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ABSTRACT: The atmospheric input of lead into the German Bight is calculated from measured atmos-
pheric concentrations, from modelled as well as measurement-derived deposition velocities, and from
measured wet deposition values, with a temporal resolution between 6 and 24 h. The measurements
were taken at several coastal sites and on a ship in the German Bight during a 1 wk drift experiment in
April 1991. The applied model is a 3-dimensional nonhydrostatic atmospheric mesoscale model. The
calculated input data depend on deposition velocities and integration time. Due to variation in dry
deposition the atmospheric input values can differ by a factor of 3. Total deposition values and thus
atmospheric input data can differ by a factor of 10. Calculated backward trajectories show that the
observed time-lag in the occurrence of concentration maxima can be explained by the travel time of the
advected air masses between the measurement sites. By use of backward trajectories and results of the
mesoscale model the measured values are associated with source areas for a day with very high atmos-
pheric lead concentrations. It is shown that up to 50 % of the contaminants can reach the German Bight
via long-range transport. Mesoscale atmospheric phenomena also influence the wind field and the con-
centrations.
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INTRODUCTION

The pollution of marginal seas is caused by inputs
not only from rivers, coastal industries, and dumping
but also from the atmosphere in considerable amounts.
This is especially true for the North Sea, which is situ-
ated close to major industrial centres and highly popu-
lated areas. The input quantities have been widely dis-
cussed in earlier papers (e.g. INC 1987, Warmenhoven
et al. 1989, QSR 1993) and thus are only briefly sum-
marized here. Fig. 1a shows the relative contributions
of the atmosphere and other paths for the whole North
Sea area. The values are based on the data compiled
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for the Second International North Sea Conference
(INC 1987). The input via the atmosphere amounts to
more than two thirds of the total for cadmium and lead
and to more than one third for zinc and copper. The
data for the German Bight compiled in Fig. 1b are
based on the input values for the Wadden Sea area
(Schliinzen 1994a) recalculated for the German Bight
(area: 24000 km?). Due to the proximity of the river
estuaries, the proportion of the atmospheric input is
lower for the more coastal area compared to the whole
North Sea. However, it still accounts for a considerable
amount of lead and cadmium as well as of some
organic contaminants which are not regarded here.
The relative contributions given in Fig. 1 correspond
to annual means. These are strongly influenced by
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short-term deposition events, as has been derived from
long-term investigations (Dannecker et al. 1994, Ker-
sten et al. 1994). Measurements and model results
show that the atmospheric input can change consider-
ably within 1 d. This can be caused by changes in con-
taminant concentration in air due to a wind shift, as
shown in this paper (factor of 50: section ‘Measured
concentrations’ below), and by changes in deposition
velocity due to different atmospheric stratification and
wind velocity (factor of 2: Schlinzen & Krell 1994).
Additionally, wet deposition can enhance dry deposi-
tion by up to a factor of 10 within a few hours (section
‘Calculated atmospheric input...” below; Spokes et al.
1993). For this reason, studies of transfer processes in
the ecosystem as described by Stindermann (1997 in
this volume) need input data with a temporal resolu-
tion of a few hours.

To investigate the transfer processes in the German
Bight ecosystem, lead was used as a key contaminant
in the German research project PRISMA. Lead is
released into the marine environment by river dis-
charges, atmospheric deposition, remobilization from
sediment and removal from bacterio-, phyto-, zoo-
plankton and other biota it might be incorporated
within or attached to. The accumulation factors for
phytoplankton can be much higher for lead than they
are for other heavy metals (Karbe et al. 1994). Most
lead, however, is bound to the body surface and only a
little is incorporated. Therefore, lead is a less crucial
heavy metal for the plankton than e.g. mercury is.
Nevertheless, lead is suitable for studying temporal
concentration changes in the ecosystem, because it is
found and can reliably be measured in all compart-
ments of the ecosystem (including the atmosphere;
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Kersten et al. 1992, Kriews 1992, Krause et al. 1994). In
addition, the atmospheric transport and deposition of
other heavy metals like cadmium is similar to that for
lead, which makes lead a very good example for study-
ing the atmospheric input.

