa = 4.3 m*M™  for spring wheat,

or LAl = 0.4 m?I2 |, LAlpegyeen = 0.7 M2 and LAl = 6.5 m*™?  for winter wheat.

Table 4: Approximation of leaf area index of non-senescent
|eaVES, LAInon_senescent, Of Wheat (Grunhage et a.l

1999)
DOY < DOY petween  LAlnon-senescent = LAltotal
DOY = DOYoge 1 o LAlnon-senescent = 0.95 LAl
DOY = DOVY oges1 o LAlnon-senescent = 0.9 CLAILiory
DOY = DOY coges1 o LAlnon-senescent = 0.8 CLAI o
DOY = DOY coge g7 - LAlnon-senescent = 0
Between these characteristic stages LAI values are derived by linear
interpolation.




— LAl DOY.__ (code 61)

max
- LAInon-senescent

4 |
DOY
—— LAIsenescent

code 51

code 87

LAl (in m° m'z)

harvest

DOY

code 31

100 120 140 160 180 200 220
day of the year, DOY

Fig. 5: Mean development of leaf area index (LAI) of spring wheat at Braunschweig, Germany
(Griinhage et al. 1999)
(DOYstart = 99: DOYcode 3= 134: DOYcode 51 = 1631 DOYcode 87 = 2071 DOYharvest = 220)

Minimum value of flag leaf stomatal resistance for H,O is calculated from the maximum
stomatal conductance gmax for Oz of 0.154 molh g * (cf Pleijel et al. 2000) according to:

U 7315 p Dyo &
Ry o oy = a6 F > H o2wopg = 179sm 8
stom, min, H20 |:gmax,OS D T 101325D D03 E ( )
with T =293.15K
p =1013.25 hPa
D molecular diffusivity (10 °m?E ™)
and  Dp20/Do3 = 1.51 according to Grinhage & Haenel (1997).

WINDEP consists of 7 spreadsheets. In the spreadsheet "information™ the following data must be

provided by the user:

- measurement height of horizontal wind velocity z. , [M]

- measurement height of air temperature z.; v [m]

- measurement height of air humidity z.es ry [M]

- measurement height of air pressure zy, , [M]

- measurement height of ozone concentration zf, oz [M]

- latitude [degree]

- longitude [degree]

- number of days in the respective year (365 or 366)

- difference between Local Standard Time and Greenwich Mean Time



[h; MET -GMT =+1h] ?
- length of measurement interval [h]
- units of ozone concentration (1 = ppb; 2 pgm™)
- minimum value of flag leaf stomatal resistance for H,O [= 179 sih™]
") GMT = Greenwich Mean Time; MET = Mean European Time

The other spreadsheets must be worked off in the following order:

1. : spreadsheet "input” 4. : spreadsheet "MO length"
2. spreadsheet "R_canopy" 5. : spreadsheet "stratification”
3. : spreadsheet "radiation" 6. : spreadsheet "output"

Spreadsheet "'input"

The aforementioned input parameters must be entered. Additionally, daylight hours and data sets
with LAlgeen >0 are indicated. If air pressure data are not available, use standard pressure
po = 1013,25 hPa. Missing values must be indicated by "-999".

Spreadsheet ""R_canopy"*

In this spreadsheet the water vapor pressure deficit of the atmosphere VPD [hPa], the weighting
function S for canopy development, the Jarvis-Stewart functions for parameterizing the dependence
of stomatal aperture on radiation, air temperature, VPD, soil moisture and phenological stage the
bulk stomatal resistances R¢, siom, H20 @and Rc stom, 03 @and the bulk canopy resistances R¢(H,O) and
R:(Os3) are calculated. Furthermore, the slope of water vapor pressure saturation pressure curve s
[hPalK™], the specific heat of moist air Cp moistair [M’S2K™] and the density of moist air Pmoist air
[kgh™] at absolute air temperature T [T = t, + 273.15; K] are calculated.

« water vapor pressure deficit of the atmosphere

VPD = esaturationwatervapor pressure ewatervapor pressure ©)

with the saturation water vapor pressure of the atmosphere [hPa; after Magnus]:

17.08085[t,
: 234175+ t
actual air temperature t, = 0°C: € saturation water vepor pressure. — 0-1078 [ 2 (10a)
22.44294 1,
: 27244+ ¢
actual air temperature t, < 0°C: € aturation watr vapor pressure. — 0-1078 (1€ 2 (10b)
and the water vapor pressure [hPa]:
rH
ewater vapor pressure = esaturation water vapor pressure DlOO (11)
« weighting functions for canopy development
B = e CLal OLAT 1) (12)

where c_a is the a vegetation type-specific attenuation coefficient [= 0.5; cf discussion in Griinhage
et al. (2000)].



