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Summary

On behalf of the Norwegian Oil Producers' Association (OLF), the Norwegian
Institute for Air Research (NILU) has been contracted to evaluate the effects of
the atmospheric emissions from the oil and gas exploration activity in the
Norwegian sector of the North Sea. Deposition of nitrogen and formation of
boundary level ozone in Southern Norway due to North Sea emissions of nitrogen
oxides (NO*), carbon monoxide (CO) and volatile organic compounds (VOC)
have been studied. The atmospheric processes have been sirnuiated with
numerical models developed during the project. The study reported here is a

follow-up project after a first phase previously reported by Semb et al. (1996).

Both the emission clata themselves and the handling of the emissions in the rnodel
sirnulations have been modified since the report by Semb et aI. (1996). New
updates for the VOC emissions frorn loacling buoys have been inclucled,
increasing the VOC emission estimate for loading buoys frorn 82 ktonnes/yeal to
137 ktonnes/year. The VOC emissions frorn the Norwegian petroleurn sector in
the North Sea were estimated at about 179 ktonnes (VOC)/year, which is more
than half of Norway's total VOC emissions when compared with previous
national estimates. The national total should, however, be modified according to
the upclated emission estimates for the loading buoys to be comparable. The data
indicate a NO,, emission in 1992 from the Norwegian petroleum sector in the
North Sea of about 45 ktonnes (NO2)/year, which corresponds to approximately
70Vo of the total road traffic emissions in Norway.

The most important change in the handling of the emissions in the rnodel was to
clistribute the emission sorüces into a number of lumped megasources and the rest
to gridded area sources. The rnain individual emission sources were cornbined
into 20 megasources containing the major fraction of the emissions. The
megasources were then modelled by the photochemical plurne rnodel Fotoplurne
developed during this project. The rest of the ernissions (i.e. the minor sources)
were modelled as area sources using the EMEP oxidant rnodel, which is a
European scale trajectory model. The interface between Fotoplume and the EMEP
oxidant rnodel was significantly irnproved as part of this work. An elaborate
rnodel procedure for estimating the contributions from the North Sea emissions,
separate from all other influence, was clesigned in order to avoid "noise"
introduced by incompatibilities between the nurnerical rnodels.

The calculated contributions show maxima of 40-50 rng (N)/rnz frorn the
Norwegian sector and 20-30 mg (N)/mz from the British sector to the nitlogen
cleposition in the coastal areas of Horclalancl and Sogn og Fjordane in 1992. This
makes a total contribution of 60-80 mg (N)/r¡z in this area for Norwegian and
British sector taken together. The largest relative contribution from the North Sea
is found further north, in Møre og Romsdal, with maximum values of I}-l3Vo for
each of Norwegian and British sector compared to the total nitrogen cleposition in
1992 including both oxidised and reduced nitrogen. Taken together the petroleum
activity in the North Sea thus is calculated to contribute approximately 20To in
this region. Note, however, that the emissions from the North Sea only contribute
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to the oxiclecl nitrogen deposition whereas the measured deposition also includes
recluced nitrogen (arnrnonia). The calculations give a marked maxirnum zone in
N-cleposition from the North Sea emissions along the coast, whereas the
calculated deposition drops inland. The calculations indicate only a minor
contribution from the North Sea emissions to N-deposition in the most exposed
areas in the southern part (Agder).

To evaluate the effect of changing meteorology from one year to another, the
calculations were performed also with meteorology for 1995 but with the same
emissions as for 1992. The calculated contributions from the North Sea to the
nitrogen deposition, using l995-meteorology gives lower deposition values as

cornpared to 1992. This regards particularly the contribution from Norwegian
sector. The maximum total N-deposition is calculated to be 20-25 mg (N)/mz for
emissions from each of Norwegian and British sector in 1995, totalling 40-50 mg
(N)/rnz frorn the petroleum sector of the North Sea. With l995-rneteorology the
rnaxitnutn area of influence from the Norwegian sector is displaced somewhat to
the south. The geographical pattern of N-deposition of North Sea emissions in
1995 is, however, rather similar the one calculated for 7992. The calculations give
a tnaxitnutn cleposition zone along the coast in 1995 as in 1992. As the sarne
emission clata (for 1992) were used in both the calculations for 1992 and 1995,
tlie differences in the calculated North Sea contribution is purely due to
rneteololo gical differences.

The rnoclel was also used to estimate the contributions to harmful ozone exposure
levels, using the so-called AOT40 index. AOT40 is defined as the integratecl
ozone exposure above 40 ppb during the growth season, ancl is normally
expressed in the unit ppbhours. In 1992 the observed AOT40 for coniferous/
meadows was high in South Norway peaking at 13,000 ppbhours in Agder, and in
the range 6000 - 9000 ppbhours else. The AOT40 values in 1995 were lower,
peaking at 5000 - 6000 ppbhours in Agcler.

In 1992 the Norwegian sector of the North Sea is calculated to contribute up to
325 ppbhours near Stad. The calculations indicate contributions from Norwegian
sector of 130-200 ppbhours in a zone along the coast from Rogaland to
TrBnclelag, and less than 100 ppbhours else. The contribution from British sector
tn 1992 is less, peaking at 169 ppbhours in Rogalancl, and else rnostly values less

than 100 ppbhours. The results indicate that emissions from British and
Norwegian sectol' separately contribute to less than 57o each of the AOT40 values
fol coniferous/rneadow.

The calculated influence to the AOT40 value in 1995 is lower (in absolute units)
than in 1992. Emissions from Norwegian sector are calatlated to contribute with
120-130 ppbhours at most in some coastal areas of Hordaland and Sogn og
Fjordane. In other areas the contribution from Norwegian sector is calculatecl to
be less than 100 ppbhours. The contribution frorn British sector is also less in
1995 cornpared with 1992, and is lower than 100 ppbhours in all receptor points.
Relative to the observed AOT40 the calculated percentage contributions from the
North Sea were similar using 1992 meteorology and 1995 meteorology. This is
because both the observations ancl the calculated North Sea contributions were
lower in 1995 comparecl to 1992.
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The rnodel calculations in this report ale cotnparecl with the values given in the
previous report by Semb et al. (1996). It is clear that the new version of
Fotoplume in general calculates much lower contributions to the N-deposition
than previously. To check the reliability of the model, the model was usecl to
calculate the overall fraction of nitrogen ernitted in the North Sea which is
deposited in the receptor points in Southern Norway. The calculations indicate
that l3%o of the nitrogen emitted from Norwegian sector is deposited in the
receptor points for 1992 as a total. This is slightly less than one would expect
based on a very sirnple consideration of wind transport and deposition efficiency.
The results in the previous report by Sernb et al. (1996) inclicated much higher
deposition from the North Sea emission sources. This shows that the modei
development applied since the previous reporting, and in particular the
parameterisation of deposition processes, have given more realistic model results.

For the ozone calculations, it is not straightforward to compare the new
calculations with the previous results. However, it is quite olear that the new
calculations also give substantially lower contributions from the North Sea
emissions to the AOT40 values than calculated previously. This is due to a

generally itnproved model with regard to cleposition processes, dynarnical
processes (atmospheric mixing) as well as an improved interface to the regional
EMEP oxidant model. It is, however, also to a large extent due to a lnore
sophisticatecl procedure for estimating the AOT40 index.
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The contribution to nitrogen deposition and ozone
formation in South Norway from atmospheric

emissions related to the petroleum activity in the
North Sea

1. Introduction
The offshore petroleum activity in the North Sea contributes significantly to the
total national atmospheric emissions of NO' (NO, = NO+NOr), CO (carbon
rnonoxicle) ancl VOC (volatile organic compounds) in Norway. In 1995 the total
NO,. emissions from petroleurn related activity in the Norwegian sectol' of the
North Sea was only slightly less than the total NO" emissions from all road traffic
in Norway and constitúed 257o of Norway's NO* emissions. The share of VOC
etnissions was higher, in 1995 about 50Vo of Norway's total VOC etnissions
stemmecl from petroleum activity in the North Sea.