Since the atmospheric contribution to the mean input
is high for lead (see Fig. 1) some effort has to be made
to estimate the atmospheric input of lead into the sea at
a resolution matching the measurements in the water.
Since it is not possible to measure the dry deposition
directly with a high temporal resolution, the values
presented in this paper are calculated from high reso-
lution concentration measurements (section 'Measur-
ing atmospheric concentrations’) and model results
(section ‘Modelling atmospheric concentrations and
deposition’). The resulting deposition values and
derived input data are given in the section ‘Calculated
atmospheric input...".

MEASURING ATMOSPHERIC CONCENTRATIONS

The atmospheric concentrations of lead and other
heavy metals were measured at 5 sites in the area of
the German Bight during the first PRISMA experiment.
It was performed in April 1991 and included 3 drift-
experiment periods. Details on the experiment are
given by Brockmann et al. (1997 in this volume).
Below, atmospheric concentrations and the atmos-
pheric input are presented for the third drift period
(April 23 to 30, 1991). Measurements and model results
for other compartments of the ecosystem are given by
Konig et al. (1997), Moll (1997) and Raabe et al. (1997)
(all in this volume).
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Measurement strategy

During the experiment, bulk aerosol samples were
taken on board the RV 'Valdivia', from which mea-
surements in the water column were also performed.
For interpretation of the measured atmospheric con-
centrations, additional samples were taken at the Ger-
man research platform Nordsee (FP 'Nordsee’'), at the
isle of Helgoland, and at 2 coastal measurement sites,
namely Westerhever on the Eiderstedt peninsula and
Neuharlingersiel on the East Frisian coast (see Fig 8
for the location of the sites). The sampling intervals
were scheduled on board RV 'Valdivia' depending on
the local wind direction and in consistency with other
meteorological measurements, e.g. the rawinsonde
ascents (Schrum et al. 1997 in this volume). During
periods of easterly wind directions, when air masses of
continental origin were advected, the temporal resolu-
tion of the measurements was increased. The atmos-
pheric aerosol was accumulated for 6 h, thus the mea-
surements were 6-hourly integrations. For westerly
wind directions, when the advected air was very clean,
the intervals were extended to 24 h. The measured air
concentrations confirmed this sampling strategy, since
they clearly changed for different wind directions dur-
ing the drift experiment.

Aerosol was collected at a fixed inlet velocity on pre-
washed cellulose nitrate filters under non-isokinetic con-
ditions. Under these conditions, the upper size limit of
the collected particles depends on the wind velocity
(Zebel 1979). The maximum aerodynamic diameters lie
at about 30 pm for no-wind conditions (Kriews 1992) and
are lower for higher wind velocities. Trace element
analysis was performed with Graphite Furnace Atomic
Absorption Spectrometry (GF-AAS) after a wet oxidative
acid digestion procedure. Rain samples were collected
with a specially prepared funnel on an event basis on
board RV "Valdivia' and with automatic rain collectors or
bulk samplers at Westerhever and Neuharlingersiel. On
board RV 'Valdivia' sample preparation and handling

Fig. 2. Atmospheric lead
concentrations (Cpy,) mea-
sured at (a) RV 'Valdivia’
and Westerhever, and

RV VALDIVIA
WESTERHEVER = 40

were carried out under clean room conditions. Sampling
and analytical techniques are described in detail by
Kriews (1992) and Schulz (1993).

Measured concentrations

At the beginning of the drift experiment (April 23)
the observed atmospheric lead concentrations were
low (Fig. 2}, because comparatively unpolluted air
masses were advected from the northwest. Intense
precipitation events preceding the measuring cam-
paign additionally reduced the concentrations in air.
During April 24 the lead concentrations distinctly
increased (factor of 50) with values above 30 ng m™® at
RV '‘Valdivia'. Backward trajectories were calculated to
explain concentration trends during the drift experi-
ment and to associate the measured concentrations
with the origin of the air masses.