« Jarvis-Stewart functions (according to Pleijel et al. 2000)

~0.009 [213,)

f,(S)=1-¢e (13a)

with St actual global radiation [Wh?]
f,(T) =01 if t,<14°C

f,(T) = (-0.0059(1,%) + (0.3083[1,) — 3.0275 if 14<t, <39 (13b)
f,(T) = 0.1 if t,=39°C

with ta actual temperature [°C]
f,(VPD) =1 if VPD<0.9kPa

f,(VPD) = (-0.4737VPD) + 1.4263 if 0.9kPa<VPD< 2.8kPa (13c)
f,(VPD) = 0.1 if VPD>2.8kPa

with VPD actual water vapor pressure deficit [kPa]

f, (soil moisture) = 1(optimal water supply) or 0.7 (moderate water stress) (13d)

f; (phenological stage) = 1 — (0.027 [I'number of days after anthesis") (13e)
with fs = 0 if [1-(0.027 O'number of days after anthesis™)] < 0
favis = f1(S,)Of,(T)Of,(VPD) Of, (soil moisture) O, (phenological stage) (13f)
with fravis = 0.1 if [f]_ [f, (T3 (14 Ef5] <0.1

« flag leaf stomatal resistance for H,O and O3

O 1 0 D

R leaf, stom, A — V |]f\]arvis 0 Dﬂ (14)
leaf, stom, min, H20 E DA

where Dy0 is the molecular diffusivity of water vapor [m?[S™'] and Da is the molecular diffusivity
for a trace gas species A. For water vapor is Dyoo/Da =1, for Oz is Dyp0/Da = 1.51. For S; =0,
R|eaf’ stom |S Set tO "1E+20 Sm]_lll.

* bulk canopy resistance for H,O and Os

The bulk canopy resistance for O3 is calculated according to eq. (7) with Rieaf, mes, 03 = 0.01 sim?,
Rieaf. cut, 03 = 3007 SIN™, Riea ext, 03 = 2000 sh™ and Reil 03 = 375 slth™ under the assumption that
the external plant surfaces are dry and the soil surface is wet. The bulk canopy resistance for H,O is
calculated With Rieaf mes, 20 = 0, Rieaf, cut, Hzo With 9010% sTh™ and Ryt oo = 100 sh™. As dry
external plant surfaces are assumed, R, ext H20 Can be neglected.
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« slope of the water vapor pressure saturation curve
actual air temperature t, = 0°C:
17.08085 [1234.175

S = eyai 15a
saturation vapor vapor pressure (234175 + ta)z ( )
actual air temperature t, < 0°C:
S = esaturation water vapor pressure 22.44294 |:|272-244 (15b)
(272.44 + 1,)
« specific heat of moist air at constant pressure
Cp,moistair = Cp,dyair D(1+084 Eq) (16)
with Cp, dry air = 1004.67 m*S2 K
and
S eC-f-C a.r h mdt [ @_1] 0622 |}watervaporpressure (17)
ific air humidi =
a5 Y | p - 0.378 |}watervaporpressure
« density of moist air at temperature T
e
Proistair = pdryair DE‘ - 0.3780 Watervar;j())r - E (18&)
with
P
= (100 18b
pdryalr Rdryair |]27315+ta) ( )

and Ryry 2ir the gas constant for dry air (= 287.04 JKg'K™)

Spreadsheet ‘radiation™
For estimating the Monin-Obukhov length L (see egs. 4 - 6) the net radiation balance Rpe
[Wik]

_ S, [1-a) +e, - el [(27315+t,)*

R 19
L By (19)

with ¢ effective long-wave emissivity of the canopy (= 0.97)

Lg flux density of downward long-wave radiation of the atmosphere [Wh™]
o Stefan-Boltzmann constant (= 5.669[10° W2 K™)
C3 heating coefficient of the canopy (= 0.041714; cf Holtslag & van Ulden (1983)
and the soil heat flux density G [Wh?]

Roet 2 0 W' G = 0.4 O Cta Ao R (20a)
Rnet < 0 W™ G = 0.5 OR, (20b)

must be approximated.
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In the following a new parameterization of lang-wave radiation of the atmosphere Lg, derived for
50.53°N 8.69°E, and a parameterization of maximum possible global radiation at cloudless sky
St ref IS described.

