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Abstra‘ct .

Examples are given fnr atmospheric input patterns in the area of the German Bight in
a high temporal and spatial resolution. Total NO, and SO; input are calculated for

[ X}

c® - oo

-@- | THUNEN
Digitalization sponsored
by Thunen-Institut

a diurnal cycle by use of a three- dlmensmnal atmospherlc mesoscale model. Chemi-

- cal transformation and wet deposition processes have been neglected for simplification.

The modeled meteorologxcal situations are representative for some typical weather con- -

ditions in spring, when the growth rate of the phytoplankton is at its maximum and
the i mcommg short wave radlatlon is only m1mmally reduced by clouds.

The model results show that the calculated input does not always lmc_arly decrease from
the coastline. The main input is close to the coastline but there are local maxima also

further from the coast over the water. They are caused by emittant distribution, as .

well as diurnal variations in the wind field, in the dry deposition over land and water,

-and in the efficiency of vertical exchange processes.

1 Introduction

~"Atmospheric input can make up more than half of the total input of contaminants into

the ocean (e.g. Siindermann, 1992). Therefore, knowledge of the input amounts as well
as of local atmospheric input patterns is esscntlal for studies of tracer transport in water
and tracer uptake by suspended matter and plankton. For studies of local phenomena
in the ocean or of the ecosystem, the temporal resolution of the input values should be
a few hours at most, the spatlal resolutlon a few kllometers

Up to now, most of the available mput data consist of temporal and regional means.
They are often based on results from long-range transport models which can be used
for the estimation of the atmospheric input in time intervals of months and for regions
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of a few 10000 km? (see e.g. Schliinzen and Kr_ell, 1992)." Local input values cannot be
derived from lo‘ng-rangé transport models but comparatively easily from measurements
due to their local nature. However, it is difﬁcult to extend the validity of the measured
f values over other areas and over water. Results from mesoscale models can be used
to close the gap betweéen mean and local atmosphenc input data. With these models
the local input patterns can be calculated with a sufﬁcnent temporal (few mmutes) and
spat1a1 (few kilometers) resolutlon ‘

In the three-dimensional mesoscale transport and ﬂuxd model METRAS used for the
present local atmospheric mput studies, wind, temperature, humldlty and tracer con-
centrations (SO; and N 0,) are calculated from prognostic equations. The horizontal .
resolutlon of the model lies between 2.5km and 10km, the time step is about one minute.
The atmospherlc input data (only dry deposition processes) are mtegrated to obtain’
hourly and daily figures. The dry deposition of the tracers is modeled followmg the
resistance model concept. It depends on tracer concentration, atmospherxc stablllty
‘and type of tracer. For example, the SO, and NO, dry deposition-values are dlfferent
over water due to the different solubility of the two gases in water.

The influences of clouds, gra\lty \\axes, topographxcally induced effects, land- sea-
breezes and other mesoscale phenomena can be directly snmulatcd in the model and
do not have to be parameterized. All subgrid- scale turbulent | processes are parameter-

ized utilizing a first order closure hypothesm The planetary boundar) layer is vertically
resolved. For details on the model see Schliinzen (1990) and Schliinzen and Pahl (1992)

2 Model Area and Initialization

The model area under investigation consists of the German Bight and the surroundmg
mainland (see Figure-1, left). The model grid i is non- -uniform in vertical as well as in
horlzontal directions. The low est horizontal grid-size of 2.5km is placed in the estuary of -
the Riv er Elbe to ensure a good representation of the North and East Friesian coastline
and the Wadden Sea in the model. Towards the lateral boundarles the grid-size increases
to 10km (Figure 1, right).

In the present paper, results of four rnodel snmu]atlons are presented one of them in
detail. They correspond to typical weather condltlons in spring. Offshore large-scale
winds of 8. 5ms are prescribed. In _particular restlts for large-scale winds from the
east are glven The correspondmg wind velocity and wind direction at a height of 10
m at Bremen are 4.15ms™! and NE (north-east) winds. The 20 year mean frequency
distribution of wind direction and velocity in Méy shows for Bremen a mean of 4.3ms™!
with values of 4.0ms™!, 5.4ms™}, and 3.6ms™! at 700 LST 1400 LST and 2100 LST,
 respectively. The mean wind \alues are calculated by Batjer and Hememann (1983)
from measurements. - ' :
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Fi igure 1: Topography in the full model area (left) and grxd structure in part of the
model area (right). The crosses refer to the sites used in Table 2 for the calcu]atlon of
daily input values.*