Fig. 3 shows backward trajectories for April 24 calcu-
lated for the measurement sites RV 'Valdivia' (Fig. 3a)
and Westerhever (Fig. 3b). From 00:00 to 06:00 h UTC
air masses from the northern North Sea reached RV
‘Valdivia' carrying low contaminant concentrations.
During the day, the wind turned from northerly via
northeasterly to easterly directions, and the air masses
passed Denmark; in the afternoon they were of conti-
nental origin. The concentrations measured at Wester-
hever were high most of the day. The corresponding
trajectories (Fig. 3a) show the influence of continental
air masses for April 24 and northerly wind directions
for the day before (not shown here). With an average
wind velocity of 3 m s™! air masses that passed Wester-
hever during the night hours could have arrived at RV
'‘Valdivia' on the morning of April 24, about 10 h later.
Thus the high concentrations observed at Westerhever
and the more westerly sites FP ‘Nordsee' and RV 'Val-
divia’ might originate at the same sources, with the
time-lag in occurrence to be explained by the travel
time of the air. The sources were possibly in Jutland or
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{(b) other sampling sites
between April 23 and
30, 1991
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Fig. 4 shows backward trajecto-
ries for April 25 to 27, 1991, calcu-
lated for RV "Valdivia'. During this
time interval, air masses with high
concentration levels reached RV
'Valdivia' as well as the other mea-
surement sites. As can be seen from
the backward trajectories, the sam-
pled air masses had somewhat dif-
ferent origins during the 2 days. On
April 25 the air crossed Schleswig-
Holstein and was possibly of conti-
nental origin again. Thus, highly
polluted air was advected. During
April 26 the wind changed slightly

to northeasterly directions, and air
masses transported over the Baltic

Sea, passing the southern region of
Sweden, reached the sampling site.

The concentrations decreased dur-
ing April 26. Rain events which
were observed over land can only
partly explain the reduction; it was
mainly caused by the wind shift
and thus differences in the source
areas.

In the following days the mea-
sured atmospheric concentrations
were around 10 ng m™* at RV ‘Val-
divia’, and the probed air masses at
the measurement sites were mainly
advected from northerly and north-
easterly directions. The concentra-
tions were at times reduced by pre-
cipitation which occurred over land,
over the German Bight, and around

the ship. On the 28th RV 'Valdivia'
was in a precipitation area and wet

Fig. 3. Backward wind trajectories for (a) RV ‘Valdivia‘ and (b) Westerhever for

April 24, 00:00 to 24:00 h UTC

over the continent, but not close tc the German Bight.
On the same day, the concentrations were still low at
the more southerly measurement site Helgoland,
whereas the East Frisian coastal measurement site
Neuharlingersiel showed higher concentrations (Fig.
2b). The difference can be explained by the mesoscale
flow pattern (see Fig. 6) which shows that different air
masses are advected to these measurement sites. Pos-
sibly, these 2 air masses have different sources situated
close to the German Bight. These hypotheses are con-
firmed by the mesoscale model results, as will be
shown below (‘Modelling atmospheric concentrations
and deposition—Model results’).

deposition samples could be taken at
this site.

MODELLING ATMOSPHERIC CONCENTRATIONS
AND DEPOSITION

The model calculations were performed using the 3-
dimensional, nonhydrostatic atmospheric mesoscale
transport and flow model METRAS. The model was
developed at the Meteorological Institute, University
of Hamburg, for the calculation of atmospheric flows in
the mesoscale-y and mesoscale-B range (Schlinzen
1990, Wu & Schlinzen 1992, Niemeier & Schlinzen
1993) and for pollution transport studies especially in
coastal areas (Schlinzen & Pahl 1992, Schliinzen
1994a, Schliinzen & Krell 1994). In the present paper
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the model is used to calculate the
deposition velocity and is applied in
a 3-dimensional case study of lead
deposition.

Description of the atmospheric
transport model

An explicit description of the
model is given in Schlunzen (1988,
1990) and Schliinzen et al. (1996).
The main features are typical for
nonhydrostatic mesoscale models, as
can be seen from Schliinzen (1994b).
Here, only those qualities of the

Mabiomologurchas Inobeid dam Uniisratasl Haminerg 25 08 1993

model are described in detail which
are important for the simulation of

Explarations

contaminant transport over coastal

areas and for modelling dry deposi-
tion.