« daytime Lq (global radiation S; > 0 Wih™):

9/7
Ly ssowm? = 1'24[%&5 00 o' + Aw *+ By + Cug (21)
020
with
Add :20 - 70 E%% H fOf Sts St’ ref
t, ref H
Agg ==350 for S¢> S rer
By =2.3 + 1.33[{rH -40) for rH=40%
By =2.3 for rH<40%
and
Cyg =—12.3 + 1.1{rH -70) for rH=70%
Cyg =123 + 0.6[(70-rH) for rH<70%

Making use of the relation between measured global radiation and maximum possible solar
irradiation, the term Agq accounts for the fact that the sky is not always totally covered, which in fact
is assumed by term Bgyqg. The dependance of Bgy on relative humidity can be derived formally (with
the help of some minor simplifications) from the assumption that the sky be completely covered by
cumuli, the lower boundary of which can be described by the lifting condensation level (cf Stull
1989). Other than for Agq and Bgg, N0 direct physical explanation seems possible for the third term,
Cad, the contribution of which to the variance, however, is much smaller than that of the other
terms. The constants in Agg, Bgg, and Cyg Were adjusted to minimize the bias resulting from the
introduction of the variable parts of these three terms.

« nighttime Lg (S;= 0 WIh™):

/7
Lisowmz = 124 E%% 00 Mo’ + Ay + By (22)
2m
with
Ay, = 14 + 10.7{rH -92.5) for rH=92.5%
Ay, = 14 for rH<925%
and
Ban =10 = 200/Ty n1 —Tomn for (Tam,n-1 = Toam,n) > O (n: actual data set)
Bdn = 10 fOf (T2m, n-1— T2m, n) < 0
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where e, is the actual water vapor pressure (hPa) and Tan, is the absolute air temperature (K) at
z =2 m above ground.

» maximum possible global radiation S; e
St res IS the astronomic maximum maximum possible global radiation at cloudless sky
parameterized according to Kasten & Czeplak (1980)

St, ref = St,cloudlesssky = a1 Bin(o + az (23)

where a; and a, are empirical coefficients describing the average atmospheric attenuation of short-
wave radiation by water vapor and dust at a given site, and @is solar elevation. For our field site at
50.53°N 8.69°E a; and a, were adjusted to a, = 1097 W™ and a, = -54 W

Solar elevation ¢ is calculated dependending on latitude, longitude and time according to
Lenoble (1993):

sing = sing,, [$inA + cosd ,, [EOSA [Eosd, (24)
mit dgeo latitude [radians]
A sun declination [radians]

dn hour angle [radians]

Sun declination A is given by:
A = 0.006918 — 0.399912[¢osd, + 0.070257 8ind,

25
- 0.006758 [¢0s2¢, + 0.000907 [8in2¢, (25)
where the day angle ¢4 [radians] is:
day of the year — 1
by = 2000 _ (26)
number of days in the year
The hour angle ¢y, is given by
o 0 TST @7
=TT -
ML

where TST is the True Solar Time [h; decimal system] for the center of the time interval under
consideration:

A
TST = GMT + £ + ET - DT (28)
15 2
with GMT Greenwich Mean Time (for Germany: MET - 1)

MET Mean European Time [h]
Ageo latitude [degree]
DT  duration of time interval [h]

and the equation of time ET:

ET = 3.819667 [(0.000075 + 0.001868 [¢osd, — 0.032077 (Sind,

29
~ 0.014615[€0s2¢, — 0.040849 Bin2¢,) (29)
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Spreadsheet ""MO length™
The aforementionend atmospheric stability functions for momentum 4, and sensible heat $, are
dependent on the Monin-Obukhov length L (Monin & Obukhov 1954):

3 u
L=- Pmoist air DCp,moistair K Dg EH
(30)
T(z,.¢) Ou 3
= = Pmoist air Lic DM

p, moist air K Dg H

with ] average potential temperature of the air layer under consideration (K)
g gravitational acceleration (= 9.81 m§?)
H

turbulent vertical flux density of sensible heat [W(h™]

The average potential temperature of the air layer under consideration can be approximated by
an absolute temperature T(z..f) measured in the respective air layer. Eq. (30) is iteratively solved in
8 steps. Yielding sufficient accuracy, H is estimated as residual of the energy balance:

Ret = H + AE +G (31)

where AE is the evapotranspiration rate (latent heat flux density) of the plant/soil system [Wh™].
The latent heat flux density is calculated by the Penman-Monteith approach (Monteith 1965):

VPD
S (Rnet _G) * Pmoist air DCp,moistair E,

AE = Rah (d + ZOm’ Zref,T) + Rb, heat (32)

s + yDRah (d+2Zgm:Zeet) + Rymoo + Rebzo
Rah (d + ZOm’ Zref,T) + Rb,heat

where yis the psychrometric constant (= 0.655 hPalK™).