-From the frequency dxstnbutlon in Table 1it can clearly be seen that wind veloc1t1es
between 3.4 and 5. 4 ms~1 are most frequent, they comprlse 34.3% of all situations. The '
frequency distribution shows no strong dependence of the wmd veloc1ty on the mnd

4 dlrectlon only southerly wmds occur quxtc seldom. . :

Wind Velocity k ~ Wind Direction -~ .| Sum ‘
[ms') . |N NE E SE S SW W NW|
01 - 1509 13 .13 13 12 16 1.6 14106
1.6 - 33|28 35 39 41 26 36 3.7 4.8 200
34 - 54[39 40- 55 33 20 40 55 6.1 343
55 - 79|16 1.2 28 15 11 3.1 41 45/ 199
80 - 107]/03 01 05 04 02 1.0 17 13|55
108 - 171 - - - - - 03 02 02| 07
Sum 9.5 10.1 14.0 106 7.1 13.6 16.8 18.3| 100

Tablel: Frequency [%) of. wmd velocities for a 20 year mean May dependent on wind
dxrectlons at a height of 10m at Bremen. The values are derived from Table 159 i m
Bitjer and Hememann (1983). '
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) \leteorologlcal sxtuatxons with NE E, bE or S wmds at Bremen ha\e been tal\en into "
" account for the calculation of local input patterns. The wind directions correspond to
offshore winds close to ‘the surface and to large-scale mnds from cast, southcast, south.
or soutlmest Other wind dxrectlons hate been neglected since only very few input
’mto the German Blght can be expected for them in view of the emittant dlstnbutxon
In the model calculations, the emittants in the Federal Republlc of Germany are in-
cluded,; whereas emittants in Denmark or the Netherlands are neglected (see Figure 2).
Emlttants outside the model area are not expllc1tly taken into account; zero tracer flux
‘ through the boundarles is assumed ‘
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Figure 2: Total NO, (left) and SOgl(ri‘Zght)_emlttants (data base: _UBA, 1989). ‘

Large-scale atmospherlc stabxllty is prescnbed from mean: values for May derued from

data of the “Europaischer Wetterbencht” (Deutscher Wetterdienst) for the years 1982

to 1989. The stratification is strongly stable close to the ground (0.67K(100m)™! y

to 600m), slightly stable above (0. 371&(100m)" up to an altitude of 1000m) and m'

larger altitudes (0. 41K(100m) l) ‘The surface temperature is 12°C at the begmnmg_
. of the model run and changes dependent on the atmospheric radiation budget The =

v»ater temperature at the surl'ace is kept at a constant of 9° C for the whole model run.

‘ Balanced wmd-' temperature—, and humxdlty proﬁles are calculated from the large—scale
wmd and stratification with a one- drmensronal version -of the model. These are used
as input values for the three diménsional model m which the topography is mtroduced
via dlastrophlsm Slnce the tracer concentratxon 1s zero W1thm the whole model area
to calculate the startlng tracer concentrat1on fields (see Figure 3). The rnxtlallzatxon
penod runs from midnight of the mmahzatlon day to 2100 LST of that day. ‘The model
calculatlons are performed for a further 24 hours (one diurnal cycle), startmg at 2100
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LST with the mtegratlon of the ‘diurnal mput values:

200.00 200 00

Y [km] } Y fwel |

. _no0p K2 C oo K Audil: . === ‘

. -260.00 . . . 110.00° ~260.00 ) o ' 110.00 :
' Figure 3: Starting tracer concentration fields of NO; (left, increment 5[ug kg™"]) and
S0, (right, increment 10[ug kg7}]) at a height of 10m above ground for a 1arge-scale

east wind at 2100 LST (mltlahzatlon day).

3' Local 'Input Patterns for L‘arg‘e-Sea:le East Wind

A large-scale cast vnnd corresponds to E-NE winds at a helght of 10m (Flgure 4, top).

' Durmg the day, the changes in the wind drrectlon are quite small and lie in a range
of 10° only. The changes in the wind velocities are larger. They are between 2. 4ms
and 8.1ms™! at 600 LST (Figure 4, left) and increase over land (3 Oms~! to 8.1ms™!

" at 1500 LST, Flgure 4, right) during the day. ‘They are reduced again over land in the
evening and during mght In the area of the German Bxght the wind velocmes remain
about the same; a diurnal cycle cannot be found here. ' ‘

The processes which are 1mportant for transport namely the atmospherlc advectlon and
.exchange processes, have to be examined to understand the input patterns. It could be
expected that more tracers are transported to the sea in the afternoon when the wind
velocities are higher. At this time the advection is stronger but the tracer concentration
is lower. Because of the surface heating over land zi_n.unstable stratification develops
there at daytime and the NO, and SO, are mixed up to higher layers of the atrnosphere
This reduces the concentration in lower layers during the day to a minimum in the
afternoon The concentration becomes gradually higher during nighttime. Over land
and the coastal water the concentratlon in air reaches maximum values in the early
morning.