In addition, the gases are emitted upwincl of Norway's main lancl, and are thus
frequently transported towards the coast. The travel tirne from the ernission area

to the Norwegian coast is of the same order as that neecled for the forrnation of
ozone and niffates in the atmosphere. Furthermore, transport across the sea

irnplies negligible deposition of NO* ancl ozone (which both would be cleposited
over lancl). NO" converted to HNO3 is absorbecl by the water surface, however.

Taken together this situation makes it irnportant to evaluate the effects of the
North Sea emissions for acid deposition ancl ozone exposure in South Nolway.
Lirnited studies have previously been perfolrned for e.g. ernissions frorn the Troll
platfonn (Sirnpson, 1992) and frorn the loading at Sture (Sernb and Solberg,
1993). On behalf of the Norwegian Oil Industry Association (OLF) the
Norwegian Institute for Air Research (NILU) has developecl the numerical rnoclel

Fotoplume, specially designed to improve the simulation of ernissions and

atrnospheric transpolt and chernical transformations of pollutants from offshore
oil and gas procluction in the North Sea. NILU also preparecl a report containing a
theoretical outline of the chemical transformation and cleposition of the North Sea

emissions (Sernb et aI.,1995).

The calculations with the Fotoplurne model were first reportecl by Sernb et al.
(1996), and the results were subject to an external review by Prof. Trond Iversen
at the University of Oslo. Based on his recomrnendations and the expelience and

views within the steering goup at OLF and the researchers at NILU, it was

cleciclecl to further refine and clevelop celtain aspects of the Fotoplurne rnodel and

then to rerun the previous calculations with an improved rnodel.

As part of this second phase of the project for OLF, Solberg et al. (1998) pleparecl
a report presenting an evaluation and valiclation of the rnodel basecl on coffì-
parison with observations, ancl also containing proposals for model clevelopments.
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The present report is the final report in this second phase, giving firstly an outiine
of the moclel development, ancl, secondly, the calculated nitrogen deposition and
ozone exposure with the updated model.

During the same tirne period, the Fotoplume model has been applied in several
environmental impact assessment studies, e.g. for petroleum related emissions at
Haltenbanken (Knudsen et al., 1996a), for a planned gas powet plant at Kollsnes
(Knudsen et al., 1996b) and for future emissions at the Norwegian sector of the
North Sea (Solberg et a1., 1999).

2. Background

A cornprehensive outline of the physical ancl chemical processes leacling to acicl
cleposition ancl ozone formation is not inclucled in the present repoft. For this, the
readel is referrecl to the backgrouncl report by Sernb et al. (1995). A short
description of the most basic processes is given below.

In the sunlit atrnosphere, hydrocarbons ancl nitrogen oxides enter into nurnerous
photochemical reactions which gradually convert the hydrocarbons to oxygenatecl
compounds ancl eventually to carbon dioxide. The nitrogen oxides are not
consumecl in this process, but are only cycled between nitrogen monoxide (NO)
and nitrogen clioxide (NOz). Each cycle generates one ozone molecule. Thus, the
amount of procluced ozone depends on how many cycles the nitrogen oxides go
through before they are ultirnately lost through other processes. Usually the ozone
production potential for each NO* molecule is between 2 and 6. The dominant
loss process for NO" (NO+NO2) is by reaction with free radicals which converts
NO" to gaseous nitric acid. Gaseous nitric acid rnay subsequently dissolve in
water clroplets or be converted to nitrate particles. Both nitric acid and nitlate
particles may then be lost by precipitation and thus be depositecl as nitrate to the
ground, the so-callecl wet cleposition. Nitric acid is very water-soluble and is
therefore reaclily absorbed by the sea sulface and by precipitation. The cleposition
velocity over the sea varies with the wind velocity, but is typically of the orcler of
0.5 crn/s, corresponcling to a loss in the ailborne concenffations of about 2Volh.

During night-tirne, nitrogen dioxicle is convelted to nitric acicl ancl to nitrate in
particles by reaction with ozone. This reaction is slower than the reaction with
hych'oxyl raclicals in sunlight. During sulmner, however, high concentr'ations of
ozone ancl long periods of sunlight cause nitrogen oxides ernitted frorn oil
exú'action activities to be converted to nitric acicl and nitrates before the air
reaches the Norwegian coast. These emissions therefore contribute little to the
concentration level of nitrogen oxicles at the Norwegian mainland.

The deposition of nitrogen oxide ancl nitrogen clioxide to the sea surface is
negligible. Dry deposition to the ground is, however, effective for nitrogen
dioxicle as well as nitric acid and niffate particles. Deposition rates of nitric acicl
and particulate nitrate are increased over land, mainly because of the increasecl
surface aerodynamic roughness.

NILrr 0R _5/99
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3. Emissions

Figure 1 shows the influence area used in the calculations. The grid is the EMEP
50 krn x 50 km gricl systern ancl the black dots, placed in the rnicldle of the glicl
squares at the Norwegian soast, are the receptor points used. The small square
symbols mark the monitoring sites used for comparison with the rnodel
calculations, and are, following the coast from North to South, Kårvatn, Voss,
Skreådalen, Birkenes and Langesund.
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A cornplete listing of the ernission data used in this work is given in Appendix A.
A surnmary of the emission data is given in Table 1. These data show that the
ernissions frorn the petroleum sector in the North Sea represent a consiclerable
contlibution to the national total ernissions for Norway. The NO*-emission frorn
the Norwegian petroleum sector in 1992 was almost 707o of the NO"-emissions
from road traffic in Norway (in 1995). A large part of Norway's VOC-emissions
sterns from petroleum related emissions in the North Sea. Table 1 indicates that
more than half the national VOC emissions are from the petroleum sector in the
North Sea. As the numbers in Table 1 are taken from separate sources of
inforrnation, they may not be directly comparable. The indicated total Norwegian
VOC is too low according to the updated VOC emission data for loading buoys
given in the table below.

Table I Emissions of NO* and VOC in 1992 from Norway as a u,hole, from
Nonuegian road trffic in 1995 andfrom the Norwegian and British
petroleum sector in the North Sea in 1992.

NO¡-emissions
(1 000 tonnes (NOr)/vear)

VOC-emissions
(1000 tonnes VOC/vear)

National total for Norway 1992') 216 oaa

Total road traffic, Norway, 1995 
b) 67 64

Norwegian petroleum sector, North Sea, 1992 45 179

British petroleum sector, North Sea, 1992 89 16

EMEP MSC-W (1998)

'') Data for 1995 from Central bureau of Statistics Norway

The emission data in this work were based on the same data as previously,
including emissions of NO*, CO and VOC specified for a total of 488 single
sources for the British and the Norwegian sector of the North Sea for 1992.
Several modifications and corrections have been carriecl out on the model,
however.

3.1 Updated emission estimates of VOC from loading buoys

Since the previous study was performed, it had been discovered that the VOC
ernissions from loading buoys were substantially underestimatecl in the previous
data. The VOC ernissions from ioading therefore had to be changed according to
new estimates. Table 2 shows the olcl and the new, updated VOC emissions from
the loading buoys.

Table 2 VOC emissions (tonnes VOClyear) used previously as well as the new
estimates applied in the present calculations.

Platform installation Loading buoy Old VOC emission
estimate ltlv)

New VOC emission
estimate ltlv)

Statfjord
Statfjord
Statfjord
Gullf aks
Gullf aks

OLS.A
OLS-B
SPM-C
SPM-1

SPM-2

23293
23293
23293

631 0

631 0

34067
34067
34067
17275
17275

SUM 82499 1 36751

NILII OR 5/99



11

3.2 Corrected VOC speciation for different source categories

The VOC speciation, i.e. the relative clistribution profile used to clefine the
emission rate of the rnodels individual VOC species (ethane, ethene etc.) was
rnodifiecl compared to the previously usecl profiles. The reason for this was that
the VOC profile previously used was not considered to be appropliate for sorne of
the ernission source categories. This regarded in particulal the loacling buoys,
where 107o, 57o, and l57o previously were distributed as ethene, propene and
xylenes, respectively. Table 3 gives the VOC distribution for different source
categories used in the present calculations.