The model is based on the funda-
mental conservation principles of
fluid dynamics, namely those of
mass, momentum and energy. Wind
field, temperature, humidity, cloud
and rainwater content, as well as
tracer concentrations are calculated
from prognostic equations, pressure
and density from diagnostic ones.
The subgrid-scale turbulent fluxes
important for the dispersion of emit-
ted contaminants are parameterized
with a first-order closure scheme.
The determination of exchange coef-

10 iH

ficients dependent on wind shear
and atmospheric stratification fol-

26 April 15991 03:00 UTC to 27

Max. lifetime: 60 h, Time mcrement. 1 h, Mear

Explanations:
Mumbser of trz
Plotted tragc

lows Dunst (1982). A surface energy
budget equation is applied to com-
pute the time-dependent surface
temperature over land and mudflats.
A corresponding equation is used for
humidity. Dry deposition is calculated as a function of
deposition velocity V4 and concentration C at the low-
est grid point above the surface, following the resis-
tance model concept (e.g. Chang et al. 1987):

Vg C = (n+rIg+1)-C

The atmospheric resistance r, depends on the calcu-
lated wind velocity and atmospheric stability. For
gases, the sublayer resistance r,, and the surface resis-
tance r, both have to be taken into account. The sub-
layer resistances are calculated with respect to differ-
ent land use characteristics (urban areas: Brutsaert
1975; vegetation, mudflats: Weseley & Hicks 1977

Fig. 4. Backward wind trajectories for RV 'Valdivia’ for (a) April 25, 09:00 h UTC,
to April 26, 09:00 h UTC, and (b) April 26, 09:00 h UTC, to April 27, 09:00 h UTC

water: Garratt & Hicks 1973). These are also consid-
ered in the values for the surface resistances, which
are taken from Walcek et al. (1986). The deposition ve-
locity of lead is determined differently, since lead is
transported on aerosols of a particle size between 0.1
and 1 pm (Seinfeld 1986). Following Voldner et al.
(1986), the surface resistances r; are taken to be zero
for particles. The values for the sublayer resistances r,
depend on land use characteristics and short wave ra-
diation. Over water, the sublayer resistance is zero, re-
sulting in higher deposition velocities over water com-
pared to the values over land. Neglecting the sublayer
resistance r, over water is equivalent to neglecting
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smaller particles in this area. In the present study only
hygroscopic aerosols (e.g. sulphate) of a particle size
above 0.8 um are considered in the modelled deposi-
tion velocities. Thus, the deposition velocities calcu-
lated here are in the high end of the possible range.

With the described features, the atmospheric meso-
scale model can be applied to simulate a realistic diur-
nal cycle of the atmospheric boundary layer height and
of vertical mixing, as well as of wind, temperature,
humidity, and precipitation fields. In addition, the
tracer transport and dry and wet deposition can be cal-
culated at a high temporal and spatial resolution. Thus
the deposition velocity and the atmospheric concentra-
tion can be calculated at the same temporal resolution
as is necessary for comparison with and interpretation
of measurements.

Model results

In the case study presented in this paper, cloud
development and wet deposition processes have not
been included, because wet deposition took place
directly at the measurement site RV 'Valdivia’' only for
a few hours (see the section ‘Measured concentrations’
above).

The 1-dimensional version of the mesoscale model
METRAS was applied to calculate the dry deposition
velocity corresponding to the measurement intervals
given in Fig. 2. The model was initialized for a neutral
atmospheric stratification and with the wind velocities
measured at RV 'Valdivia' (Schrum et al. 1997). The
resulting deposition velocities are given in Fig. 5. Most
of the time the simulated deposition velocities are
around 0.6 cm s™'. On April 27 the values are highest
(1.7 cm s7!), because the wind velocities were above
10 m s~! for some hours. The modelled values are in the
range given by measurements over the Great Lakes

1.64

T L — T T T

23 24 25 26 27 28 29 30
April 1991

Fig. 5. Simulated deposition velocities for lead, dependent on
measured wind velocities at RV ‘Valdivia' for the measure-
ment intervals given in Fig. 2a

(Voldner et al. 1986) and above the values (by a factor
of 2 to 10) calculated from impactor measurements
(Steiger et al. 1989, Kriews 1992, Dannecker et al.
1994). The discrepancy can be explained by the
aerosol spectrum, for which different assumptions are
made when calculating deposition velocities in the
model and from the impactor measurements. In the
aerosol spectrum applied to measurements, the parti-
cle growth due to the high humidity over water sur-
faces and thus the increase in aerosol mass is not con-
sidered. In contrast, the METRAS model results are
based on the assumption that lead is transported over
water on sulphate aerosol which has grown (particle
size above 0.8 pm). Both calculations neglect the bi-
modal particle size distribution found over the sea
(Steiger et al. 1989, Schulz et al. 1994). For this reason,
the modelled deposition velocities characterise the
upper limit of the deposition velocity values, whereas
the deposition velocities calculated from the impactor
measurements mark the lower limit for V5 over water.