Ran(d+2Zom, Zref, 1), the turbulent atmospheric resistance between z¢ 1 and z; = d+zom, is calculated
after eq. (4). In the first iterative step, the M-O length is approximated under neglection of the
stability functions ¥, und $, by solving the equation system (4) - (7), (31) and (32). In the
following iterative steps the stability functions, which are described in the spreadsheet
“stratification”, are taken into account. If the friction velocity ug falls below 0.05 m§" during
daylight hours or below 0.075 mS* during night, a mimimum-ug is used to maintain a plausible
energetic coupling between canopy and atmosphere:

u
S,> 50 Wi : Uy = Max 0.05 ; 0.15# () 1 (@30
Zpes (U) — (d + ZOm) H

S < 50 W™ : Uy min

U (zref) H
max 0.075 ; 0.3 (33b)
Zyes (U) — (d + ZOm) H

For introduction of mimimum friction velocity urmin see discussion by, for example, RiBmann
(1998).
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Spreadsheet "'stratification™
For a given M-O length the following atmospheric stability functions for momentum &, and
sensible heat W, are calculated using the set of coefficients published by Dyer (1974) with k = 0.41.

« labile atmospheric stratification (L <0 m)

v (0 2[IlnD L +1D+ InD ! +1D ZarctanD 1 O (34a)
= O O— o7~ O
" W@ H Qg ()
with o (0) = (L - 260007
z—-d
and ( = with z=2'=27¢, and z=2z;=d+zon
and
W (@) =202t +10 (34b)
“ B
with @@ =0 -1602)0°
Z —-—
and (¢ = — With z2=2,=Ze 03 and z=z; =d+zpy
« stabile atmospheric stratification (L > 0 m)
Pn() =W¥h(Q) = -5 X (39)
z—-d
and ( = I and Z=2,=Zrr 03 and Z=12y' = Zeety
and z2=11=d+zom
« neutral atmospheric stratification (JL| - o)
Yo=Y =0 (36)

Spreadsheet "output™

Using the aforementioned atmospheric stability functions the friction velocity is calculated
according to (5) taking into account ugmin, as well as the turbulent atmospheric resistance
Ran(d+Zom, Zref 03) and the quasi-laminar layer resistance Ry 03. Ozone exchange between
phytosphere and atmosphere near the ground can now calculated by eq. (1). If necessary, ozone
concentration can be converted from unit “ppb" to unit " pgth™" taking into account air temperature
and air pressure:

1ppb = molecular weight D 273.15 - p ug "> (37)
22.4 273.15+t, 1013.25
with molecular weightos = 48 gitol™

Fabsorbed(O3), Fexternal plant surfaces(O3) and Fsii(O3) [ mfz@_l] are calculated as follows:
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Fabsorbed (O 3) =

_ Pos(Zret ) (38)
Rah + Rb o3 + I:zleaf, absorbed, O3 + Rah + Rb 03] DRIeaf, absorbed, O3 D LAI total + B
’ LAI ' LAI R,
green green leaf, ext, O3 soil, 03
. 1 1 1 1
with = + O
I:zleaf, absorbed, O3 RIeaf,stom,OB + I:zleaf, mes, O3 I:zleaf, cut, 03 Rleaf,stom,os + Rleaf, mes, O3
I:external plant surfaces (OS) =
_ p 03 (Zref ) 3 9)
Rah + Rb o + Rleaf, ext, 03 + Rah + Rb 03] DRIeaf, ext, O3 D LAI green + B
’ LAI ’ LAI R...
total total leaf, absorbed, O3 soil, 03
Fsoil (03) =
Pos(Zret )
B (40)

Ri R (1 LAl
Rah + Rb,os + soil, 03 + Rah + Rb,os]D soil, 03 Dé‘q green + LAItotaI
B ﬁ leaf, absorbed, O3 RIealf, ext, 03

The amount of ozone absorbed by the vegetation, PAD(O3)canopy [Hgh™], is calculated by eq. (3)
and converted from unit "pgth™" into unit "nmolh™". Taking into account the leaf area index of
non-senescent leaves PAD(O3)canopy [nmolm™] is expressed on a unit leaf area basis.

Potential relative yield loss due to O3 stomatal uptake is calculated as follows:
relative yield loss = 100 — {100.11- [(4.314 m? tmol*){PAD(0,) ~1 mmol tn 2 J} (41)

with  PAD(O3) on a unit leaf area basis in mmolh ™
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