Table 3 Updated VOC distribution functions used in the present calculations.
All numbers refer to weight percent.

Loading buoys Flare Turbines Transport*

czHe
c¿Hro
czH'¿

cgHe
ceHro
HCHO

CH3CHO

CH30H
CzHsOH

34
66

12.50

12.50

6.25

18.75

37.50

7.50

5.00

18.75

25.00
12.50

12.50

25.00

3.75
2.50

q7

18.0

12.0

4.6

10.6

5.9

4.0

aôt

SUM 100 100 100 100

lncludes diesel engines, helicopter traffic, supply ships and stand by ships

The distribution functions in Table 3 were constructed from clifferent sources of
inforrnation. The loading buoys give only alkanes, and the weight distribution
shown in Table 3 was basecl on emission measurements at Sture in 1993
performed by Det Norske Veritas, DNV (Olsen et al., 1993). The rnodel
chemistry necessarily has to be simplified and thus all alkanes are representecl by
the two compouncls ethane ancl n-butane. Emissions of ethane and propane,
reported by DNV, were allocated to the model as ethane, whereas all other
alkanes were allocatecl to the model as n-butane.

The VOC emission distribution for flaring and turbines was kept constant, except
that a share of 20o/o, previously allocated to methane, now was distributed onto
the VOCs shown in Table 3. The reported total VOC emissions do not inclucle
rnethane.

The VOC emission distribution for transport, given in Table 3, was adoptecl frorn
the profile used in the standard trajectory EMEP model for UN-ECE category 8,
"Other Mobile Transport" ("other" as compared to category J - road traffic)
which includes ernissions frorn ships.

In acldition to the source categories given in Table 3, the three categories "cold
vent", "fugitive", ancl "other sources" were given in the original ernission data.
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These source categories were given the same VOC distribution as loacling buoys
(for "cold vent" and "fugitive") and traffic (for "other sources").

3.3 Lumping of emission point sources

Compared to the emission data usecl previously, the lumping of indiviclual point
sources were changed. In the previous calculations, all inclividual sources were
grouped into so-callecl megasources according to installation numbers. The idea
was to represent each installation by one megasource in the Fotoplurne
calculations. A lurnping of the individual sources was obviously needed.

Originally the emission data consisted of a total of 488 sources when both the
Norwegian ancl British sector were included, as shown in Figure 2. Many of tiiese
sources were close to each other and impossible to resolve as individual stacks in
the rnoclel. This previously applied lumping reduced the number to approxirnately
120 rnegasources.

In the present calculations, an alternative approash was applied where the original
individual sources were groupecl according to their location and internal distance.
Based on the original emission data, a set of megasources was constructed with
the constraint that no indiviclual source should be more than 6 km away frorn any
of the other stacks allocated to that megasource. 6 km may seem as a rather large
scale compared to the very detailed ancl fine-structured original emission data.

However, this scale is representative of the plume dimensions after a few hours,
and was chosen as the best value both with regard to the mixing of plurnes ancl to
retain the fine resolution compared to the underlying 50 km resolution in the
emission grid cells for the trajectory model.

Furthennore, compaled to the previously reportecl calculations (Sernb et al., 1996)
the procedures for the rnodel calculations were changed. Based on the experience
with the clifferent rnodel advantages ancl disadvantages, the ernissions were split
into two parts. A sorting according to NO* emission rates showed that neafly 80o/o

of tlre emission from Norwegian sector in the North Sea sternrned frorn the 20
largest megasources (lumped on a 6 km resolution). Thus, the number of large
point sources (LPS) rnodelled by Fotoplurne was reduced to these 20 point
sources. Due to the lumping of the original single stacks, these 20 megasources
also contained the dominant VOC sources, which means that the loading buoys
were includecl. The lemaining emissions from Norwegian sector as well as all the
British emissions were clistributecl to their corresponcling 50 km x 50 km grid
square, and their contribution was calculated by the EMEP oxiclant rnoclel.

Table 4 shows the emission numbers for NO*, CO and VOC from the 20 mega-
sources in the Norwegian sector. As indicatecl by Table 4, the megasources
contribute 78o/o of the total NO* emission frorn Norwegian sector and 98t/o of the
VOC ernission. Figure 3 shows the location of the 20 Norwegian megasources.
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Figure 2: Location of the 488 indívidual emission sources in the North Sect

(British and Norwegian sector).
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Figure 3: Location of the 20 Noruegían megasources used in the Fotoplume
calculations.

30

29
\

z ()
A

27
) t,

26

25
7

24

IJ ,/
22

)

21'
1 v { (

20 ( à
\

\ -1
19 ( tl /
1B aa -ì

'.'\)
17 I

)a r I
16

I ) I F
15 å --L 7

)
14 ¿
13 {

12

1'1

10 r
9

B I

Y \
f\ )

('
4\

4 lt I

/_)
\- )

3 /
,\À

2 \\ I \
/=!.

1 2 .J 4
,a' { \ x B\ I'-I 10 11 12 1J ':t4- 7 to ,t / 1B 19 2L 21(

-l

NILII OR 5/99



15

The procedure of splitting the emissions is justified by the fact that the advantage
by an LPS model, as Fotoplume, is the capability to simulate the ffansport,
cliffusion, and photochemical reactions taking place within single emission
plumes. A region with several low and moderate, nearby sources is, on the other
hand, in practice not possible to simulate with a photochemical puff-trajectory
model, and in reality requires some sort of adaptive grid model (Eulerian or
Lagrangian). Besides, the basis for developing the Fotoplume model in the first
place was to take account for non-linear differences in the rnodel calculations
between an Eulerian (grid point) model which smooths all emissions to a certain
resolution and a puff trajectory model. The non-linear effects from not inclucling
all the smaller point sources in the Fotoplume rnodel will probabiy be of rninor
importance.

3.4 Emissions from shuttle tankers during transport

In the previous calculations all emissions frorn shuttle tankers during Íarlspolt
between the place of loacling and unloacling were allocated to the place of loading.
These emissions conffibutes significantly to the NO* ernissions and the former
procedure is a simplification which lead to too high emissions allocatecl to the
loading platforms.

In the present stucly the emissions from shuttle ships during ftansport were
distributed to the 50 km x 50 km grid squares along assumed ship tracks. Data
regarding frequency of the different ship routes were used to construct sirnplified
area emission fields. The total emission was evenly distributed in space and tirne
along each track. Annual average ernission rates in the gricl squares crossecl by the
ship tracks were then calculated ancl usecl in the EMEP oxidant moclel
calgulations.

Compared to the previous method where all shuttle ship emissions were allocated
to the loading platform, the new procedure will reduce the effect of these
ernissions. The reason for this is obvious - when the ernissions are spreacl over a
large area the contribution to acid cleposition and ozone formation is also spread

over a large area compared to allocating all ernissions to single stack close to the
receptor region.

The ernission rates from the shuttle tankers cluring transport ancl frorn all
retnaining sources (allocatecl to the grid squares) in the Norwegian sectof is also
shown in Table 4.
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Table 4 The emissions from Norwegian sector applied in the model
calculations, showing the annual emissions from each of the
20 megasources (explained in the text), the shuttle ships (during
transport), and the total from all other sources. The x and y indexes
refer to the grid numbering given in Figure 3.

3.5 Emissions from British sector

The airn of the project was to estimate the contribution to nitrogen deposition and
ozone exposure from emissions in the Norwegian sector. However, the
contlibution from British sector is interesting for comparison and was included in
the previous report by Semb et al. (1996). In the present calculations of the
contribution from emissions in the Norwegian sector to acicl deposition and ozone
formation, all British emissions were allocated to 50 km x 50 krn grid squares.
The effect of the British emissions was taken care of as aÍea sources in the EMEP
oxiclant moclel, not as point sources.