Very high concentrations were measured at the
northern sampling sites on April 24. For this day back-
ward trajectories show that long-range transport might
have caused the high concentrations (section 'Mea-
sured concentrations’ above). To confirm this hypothe-
sis, the 3-dimensional version of the METRAS model
was applied. The model was initialized with mean pro-
files derived from the rawinsonde data taken from RV
'Gauss' (April 23: 10:00 h UTC; April 24: 10:00, 16:00,
22:00 h UTC), which was close to RV 'Valdivia' in the
German Bight. The mean stratification in the atmos-
phere generally was slightly stable with an inversion at
an altitude of 2000 m. The wind velocity close to the
ocean surface was 4.2 m s ' from the northeast and the
water temperature was 7.2°C. For details on the mete-
orological situation see Schrum et al. (1997). The lead
emission data for Germany were taken from Munch &
Axenfeld (1990); they correspond to emission values
for 1987. Because of the emission reductions carried
out in Germany in the meantime, the values used in
the model for Germany lie above the emissions for
1991 The sources in the model areas representing
Denmark and the Netherlands were appropriately esti-
mated, but point sources were neglected.

In Fig. 6 the simulated wind and temperature fields
are given for a height of 10 m above the ground for
08:00 and 14:00 h UTC. In the morning the fields are
quite homogeneous—the air temperature over the
land is about 2°C higher than over the German Bight.
The wind comes from easterly directions and the wind
velocity is slightly higher over the German Bight (3 to
4 m s7!) than over land (1 to 2.5 m s7!). During the day,
the temperature rises up to about 12°C over the land
surfaces (Fig 6b}. Since the temperature over water
does not change correspondingly, the resulting tem-
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Fig. 6. Simulated wind and temperature field for the area of the German Bight for Apnl 24 (a) 08 00 h UTC, (b) 14:00 h UTC
Temperature increment 1s 1°C

perature difference at the coast causes a convergence
zone with a wind parallel to the coast. At the East
Frisian coast the modelled wind velocity 1s highest (up
to 6 m s~!) whereas it is lower in the area of the German
Bight (3 to 6 m s7'), at the North Frisian coast and over
land (both 1 to 3 m s7!). The simulated wind and tem-
perature fields correspond to the observed wind direc-
tions and temperatures over land, but show a differ-
ence in wind direction of 30° relative to the directions
measured at RV 'Valdivia’

The wind fields influence the deposition field as can
be seen from Fig. 7 The hourly dry deposition values
are between 200 and 300 ng m™2 h'! at 08:00 h UTC.
Dunng the day the boundary layer height increases,
and the concentrations (not shown here) close to the
surface decrease over the German Bight and at the
North Frisian coast. They increase at the East Frisian
coast. These model findings are consistent with the
measurements (Fig. 2). Lower concentrations were
measured at Westerhever and Helgoland during the

190 00

Y [xm]

-110 00 N

-230 00

Fig. 7. Simulated hourly lead deposition for the area of the German Bight for Apnl 24- (a) 08:00 h UTC, (b) 14 00 h UTC. Incre-
ment 1s 20 ng m™? h™!
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afternoon, whereas the concentrations were higher at
Neuharlingersiel. The concentrations measured at
these sites probably originate from sources close to the
German Bight. However, large-scale transports were
also important; they influenced the concentration level
and caused the increase in concentration at FP ‘Nord-
see’ and RV "Valdivia' (see the section '‘Measured con-
centrations’ above).