: The outlmed diurnal cycle of the concentration field over the German Bight charac~'
terizes the hourly input \alues, if wet dCPOSlthD is neglected. This can be seen’in the
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’ Flgure 4: Wind direction (top, mcrement 2. 5[ ]) and wind veloc1ty (bottom increment
0.5[ms™ 1]) at 600 LST (left) and at 1500 LST (rxght) at a height of 10m above ground,

increment 2. 5[ }.

: mput continuously decreases.’ The diurnal dxflerences in the dry deposmon are lower -

model results The concentratlon ﬁelds have maxima over water in the mornmg and

lated mput values for NO They result in hlgher mput numbers in the mornmg (e-g..
at Helgoland 0.08]mg m=2h" 1 at 600 LST; Figure 5, top left) and reduced input in the -

evening. (0 05[mg m~2h- 1] at 2100 LST, Figure 5, bottom right).. During daytime the

~over water compared to the changes over land. Here a diurnal cycle in the deposxtlon

velocity characterlzes the dry deposmon The deposmon velocxty is reduced at. night-

time by a factor of six compared to daytime values. Over water the values remain about

the same.

The diurnal cycle presented for N O, (P."igu‘reZS) is also found for SO, (Flgure 6). le.
ferences in the input patterns of the two tracers are mainly explained by differences in
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. rate is higher and the tracer has a better solubility in water than NO,. The maximum .
for the hourly dry deposition cannot be found at 600 LST but at 2100 LST in the Elbe
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Flgure 5 Hourly dry dcposxted NO; for a large- -scale east mnd in part of the model
area at 600 LST 900 LST, 1500 LST 2100 LST mcrement 0.02[mig m=2h~ l]
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the emittant dlstrlbutlons In general the mput is hlgher for S0, because the ¢ emission . |

'~ estuary. This maximum is caused by a locally higher concentratlon of 50, in this area

in the evening. Due to a slightly different wind direction (64 at 600 LST, 56 ° at: 2100
LST), emittet tracers from sources in the area of Husum are transported further north
over the sea. This causes locally hlgher concentratlons and thus locally higher mput
values at 2100 LST compared to 600 LST. : :

The calculated hourly mput caused by dry deposition is mtegrated over 24 hours to get

input values characteristic for the day. These input patterns show a strong decrease
towards the open sea (Figure 7). In rea.hty, the gradient might be reduced since emitted

‘tracers from Denmark would be advected inito the northern part of the model area. The

input is very h!gh in the \Vadden Sea area, especxally for SOz The maximum in the
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Fi_guré_ﬁkzw Iidui‘ly dry depdsited S50, forla.large-'s'cale east wind in part of the model
area at 600 LST, 900 LST, 1500 LST, 2100 LST, increment 0.05[mg m=2h~1].

southeast part of the Ge'rvm'ah Bight is caused by emissions in the Elbe estuary by ships
using sulphurous fuel: The input into that area as well as into the whole German Bight
will be higher if the emissions from ships traveling there are included in the rmodel
calculations.- ‘ - ' o

/

4 ._As's}éé-st‘nént of the Mddél Results

* " In_this paper det}njlgd results are given forfi case study Wthh is representative for

. typical meteorological conditions in spring. Results for large-scale southeast, south or

southwest winds show similar diurnal cycles but differences in the actual structures. In
Figure 8 the integrated dry deposition is presented for a meteorological situation with
a large-scale wind from southwest. It can be seen that the input into the water in the
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_ Figure T: Dry dep051ted NO; (left; increment 0. 4[mg m=2d- 1] and S0, (right, incre-
ment 1.0[mgm=2d- 1]) mtegrated for 24 hours for a large scale east wind in part of the
model area. :

A

area of the Elbe estuary is lower for both tracers compared to the case calculated with a

- large-scale east wind (Flgure 7). In contrast, in the western model area the atmospherlc
mput is hxgher for a large~scale southwest wind. Here, cmissions from coastal emittants
m the area of Emden increase the concentratlon of tracers in air and thus cause hlgher
1nputs They might be e\en hlgher if emxttants in the Netherlands are included in the
model calculatrons "