Ernission
sourca type

No x v NO" emissions
(tonnes (NOz)/vear)

CO emissions
(tonnes CO/vear)

VOC ernissions
(torures VOC/vear)

Megasources

1

2

3

4

-5

6

7

I
9

10

I1

t2
t3

t4

1-5

l6
T7

18

19

20

13

6

6

8

6

6

1

t4

6

t6
t9

8

8

8

13

t2
7

8

6

8

10

t7

18

I7
T7

T7

t7

9

18

9

8

I7
I7
1-5

9

10

t7
1-5

18

T6

1895

4n4
4049

2478

2082

1878

L3l0

1255

t2z6

t113

1 155

1100

891

811
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Due to excessive computer time required, it was not possible to perform rnodel
calculations with a large number of Norwegian and British point sources together.
The effect of the British emissions was therefore estimated separately, in the same
way as for the Norwegian emission sources. A 6 km lumping into megasources
was applied for the British individual point sources, as explained for the
Norwegian sources. The 20 sffongest NO* emitters among these megasources
were calculated with Fotoplume, whereas the rest of the British ernissions were
taken care of as area sources in the EMEP oxidant rnoclel. Table 5 shows the
emission numbers for NO", CO and VOC frorn the 20 megasoulces and all
rernaining sources (allocatecl to the gricl squares) in the British sectol.

Tahle 5 The emíssions from British sector applied in the model calculatiotts,
showing the annuaL emissions from each of the 20 megasources
(explained in the text), and the total from all other soLtrces. The x and
y indexes refer to the grid numbering given in Figure 3.

This procedule gives an estirnate of the separate contribution from the British
emissions if there were no Norwegian ernissions in the North Sea. It is difficult to
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evaluate if these results will differ significantly frorn the real situation where the
British emissions are transported across and mixed with the Norwegian emissions
towards the Norwegian coast. Generally, non-linear effects will reduce the
irnpacts when the NO" concentrations are high, thus indicating that the present
estimation of contribution from British emissions is an upper estirnate.

Figure 4 and Figure 5 show the 50 km x 50 km gridded area sources of NO, and

VOC, r'espectively, exclucling the 20 Norwegian rnegasoffces. These emission
numbers include all British emission, as well as the emissions from shuttle tankers
during transport and smaller Norwegian point sources not allocated to the
megasources. The emissions from the shuttle ship track to Tranmere at the British
west coast ale apparent in Figure 4 and Figure 5 as crossing the UK. Although the
ship track obviously is very simplified, the emission rates are so srnall compared
to UK's main land emissions, that the small displacement of the ship track is of
no irnportance for the rnodel results.

For comparison Figure 6 and Figure 7 show the NO" and VOC emissions,
respectively, from the 20 Norwegian megasources when allocated to their
corresponding 50 km x 50 km grid squares.

NILII OR 5/99



Figure 4

I9

NO* emissions (tonnes (NO)lyear) from British and Norwegian
petroleum sector, excluding the 20 Norwegian megasources, all,ocated.

to EMEP's 50 km x 50 km grid squares.
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Figu.re 5: VOC emissions (tonnes (VOC)lyear) from British and Norwegian

petroleum sector, excluding the 20 Norwegian megasources, allocated
to EMEP's 50 km x 50 km grid squares.
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Figure 6: The sum of NO* emissions (tonnes (NO)lyear) from the 20 Norwegian
nxegasources, as allocated to the correspondíng EMEP's
50 km x 50 km grid squares.
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Figure 7 The sum of VOC emissions (tonnes (VOC)lyear) from the
20 Norwegian megasoltrces, as allocated to the correspondíng
EMEP's 50 lcm x 50 km grid squares.
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4. Model description

Several parts of the Fotoplume model have been revised and developed further as

part of the current project. Most important is an improved interface to the EMEP
trajectory oxidant model and better sirnulation of the clry and wet deposition
processes. In addition a simplified simulation of plume rnixing has been included.
The moclel development is described in the following sections.

4.1 The EMEP oxidant model

The EMEP model (Eliassen and Saltbones, 1983; Simpson, 1995) is a one-layer
Lagrangian trajectory model which has been developed to describe regional
formation and long-range transport of air pollutants in Europe. The model
integrates the photochemical reactions for an air parcel following 4 clays'
trajectories to any receptor points within the EMEP rnoclel clomain, covering
Europe and part of the North Atlantic.

Meteorological data are given each six hours in approxirnate 150 krn x 150 krn
grid cells on a polar stereographic map (Figure 1). Data for the rnixing height are
given each 12 hours. Annual emissions are reported by the Parties to the
Convention on Long-Range Transboundary Air Pollution. These ale given as

national totals, but rnany countries also report ernissions in 150 km x 150 kln or
50 krn x 50 km gricls. The Norwegian Meteorological Institute maintains a

clatabase of European emission data, and carries out the necessary additional work
in estirnating annual and diurnal variations, distribution of national total ernissions
in grid squares, and estirnation of rnissing values. The status of the ernission clata

is given by EMEP MSC-W (1998).

In order to conforrn with the rnodel formulation, total anthropogenic non-rnethane
hydrocarbons (NMHC) emissions are speciated into equivalent ernissions of
ethane, ethene, propene, n-butane, o-xylene, forrnaldehyde, acetalclehycle,
methanol and ethanol (Table 3). Natulal emissions of volatile organic hydro-
carbons are includecl and representecl by isoprene (Simpson, 1995).

The meteorological information is preparecl frorn the international rneteolological
observational network with the help of the Norwegian Meteorological Institute's
numerical forecasting model. The reference height for the meteorological data in
the EMEP-moclel is o = P/Ps = 0.925 (i.e. at a surface with an atrnospl-reric
pressure of 92.57o of the pressue at the ground). This corresponcls approxirnately
to a level 600 rn above the grouncl.

The chernical scheme involves about 70 different sompounds, and rnore than 150
shemical reactions. It has recently been tested against lnore cornprehensive
chernical reactions systems, and has been found to sirnulate aclequately both the
chernisal breakdown of hydrocarbons and the forrnation of ozone (Kuhn et al.,
1997; Anclerson-Skolcl ancl Simpson, 1999). The model predictions have also
been tested against measurecl concentrations of hyclrocarbons and alclehycles at
several measüement sites in Europe. Goocl agreement has been obtained,
particularly for aiclehydes (Solberg et al., 1995).
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4.2 The Fotoplume model

Fotoplume is the name of the photochernical puff-trajectory model developecl for
OLF with the designatecl purpose of simulating the effect of the North Sea
emissions. Previous versions of the model is presented by e.g. Sernb et al. (1996).

Figure 8 shows how the dispersion from a point source is simulated by
Fotoplume's stepwise expanding segments. The plurne is divicled into segments
along the tnean aclvection axis. The length of the segments corresponds to the
time resolution of this process in the model, presently 30 rninutes. Thus, with a
rnean wind speed of 10 m/s, the segment will be 18 km long. The width and
height of the elliptic segments are determined from plurne dispersion pararneters,
which have been taken from the meteorological clata. In order to sirnulate the
concentration variations across the plurne, each segment is divided into five
shells.

The length of the segments is kept constant until they leave the model domain.
The wiclth of the segments' shells expand according to Gaussian dispersion
theory, thereby entraining air outsicle the plume into the plume's shells. For the
sake of understanding, it is crucial to regard this expansion only as a stepwise
change in the 3-dimensional grid encompassing the process (i.e. the plurne) we
want to study.

This so-called "expansion" does therefore not simulate any physical process in the
attnosphere, it only reflects that we have to expancl the gricl in order to keep track
of the plurne. The true physical expansion, i.e. the exchange of gases and particles
by turbulent diffusion in the plume (and between the plume and the background
air) is rnodelled separately. This is done by applying cliffusion parameters on the
interfaces between the shells. The cliffusion parameters are calculatecl frorn the
rneteorological data.