The deposition velocity remains about the same fur-
ther offshore during the day, but decreases in the con-
vergence zone at the North Frisian coast (1.2 mm s7).
For this reason and due to the reduced concentra-
tions, the atmospheric input is mostly lower in the
afternoon compared to 08:00 h UTC, and minimum
input values are to be found close to the North Frisian
coast. Only at the East Frisian coastline, where higher
deposition velocities and concentrations are modelled,
is the atmospheric input higher at 14:00 h than at
08:00 h UTC,

The simulated lead concentrations are around 13 ng
m~?at RV ‘Valdivia'. This value is lower by up to a fac-
tor of 3 than the concentrations measured there on
April 24 (32, 17 and 13 ng m™%; Fig. 2a). There are 3
possible explanations. The simulated wind field gives
a wind direction for the drift area which is 30° too far to
the north, and thus some sources in Schleswig-Hol-
stein might not have contributed to the concentrations
modelled for the measurement site RV ‘Valdivia'.
However, this effect seems to be of minor importance
since the backward trajectories presented in Fig. 3
indicate that the contaminants have been transported
over Denmark. The second reason might be the emis-

sion data. While these were too high for Germany, the
emission values estimated for the southern part of Den-
mark were too low and did not include industrial point
sources. However, only the very southern part of Den-
mark is included in the model calculations and most of
the sources there are included. The third reason again
focuses on missing emission data. These might not be
missing in the model area itself, but fluxes across the
lateral boundaries-— which can include influences of
remote sources —might be underestimated. In the sim-
ulations they are assumed to produce background con-
centration values outside the model area. If long-range
transport were included in the model calculations,
these values would have to be considerably higher. It
can be concluded from mesoscale model results and
backward trajectories that during the first measure-
ment interval on April 24 at least 50% of the concen-
trations measured at RV ‘Valdivia' had sources outside
the model area and that long-range transport was
responsible for the increase in concentration. Sources
at a distance of up to 100 km may have caused concen-
trations of 13 ng m® for the day examined.

CALCULATED ATMOSPHERIC INPUT —
MERGED MEASUREMENT AND MODEL RESULTS

Fig. 8 shows lead deposition values calculated with 3
different methods at the 5 sampling sites for the period
of the drift experiment. The dry deposition rates, Fg),
are based on the concentration measurements and an

average deposition velocity for lead of 0.17 cm s7},

3

1 Neuharlingersiel

139}

2 FP NORDSEE

| 3 Westerheversand
10 4 Helgoland

sgo | 5 RV VALDIVIA

|

20 | 54°

e
fﬁa

=i

. 4 Fig. 8. Mean daily dry
20 | deposition values of lead
| (ug m? d7) calculated
16 - with deposition veloci-
] ties based on impactor
0 measurements, Fg, and
with modelled deposition
velocities, Fy,: and mean
wet deposition values,
F... Results are integral
data for the whole drift
experiment period (6 d).
No wet deposition oc-
curred at Helgoland and
FP ‘Nordsee' Displayed

are mean values and
standard deviations
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derived from impactor measurements. These mark the
lower limit for dry deposition values (see the section
‘Model results’ above). The upper limit for dry deposi-
tion rates is given by F4,, which is calculated from
measured concentrations and modelled deposition
velocities. The wet deposition rates, F,,, are calculated
from sampled precipitation amounts and lead concen-
trations measured in the rain samples.

In general, dry deposition seems to be representa-
tively measured, because deposition values are at
about 3 ug m™>d-! for Fy; and at about 10 ug m=2 d~? for
F4o for all measurement sites. Wet deposition values
differ. They lie between minimum and maximum dry
deposition values at the measurement sites RV 'Val-
divia’ and Westerhever. Based on these measure-
ments, about half of the atmospheric input into the
German Bight was caused by dry and half by wet
deposition during the drift experiment. However, the
greater proportion of wet deposition at Neuharlinger-
siel (about 70% of the total) shows the uncertainty of
this conclusion when it is applied to the whole German
Bight. The enhanced wet deposition at Neuharlinger-
siel is caused by the more frequent rain events in that
area. The low rain amounts at Helgoland (below
0.1 mm for the drift period) result in negligible wet
deposition values here. The different results show that
an integration period of 6 d is too short to calculate
area-representative wet deposition values, due to the
random occurrence of precipitation.