The model results of the four case studies are comprled in Table 2 for some selected
sites in the model area. In general, the input of SO; is hlgher compared to that of
NO,. This is partly a result of’ dlfferences in the emittant characteristics (Figure 2) °
but mamly caused by the good solublllty of SO; in water. The hxghest input values are
calculated in the present case studies for a large-scale southeast wind when hlgh tracer
concentratlons caused by emissions in the populated areas are transported towards the
. German Blght In this case the input is enlarged by a factor of 2to 10 compared to
other wind dlrechons :

Areas with high emission rates are closest to the sea for the calculated offshore wind
dlrectrons Thus, the proportron to the total - lnput into the German Bxght mlght be
hlghest For other large-scale wind drrectlons the proportion into the German Bight
is in general quite low (Knews, 1992) and has been neglected whencalculatmg the
- integrated daily input values for Table 2. The weighted mean input data show again
the higher numbers for the 50, mput For this tracer not only maxima at the coastline
but further offshore (5¢4° N 7° E) can be found. The NO, input data do not show local

maxima further offshore but have maxrma in the \Vadden Sea area

The presented numbers characterlze the lower limit of the input data. However, the
numbers might be reduced further if wet deposrtron processes or chemlcal transforma-
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Figure 8: Dry deposited -NO; (left, increment 0.4[mgm=2d~']) and SO, (right, incre-
ment 1.0[mg m~2d~!]) integrated for 24 hours for a large-scale southwest wind in part
of the model area. ‘ ‘

tion would be included in the model calculations. In any case, the consideration of
emission data from Denmark and the Netherlands and of tracer fluxes through the lat-
eral boundaries will result in higher input values. To get more complete input statistics,
additional case studies (other wind velocities for May, other months, inclusion of wet
deposition processes, inclusion of chemical transformation, inclusion of emission data

from Denmark and the Netherlands, inclusion of fluxes via lateral boundaries) have to -

be performed. ' - .

1
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11
Site . Large-Scale Wind Direction Weighted
| NE E SE S SW W NW N.| Mean
F[%] [ 12: “Bremen 95 101 140 106 7.1 136 168 183] 1000
NO,| I: 55°N6°E | o' 0* 70 0 0% o' o' " o' 1.0
NO,| 2: 55°N7°E | o'  0* 7.0 40 0® o' o' o' 144
NO,| 3: 55°N8°E 0t 0* 60 48 .1 o' 0 . 0| -1.4*
NO, | 4: Westerland o 0* 80 60 16 . 00 o - oO'] 1.9¢
NO, | 5: Westerhever | 0! - 25 150 6.0 4.0 o' '0' . 0'| 3.3
NO. | 6: Helgoland o0 1.7 90 60 16 -0 o 0O 2.24
NO.| 7: 54°N6°E | ot 12 79 0® 0% o o 0| 1.2
NO,| & B54°N7°E- [ 00 14 79 3 0 0o o 0| 16
NO.| 9: 54°N8°E | 0' 1.8 85 60 20 00 0 o' 22
NO, | 10: Elbe Esturay | 0' 25. 85 50 36 0' o' 0'| 22t~
® NO, | 11: Norderney | 0' 20 95 3 22 0o o o' 20
- SO, | 1: 55°N6°E [ 0' 0* 320 7 0> o o 0] 55
SO, | 20 55°N7°E | 0 0% 320 145 0° 0. o0 o' 6.0
SO, | 3: 55°N8°E | 0' ~0® 260 175 6 o' 0o o'| 5.9
SO, | 4: Westerland | O' - 02 240 200 60 O' o' O'| 59¢
SO, | 5: Westerhever | 0' 1.8 45.0° 200 80 0' .0' o' 9.2
SO, | 6: Helgoland | 0'- 3.0 54.0 24.0 120 o' 0! O! 11.3%
SO,'| 7: 54°N6°E [. 00 12 400 22 0 0 0 0| 59
SO, | 8 B54°NT7°E 0t 35 470 11> 0* ot o o' 814
SO, | 9: 54°N8°E | 0' 135 47.0 240 9.0 0" o' 0'| 1L.1%
50, | 10: Elbe Esturay | 0' 240 380 6.0 100 0'- 0' 0'| 9.1¢
S0, | 11: Norderney 0! 13.0 100 132 16 0t 0o -0'| 944

\

Input not calculated for this case but assumed to be zero.

2Input values presumably too low due to missing emissions from Denmark

3Input values presumably too low due to missing emissions from the Netherlands

4The weighted input values are presumably too low due to missing emissions from Denmark and
the Netherlands ' < :

Table2: Frequency F[%] of large-scale wind dlrectlons deriv ed from vnnd measurements
at Bremen for a 20 year mean May (see Table 1) and calculated daily input values "
[mgm~2d~1] at specified sites. For the location of the sites see numbers in Figure 1.
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