When the vertical extension of the plume (or rather the expanding gricf has
increased to the height of the mixed layer, the shells are replaced by rectangular
blocks with a height corresponding to the mixecl layer, as shown in Figure 8. This
is in accordance with the real situation, where a relatively homogeneous vertical
distribution is reached when the plumes are mixed in the whole of the planetary
boundary layer.

Concurrently, photochemical reactions are simulatecl for each segrnent ancl shell,
with tirnesteps chosen so that the computational solutions are nurnerically stable.
The photochemical reaction scheme and the reaction rates in Fotoplume are
identicai with the reaction scheme in the EMEP oxidant rnodel.

The segrnents are advected with the rnain wincl, which is changed every 6 hours.
Because the wind field changes with the location in the EMEP grid, the plumes
will travel along ourved trajectories. No interpolation of the windspeed or
clirection is rnade within the 6-h time intervals.
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4.3 The interface between the EMEP trajectory model and Fotoplume

In plevious versions of the Fotoplume model, ernissions from the underlying
150 krn x 150 krn EMEP grid squares were not taken explicitly into account, but
only indirectly through the use of EMEP background concentrations. This has been

changed in the new version of the rnodel in that specially gricided ernission flelcls

basecl on the EMEP 50 km x 50 km gricl system are now prepared as input to the
rnodel. These emissions are taken into account as soon as the plurne segments
reaches the ground and are converted into rectangles. For plurne segments of
ellipsoidal shape, and which have not yet reached the grouncl, the emissions are set

equal to zelo as before.

Also concentration f,elds for the underlþg 150 km x150 km EMEP grid squares
(pre-calculated by that model) were previously used as the ambient background
concentlations for the plume, and changed as the plume moved frorn one gricl cell
into another. Experience showed that this procedure was not ideal, and producecl

stepwise alterations in the backgrouncl concentrations due to the six-hourly
resolution of the EMEP model. To improve this proceclure, a linear interpolation in
time is, however, not appropriate as this rnay result in unrealistic temporal changes

in the concentrations. In the new version of Fotoplurne, each of the inclividual
plumes are given a surrounding background layer which is following the plume.
The background layer is initialised by the EMEP grid square concentration and the
concentrations are rnoclified by emissions from the underlying EMEP grid and by
chernical reactions in exactly the same way as the rnain plurne.

4.4 Gaussian distribution of initial concentrations

In previous velsions of Fotoplume the emissions were distributed unifonrrly in the
initial plurne layers. In the new version of the model the ernissions are introducecl
into the plurne layers using a Gaussian or normal concentration distribution. This
gives a more realistic description of the conclitions in the plume initially. It is

ensuled that the procluct of concentration and volume acldecl over all plurne layers
is equal to the total mass emitted during one time step, i.e. that the model is rnass-

consistent. All other initial plurne conditions are taken frorn the ernission database

supplied. The necessary parameters include temperature and velocity of the
emission, as well as physical dimensions of the initial release. The initial width ancl

height of the plume segments (ellipsoids) is not allowed to be less than 40 m and
20 m respectively in the current version of the rnodel.

4.5 Meteorological pre-processing

NILU's meteorological pre-processor MEPDIM (Bghler, 1996) is usecl to generate
meteolological clata for the Fotoplurne moclel. Input clata to the pre-processor is

taken fi'orn the EMEP meteorological clata (150 krn x 150 krn gricl), which is being
reacl into the rnoclel every 6 hours of sirnulation. These data consists of
temperature, wind, relative humidity, cloud cover, precipitation, and rnlxing height.
The enelgy budget rnethod in the pre-processor is used to calculate a vertical wind
speed profile and horizontal ancl vertical turbulence intensities using 10 vertical
layers fi'orn the ground and up to 1000rn. This rnethocl calculates the energy
balance between air and seaÄancl fi'orn the given cloucl cover, fluxes of sensible and
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latent heat and the net radiation. The energy balance is subsequently used to
calculate the turbulence intensities in the atmosphere.

The reference height for the meteorological data in the EMEP-rnodel is o' = P/Ps =
4.925 (i.e. at a surface with an atmospheric pressure of 92.5o/o of the pressure at
the glound). This corresponds approximately to a level600 m above the ground.

The surface roughness is set equal to 0.01 m over sea and 0.3 rn over land. The
albeclo is set equal to 0.2 in both cases. The cloud cover is taken directly from the
EMEP meteoro 1o g ic al data.

Wincl speeds and horizontal turbulence intensities, ou, is calculated in the miclpoints
of each vertical layer using reference heights of 50 rn, 150 m etc. up to 950 rn in
steps of 100 m above sea level or grouncl. Vertical turbulence intensities, o*, is

calculated using reference heights equal to the top of each vertical layer, i.e. at
100 rn, 200 m etc. up to 1000 rn. The same pre-processor was also used

previously, but with a much Çoarser vertical resoiution using only thlee layers.

4.6 Deposition calculations

In the calculations reported previously by Sernb et al. (1996) the dry and wet
deposition of nitrogen was only perforrnecl as a post-processing calculation basecl

on the calculated atmospheric concentrations of nitrogen species. One of the
irnportant aims of the present rnoclel development was to include deposition
calculations in the Fotoplurne rnodel.

Li the present version of the model wet and dry deposition processes have been

included in the model. The process simulation has been adopted frorn the EMEP
trajectory oxidant model (Simpson, 1995). This has furthermore irnproved the
interface and the comparability of the calculations of these two models.

Wet cleposition of oxidisecl nitrogen species are rnost effective for nitric acicl

(HNO3) and particulate nitrate (NO:-), and srnall for other nitrogen compounds.
'Wet deposition is a very complex physical and chernical process at the micro level,
ancl could be calculatecl in an extremely detailed lnanneÍ on a clroplet basis. For
regional scale models the processes have to be sirnplifiecl. The clescription adopted
fiorn the EMEP rnoclel into Fotoplulne, uses the pararneterization:

dcldt= _ (Âp/H) c

where

clciclt is the tfune derivative (loss rate) of the compouncl

^ 
= scavenging ratio

P = precipitation rate
H = height of the planetary boundary layer.

.4. is set equal to 1.4.106 for HNO3 ancl 1.0.106 for nitrate particles as in the EMEP
model.
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Precipitation data in the Fotoplume rnodel is taken from the EMEP meteorological
data that has a horizontal resolution of 150 km x 150 km and a temporal resolution
of 6 hour. On the western coast of Norway however, the precipitation pattem is

very tnuch dependent upon the topography. \When the wind direction is towards
land the air masses will be elevated and there is much higher probability of
pr'ecipitation. This gives local precipitation patterns on the western coast of
Norway with large variations over a much finer scale than reflectecl in the 150 krn
scale of the EMEP data. Furthermore, precipitation is a crucial parameter in the
calculation of wet deposition of nitrogen.

In the new version of Fotoplurne EMEP's 150 km scale precipitation data is scalecl

to a 50 km scale by taking into account existing clata for annual precipitation in
50 krn x 50 km grid squares for Norway. The precipitation rates in EMEP's
150 krn x 150 krn grid is scaled each six hour in each 50 km x 50 km grid square
by the factor expressing the relative factor of the 50 krn ancl 150 krn gricl squares

annual precipitation amount. This irnpìies that we assume that the relative
precipitation pattern inside each 150 km x 150 km grid cell is identical at all times.
This we admit is a simplification, as it will vary with season ancl the type of
precþitation (convective or orographic). Ideally this scaling should also take into
account seasonal effects, and be performecl on e.g. a monthly basis. The 50 km
precipitation data weÍe, however, only available as annual totals.

Parameterization of dry deposition has also been introduced in the Fotoplurne
rnoclel. The dry deposition rate for ozone and nitrogen clioxide are rnainly
controlled by the diffusion resistance through the plant's stomata. This cleposition
therefore depends on the ground cover and season. The uptake to snow covered
surfaces ale negligible.