During the drift experiment, the atmospheric lead
input into the German Bight was low in the area of
Helgoland, whereas it was a factor of 10 higher at the
East Frisian coastline. Deriving yearly input data based
on these results for the whole German Bight, the val-
ues are between 25 t yr'! (based on Helgoland data,
Fq:) and 250 t yr™! (based on Neuharlingersiel data, Fg,
plus F,,). Yearly means calculated from long term mea-
surements show a lower range {110 to 240 t yr'}; recal-
culated values based on Schlinzen 1994a). The
enlarged range resulting from the present 1 wk exper-

Fig. 9. (a) Atmospheric
lead concentrations, Cpy
(ng m™3), and lead dry
deposition rates, Fg4(Pb)
(ng m™2 d7'), calculated
with the modelied depo-
sition velocity for lead.
{b) Dry deposition rates,
F4(Pb), compared with
total deposition rates,
F.(Pb}; note difference in
scales

April 1991

iment underlines the importance of long-term mea-
surements when mean atmospheric input values are to
be estimated. At the same time, it shows the impor-
tance of high resolution measurements when causes of
high or low concentrations in seawater are to be inves-
tigated.

Assuming that the atmospheric input of lead com-
pounds (3 to 30 ng m2 d°!) was completely absorbed
by the sea water, the average daily increase of lead in
the upper meter of the water column was between 3
and 30 ng kg™!' d°'. This value is 1 to 100% of the
observed low lead concentrations in the water and is
far beyond or in the range of observed changes in con-
centrations. For the measurement site RV 'Valdivia’,
where the measurements in the water column were
performed, the mean total deposition was about 9 ng
kg™’ d"'. However, for individual days the total deposi-
tion was considerably higher.

Fig. 9a shows the lead concentration in air and the
dry deposition values calculated with the modelled
deposition velocity of lead. Individual lead dry deposi-
tion values range from 1 to 25 ug m™2 d-! and are thus
up to a factor of about 3 higher than the mean value of
9 ug m~2 d-'. Furthermore, the maximum dry deposi-
tion is only about 10 % of the total deposition (Fig. 9b).
The difference was caused by 1 rain event which
lasted for 5 h only, but considerably influenced the
total deposition. With a total deposition of 220 pg m™2
d™! the daily increase of lead concentration in the
upper meter of the water column was about 200 ng
kg™t d7!), a value well in the range of measured sea
water concentrations and their changes.

CONCLUSIONS

The results presented on atmospheric input into the
German Bight elucidate possible causes of high con-
centrations and show the range of input data. The inte-
gral dry deposition values were within the same order

F (Pb) 300

200

[ng/(md)]

April 1991
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of magnitude at all sites in the measurement area. In
the case of precipitation, wet deposition could become
the main contributor to the total deposition, and the
values differed considerably between the measure-
ment sites (up to a factor 10). A sampling time of 1 wk
did not result in similar deposition values over an area
of about 120 by 120 km? This should be considered
when comparing results from large-scale models with
single measurements. [t can be assumed that for longer
time periods the probability that similar rain amounts
will be measured at all sites increases and measure-
ments and model results will become more compara-
ble. Due to the relevance of wet deposition for the total
deposition, wet and dry deposition values should be
determined separately, in measurements as well as in
models. These data allow comparisons even for short
time intervals, as shown in the present paper (section
'Model results’).

The differences in the deposition velocities calcu-
lated from impactor measurements and in the model
have been explained by the used aerosol size distribu-
tions ('Model results'). The 2 values for dry deposition
data presented in this paper mark the lower and upper
limits. For future model studies and evaluations of
measurement data, the bimodal structure of the
aerosol size spectrum and the growing of hygroscopic
particles over water due to humidity should be taken
into account.

Models have been shown to be a helpful tool for the
interpretation of measurements and they can help to
pinpoint main source areas. In the work described
here, 2 models were applied for different scales (back-
ward trajectories, mesoscale model). The model results
underline the importance of long-range transport,
which can be responsible for up to 50% of the mea-
sured concentrations. Mesoscale phenomena were
also found to influence the concentrations. The present
measurement and model case study verifies again that
sources in the area of the German Bight as well as
remote sources contribute substantially to the atmos-
pheric lead input.

The range of high-resolution total deposition data
and the resultant concentration changes in the water
column (section ‘Calculated atmospheric input...')
underline the importance of high-resolution data when
investigating changes in the water column. The 6 d
mean value for the drift experiment (9 ng kg™! d7') was
not sufficient to reflect possible minima and maxima in
atmospheric input. These lay an order of magnitude
below or a factor of 25 above the mean values. Since
they are crucial parameters when explaining transfer
processes in the water column, they should be mea-
sured and modelled with a high temporal and spatial
resolution, at least in investigations which aim to clar-
ify transfer processes in the ocean.
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