For HNO3 the clry cleposition rate are mainly controlled by the aerodynarmc
lesistance, which give cleposition rates in the order of 2-5 cmls relative to a height
of 2-10 rn, sometirnes even higher (Dollard et al., 1987; Meixner et al., 1987).
Snow coverecl sulfaces are exceptions to this, showing negligible deposition at

temperatües below -2oC (Johansson ancl Granat, 1982). For a situation with
relatively sÍong winds and neutral stability, the aerodynamically resistance is
given by the following expression:

(" ,/ \2u l'" /,0 )
ra tt*2 kz 'u

The surface roughness (20) over sea is typically a few rrim, about 0.1 m over
agricultural land, and typically somewhat less than 1 rn in forests.

To take into account the vertical profile of the components, it is colrurìon to use a
constant flux approxirnation, where the basic idea is expressed as:

(vuc)s6,. = (v¿c) r,o

where v,¡is the dry deposition rate and c is the concentration.
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A clry cleposition rate appropriate for 50 m is then calculated by the expression
(Eliassen and Saltbones, 1983):

v,l50n, = v¿r,,,/[ 1 * v¿,,,,(ru(z=50m) - ru(z= 1rn)]

where ru is the aerodynamic resistance

This pararneterization is included in the Fotoplume model, ancl the clry deposition
rates (vd1,,) were adopted from the EMEP moclei. The dry deposition velocities
depend to a large extent upon whether we are over land or over sea. In the new
version of Fotoplume land/sea inclicators were introduced with the 50 km x 50 krn
resolution.

4.7 Mixing of plumes

In previous versions of the Fotoplume model, individual plumes from different
sources did not interact, i.e. the diffusion calculations for each indiviclual plume
segment was performed using only the atmospheric background concentrations
and did not take into account possible influences by other nearby plumes. The
goal of the current work was to include such a general cliffusion or rnixing of
plumes as part of the Fotoplume rnoclel. HoweveL, this has proved to be mole
clifficult than first anticipated.

As long as there are only two plume segments which interact it is possible to
calculate the effects that each of these plumes may have on each other. However,
since the Fotoplurne model, in general, calculates on a large number of plurne
segrnents, and for an arbitrary set of point source positions, there will inevitably
be rnany cases with a large number of overlapping plurne segments. Addecl to this
cornplexity is the large number of diffelent 3-dirnensional geometrical situations
which rnay arise. In reality it therefore seems an impossible task to keep track of
the way clifferent plume segments rnay influence other plume segments using this
Lagrangian framework without any constraints. A detailed simulation of plurne
mixing would require a combined Eulerian/Lagrangian model, outside the scope
of the present model development.

A simplified procedure for simulation of plume mixing was, however, includecl in
the new version of the model, and is described below. This proceclure hanclles
mixing of pairs of neighbouring plumes. When three or rnore plurnes interact, the
complexity increases substantially, ancl is not solved by the present approach.

In acldition, we note that the irnproved hanclling of incliviclual ernission sources,
using the new procedure for generating megasources, as explainecl above, also
partly solves the problern of plurne rnixing. This rnethocl has recluced the nurnber
of moclellecl sources considerably ancl irnproved the spatial separation between the
soulces.

4.7.1 Asymmetricøl rectangles

As long as a plume is not influenced by any other plurne, the plume will remain
symmetrical, i.e. the widths on both sicles of the centreline will be equal. When
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plumes are allowed to interact it is important to stop the Gaussian expansion of the
gricl, as clefinecl in section 4.2.If this is not done, different segments may begin to
overlap spatially which is detrimental to the concept of plume interaction. The idea
is instead that each segment should describe in a unique manner that part of the
atmosphere for which its volume occupies.

Therefore, asymmetrical plume rectangles are introduced in the new rnodel version.
This means that the left part of a rectangle may have a different width than the
right part of the rectangle. As soon as a plume is influencecl by another plume, the
Gaussian grid expansion of the two rectangles will be stopped at the intersecting
sicle. It remains so until the two plumes are transported out of the rnodel dornain.

All kinds of geotnetrical plume mixing rnay occur. In the Fotoplurne model, these
are solted ilrto two classifications, one-way diffusion or two-ryoy diffusion, as

described below.

4.7.2 One-way difJuston

If a plurne segment (either ellipsoid or rectangle) is rnuch smaller than the other
plurne segment it encounters (or is contained in the other plume segrnent), there
will be a one-vvay cliffusion. The larger plume segment will have an effect through
cliffusion on the smaller plurne segment, but the smaller plurne segment will have
negligibly effect on the larger plume segment.

Numerically one-way diffusion neecls only be solved for the smaller of the two
plurne segments, using concentrations from the larger plume segment as boundary
condition for the diffusion operator. The larger plume segment in this case is sti11

free to participate in other kinds of one-way or two way diffusion interactions.

4.7.3 Two-way diffusion

Two-way cliffusion arises when two intersecting plurne segments (either ellipsoids
or rectangles) are of comparable size. In this case it is irnpossible to rnaintain the
assutnption of concentration isocurves of ellipsoidal shape so both are converted to
rectangles. If the clirections of the two plume segments are not the same, they are
rotatecl so that both rectangles point in the same clirection. Usually this rotation is
stnall. The rectangle lengths ancÌ heights will not be adjusted but different cross-
section areas are taken into account in the fonnulation and solution of the diffusion
equation.

Nurnerically, two-way diffusion is solvecl for both plurne segments sirnul-
taneously, using background concentrations for one of the plumes on one side ancl

backgrouncl concentrations for the other plume on the other sicle. The plume
segtnents will exchange mass by this process through a cornmon border between
the two plurne segments. The complete process is mass consistent since the
diffusion process only implies an exchange of mass between the two rectangles.

4.8 Procedure of model calculations

The airn of the project was to estirnate the contribution of emissions from the
petroleurn activity in the Norwegian sector of the North Sea to nitrogen
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cleposition ancl ozone exposure in South Norway. This contribution will be an

addition to the influence imposecl by the overall European emission of NO^ ancl

VOC. This implies that the incremental addition frorn the North Sea should be
estimatecl very carefully to separate the real effect frorn "noise" resulting frorn
uncertainties in the model formulation.

The calculations were perfonnecl with a combination of two types of numerical
models: a) A regionalLagrangian (trajectory) rnodel (the EMEP oxidant rnoclel)
and b) the point source rnodel Fotoplume, cleveloped furthel cluring this project.
The trajectory model can be usecl for calculations to any nurnber of selected
receptor points within the underlying EMEP grid. LPSs (Large Point Sources) are
not handled by this model, instead ali emissions are smoothecl to a specified
minimum grid resolution, currently 50 km x 50 krn. This is acceptable for
relatively homogeneous emissions fields or in situations when the source-receptor
relationship is fairly linear. For a situation as the North Sea, dominated by a

number of distinct point sources not too far from the influence area in South
Norway the smoothing induced by a 50 km resolution will give rise to
shortcomings and unreliable results.

The procedure of model calculations perforrned with the new version of
Fotoplurne is shown in Table 6. These moclel calculations were perforrned for
1992 as well as 1995, i.e. with meteorology for 1992 and 1995 (but with the same
emissions).

Table 6: Procedure of model calculations

The contributions from Norwegian (N) and British (B) sectols were then
calculatecl according to the following expressions:

N=F"-F*o
B=F"-F"o

These symbols refer to the annual numbers in each receptor point for dry and wet
deposition of nitrogen as well as the AOT40 for ozone exposure.

The proceclure for calculating the contribution frorn the Norwegian sector is
explained as the following: First two runs with the EMEP trajectory moclel wele
tnacle, with and without the Norwegian area sources, respectively (and without the
Inegasources). Then the Fotoplume moclel was run twice, first with real emission

Eo

E^

EN

EMEP excluding all of the North Sea

EMEP with British sector

EMEP with British sector and Norwegian area sources

FN

F"o

Fotoplume with Norwegian megasources initialised by E*

Fotoplume with Norwegian megasources with zero emissions intialised by E,

FB

Fon

Fotoplume with British megasources initialised by Eo

Fotoplume with British megasources with zero emissions intialised by Eo
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data for' the megasources and initiaiised by the results frorn the EMEP rnodel
including Norwegian area sources. Secondly, Fotoplume was run with emissions
set equal to zero and initialised by the results of the EMEP model excluding the
Norwegian area sources. The difference between these two sets of Fotoplume
calculations then expresses the contribution to nitrogen deposition and ozone
exposure frotn the Norwegian North Sea emissions. This rather elaborate
procedure was used to minimize the effect of uncertainties in model perfonnance
between the EMEP and Fotoplume model.

The AOT40 calculations for ozone are by definition very sensitive to the absolute
level of ozone. A relative clifference in the ozone concentration of, say l0o/o, rnay
have a large irnpact on the calculated AOT40. For the AOT40 calculations it is
therefore irnportant to take into account the cliurnal cycle in ozone which alises
clue to the surface removal ancl which is apparent fi'orn the observations but not
well reproclucecl in a regional scale model. The reason for this is that the surface
removal depends on very local conditions (topoglaphy, land use etc.). As the
rnoclellecl AOT40 values are to be compaled with the measured values, the
calculated ozone concentrations were not usecl directly in the AOT40 calculations.
Instead a spatially interpolated observational field (interpolated every hour
throughout the year) was scaled according to the change in two sets of model
calculations:

M"JM*,

where

O"* = Estitnated hourly ozone concenffations for one emission scenario
O*r = Hourly ozone observations interpolated to all receptor points.
M** = Modelled hourly ozone concentrations for one emission scenario.
M*, = Moclelled hourly ozone concenffations for the reference scenario.

This ploceclure ancl the interpolation routines are iclentical to the ones used in a

recent ploject for the State Pollution Authority (SFT) in Norway, with the airn of
calculating crop loss due to ozone exposure (TBrseth et al., 1998).

5. Results

5.1 Nitrogen deposition

The calculations have been performecl for two complete years, 1992 and 1995 to
evaluate the clifferences due to meteorological situations. Note that the same
etnission clata (valid for 1992) were used for both the 1992 and 1995 calculations.
Thus, the results calculated for 1995 are not really representative for the North
Sea contribution that yeal and should only be used to evaluate the effect of
clifferent meteorology frorn one year to another. Figure 9 shows the observecl
N-deposition fields for 1992 and 1995, respectively. These values give the total
sutn of wet and dry deposition of oxidised (HNO3 + NO:-) and recluced (NH3 +
NH+*) nitrogen in each grid square. The wet deposition fielcls are based on
rneasured wet deposition at a number of monitoring sites together with measured
precipitation at a lalge number of stations.

O"* = O*,
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Figure 9 Total deposition of nitrogen (mg (N)lnû) in the receptor grid squares
in 1992 and 1995 based on nxeasured wet deposition of N and
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The clry deposition are not measurecl directly, instead the "observecl" dry
deposition are inferred from daily observed atmospheriÇ concentrations of
niffogen compounds and assumptions regarding the deposition rates.

It is furthermore important to beware that the emissions from the petroleum
industry only contributes to the deposition of oxidised niffogen (NO,,, NO3-, etc.),
whereas the observation fields shown in Figure 9 is the sum of oxidised and
reduced niüogen deposition. Deposition of reduced niffogen (NH4+ + NH3) is
mainly due to ammonia emissions from agriculture. For the harmful effects,
however, it doesn't matter whether the nitrogen is in reduced or oxiclisecl form. In
Southern Norway reduced nitrogen contributes slightly less than half (about 40Vo)

of the total nitrogen cleposition shown in Figure 9.

Figure 10 shows the calculated absolute ancl relative contribution frorn Norwegran
and British sector to the total N-deposition in 1992. Figure 11 and Figure 12

shows the contribution to the wet and dry deposition of oxidised nitrogen from
Norwegian and British emissions in 1992, respoctively. The results from the
calculations with 1995-meteorology are shown in Figures 13-15.
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Figure 15: Calculated contributions to the wet (left) and dry (right) deposition of
oxidised nitrogen in the receptor grid squares from British sector in
1995. The upper row gives the absolute contribution (mg @)lnû) and
the lower row gives the contribution relative to the observed
deposition.
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It should be noted that the fields based on the observations are not necessarily
correct in all details. The observational fields are interpolated frorn a few
rnonitoring sites for air and precipitation chemistry, which are then interpolated
geographically according to the monitoring of precipitation and the surface cover
classification. The rnonitoring of precipitation arnount (from the Norwegian
meteorological institute, DNMI) and the ground cover classification have a fair'ly
goocl spatial resolution, but the chernical monitoring sites include only about 5-10
in the influence area, and small-scale variations may therefore be lost (not
cletected) in this coarse network.

As shown by Figure 9, the measured nitrogen deposition increases substantially '

frorn 200-400 mg (N)/mz (or even less) in Trgndelag to 2000 rng (N)/mz in
southern Norway (in 1992).

The calculated total contribution from the North Sea in 1992 show maxima of
40-50 mg (N)/mz and 20-30 rng (N)/rnz in the coastal areas of Hordalancl and
Sogn og Fjordane for Norwegian and British sectors, respectively, as shown in
Figure 10. This makes a total conffibution of 60-80 rng (N)/mz from the
petroleurn activity in the North Sea in this region. The largest relative
contribution from the North Sea is further north, in Mpre og Rornsdal, with
maxitnutn values of l)-I3Vo for each of Norwegian and British sector compared
to the total nitrogen deposition in 1992 (including both oxiclisecl and reduced
nitrogen). This totals approxirnately 20To of the rneasurecl deposition in this
legion. The calculations give a marked maximum zone in N-cleposition frorn the
North Sea ernissions along the coast, whereas the calculatecl deposition drops
inlancì. The calculations indicate only a rninor contribution from the North Sea
emissions to N-deposition in the rnost exposecl areas in the southern part. The
calculatecl total conffibution to the N-deposition in Agder is less than 10 mg
(N)/mz from each of Norwegian and British sector, separately.

The receptor points were allocated to their respective counties and this allocation
was usecl to estimate average deposition values for the separate counties. The
r'esults for 1992 are shown in Table 7. As this is a very crude approach, the results
in Table 7 should only be used to compare the results for the different counties,
and should not be taken as a detailed calculation for the county-wise
N-deposition.
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Table 7. Estimated average N deposition in counties from the measurements
and the calculated contributions from the Norwegian and Bríttsh
sector of the North Sea in the receptor points in 1992.
Unit: mg (N)lmz.

Measuremenls Contribution from
Norwegian sector

Contribution from
British sector

Vest-Agder 1 679 2 <1

Rogaland 1275 11 I
Hordaland 1002 20 1â

Sogn og Fjordane 609 24 15

Møre og Romsdal 262 18 11

Sør-Trøndelag 173 10 4

Nord-Trøndelag 267 11 7

Figure 11 shows the calculated results for 1992 in more detail, i.e. split into the
wet and dry deposition, separately, for emissions from the Norwegian sector.
These results inclicate that the wet deposition of the Norwegian North Sea

emissions is larger than the dry deposition in most of the influence region.
Comparecl to the observed wet and dry deposition of oxidised nitrogen, however,
the calculations indicate that a substantial fraction of the observecl oxiclisecl clry
deposition (up to 30-40Vo) stems from emissions in the Norwegian sector,
whereas at most l0-157o of the oxiclised wet deposition stems frorn the
Norwegian sources. The same pattern is also seen for the calculated contributions
frorn British sector, as shown in Figure 12.

This has a physical explanation. The wet deposition, i.e. rain-out in precipitation,
is effective only for HNO3 and not for NO2 and thus requires a sufficient
processing time for oxidation of the original NO* ernissions to HNO3. The clry
deposition, on the other hand, is effective for NO2, as for HNO3, ancl rnay thus
contribute close to the ernission sources, as no tirne is needed for chernical
processing in the atrnosphere. Besides, closer to the sources the NO*
concentration is higher and dry deposition of NO, could then contribute
significantly.

The calculated contributions from the North Sea to the nitrogen deposition, using
l995-meteorology, shown in Figure 13, gives in general significantly lower
deposition values, as compared to 1992. This regards particularly the contribution
from Norwegian sector. The maximum total N-cleposition is calculated to be
20-25 mg (N)/r¡12 for emissions from each of Norwegian ancl British sector in
1995. With l995-meteorology the maximum aÍea of influence from the
Norwegian sector is displacecl somewhat to the south. The geographical pattern of
N-deposition of North Sea emissions in 1995 is, however, rather sirnilar the one
calculatecl for 1992. The calculations give a maximum deposition zone along the
coast in 1995 as in 1992. Only minor deposition is calculated in Agcler and in the
tnost inland areas in 1995. An estimation of the county-to-county differences in
the N-deposition with meteorology for 1995, similar to that for 1992, is given in
Table 8.
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Table I Estimated average N deposition in counties from the measurements
and the calculated contributions from the Norwegian and British
sector of the North Sea in the receptor points using 1995-meteorology
Unit: mg (N)lmz.

Measurements Contribution f rom
Norwegian seclor

Contribution from
British sector

Vest-Agder 1 433 1 <1
Rogaland 1257 6 7

Hordaland 922 10 11

Sogn og Fiordane 556 I 10

Møre og Romsdal 404 7 I
Sør-Trøndelag 366 4 4

Nord-Trøndelag 419 6 6

Figure 14 and Figure 15 (which are equivalents to Figure 11 and Figure l2,bú
for 1995) indicate that the lower deposition conffibution from the North Sea
calculatecl for 1995 is due to reductions in both the wet and dry depositions
cornpared to 1992. This probably reflects that the meteorological transport pattem
and the atmospheric oxidation is decisive for the deposition of North Sea NO"
ernissions. As soon as the meteorology canies plumes frorn the North Sea to the
Norwegian coast, clry and wet deposition will both occur due to the probability of
precipitation connected to westerly winds towards Norway. The efficiency of this
cleposition, on the other hand, depends on the degree of oxidation during the
transport frorn the emission areas. Efficient oxidation increases the fraction of
HNO3 relative to NO, which subsequently gives an increased deposition rate of
niÍogen.

The reason for the difference between 1992 and 1995 is therefore most likely
explained by reduced transport from the North Sea ernission areas to South
Norway in 1995 compared with 1992. In addition it is probable that the
photochemical oxidation in the atmosphere was less efficient in 1995 compared to
1992. On avetage, the summer of 1995 was more cloudy and colcl than in 1992,
causing a slower and less efficient conversion of NO" to HNOr, in line with the
rnoclel results presented here. As mentioned, emission data for 1992 for the North
Sea was used in the calculations for both 1992 and 1995. Thus, the lower
calculated contribution from the North Sea in 1995 comparecl to 1992 is not due
to any long-term improving trend.

5.2 Ozone concentrations and exposure

5.2.1 Time series of ozone øt høckground monitoring sites

The results for the ozone calculations are shown as time series for each month for
the two rnonitoring sites Kårvatn and Voss in Figure 16, giving the daily
rnaxirnurn ozone concentration observed and calculated.

It is clifficult to evaluate the model calculations based on the comparisons
presented in Figure 16. Characteristic spikes in the data are seen in the rnoclel
results as well as in the observations, but the correlation between model
calculations and observations is rather variable.
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We want to sffess that it is an ambitious task to try to match the calculations of
single plumes from the North Sea with observations at 2-3 sites in Southern
Norway. The meteorological data have a resolution of 150 krn spatially and 6h
temporally. The individual plumes frorn the North Sea will typically have a cross-
sectional width of 20-80 km when arriving at the coast of South Norway, i.e.
much less than the spatial resolution of the wincl fields. The model's wind fields
are therefore too coarse to be able to sirnulate short-term episodes by North Sea

emission plumes accurately in time and space at the arrival sites. This does not
imply that the model is inadequate, merely that the calculatecl plumes are
displaced somewhat in time and space compared with the actual ones. Thus, when
averaged over a sufficiently long time period, the modei results are realistic.

This puts certain constraints on the application of the Fotoplume model when
used with the present resolution of meteorological data. The model is applicable
for studying long-terrn average quantities, as the AOT40 exposure closes or annual
deposition of nitrogen. The model could also be used for estirnating frequency
clistributions, providecl that a sufficient tirne periocl of sirnulation is taken
together. If the model is to be used for stuclying specific pollution episodes frorn
the North Sea, and compare that with background measurements, rneteorological
data with a finer resolution is neecled.

HoweveÍ, the tirne series of ozone shown in Figure 16 gives an irnpression of how
the rnodel behaves comparecl to representative measurements in the region. In
most periods the contribution from the point sources in the North Sea is
insignificant. On the other hancl, in a few episodes, the model calculates very high
concentrations. In fast the calculated rnodel values could even be higher than the
one showed, but were not allowed to exceed 100 ppb in the output.

The highest of these peaks are clearly too high when comparecl with the
observations. The explanation for these high spikes in the rnodel results is
probably the adding of the inclividual plumes. In situations with several
overlapping plumes it is not surprising that a simple addition of the excess ozone
for all plumes gives too high values. It is well known that the ozone formation is
non-linear, and, in general, clecreases with increased loacl of emissions.

Figure 17 shows the observed ancl calculatecl time series of ozone with 1995

meteorology. The calculations for 1995 indicate that the North Sea emissions
contribute to the ozone concenffation at Kårvatn and Voss in a few episodes only.
The contribution in the first three rnonths, April-June, show palticularly low
sontributions from the North Sea, plobably due to weather conditions
unfavourable for ozone forrnation frorn the west.
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Figure 17: Measured and calculated daily maximum ozone concentration (ppb)
at Kårvatn (left) and Voss (right) for May-August 1995.
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5.2.2 Estímøtion of AOT40

AOT40 is clefined as the tirne integrated ozone concentrations above 40 ppb
during the growth season, and are normally expressecl in the unit ppbhours. The
critical level of ozone was previously set to an AOT40 value of 10 000 ppbhours.
That corresponcls to a 10 per cent growth reduction measured in open chamber-
experirnents for 6 species through a six-months period (April-September). For
crops a critical level of 5 000 ppbhours over a three-months' period has been
usecl.

In the last years there has been some revisions to the critical levels connected to
AOT40. As the growth season in Scandinavia obviously is different from that at
the European continent, a growth season moclified for Nordic countries has been
recornffrended. Table 9 shows the growth season as a function of latitude used in
the present calculations. Ozone values for all the day's 24 hours were usecl in the
calculations.

Table 9 The growth season for coniferous treeslmeadows as a function of the
Iatitude øssumed in the calculation of AOT40.

Latitude ("N) Growth season

<62 15 Apr - 30 Sep

62-65 1 May - 30 Sep

65-69 15 May - 15 Sep

The assumed start of the growth season may have a large influence on the
estirnatecl AOT40 as the mean ozone concentration in South Norway normally
peaks in April-May. The seasonal cycle of the average ozone concentration in
Scandinavia is characterized by a sine-like function with a peak in April-May and
a minimum in the autumn. Figure 18 shows the average seasonal cycle of ozone
for Birkenes and Voss based on all hourly rneasurements frorn 1990-1994.
Monthly percentiles are also given in the Figure. Even tough the AOT40 index is
a long-term integrated quantity, there will be large variations from one year to
another. The reason for this is, as inclicated by Figure 18, that the threshold of
40 ppb is close to the background level, i.e. the large scale rnean, in periocls of the
year.

Fulthermore, it has been recommendecl to use a 5q/o growth reduction limit instead
of the previous l0o/o limit. This irnplies that a critical level of 3000 ppbhours is
resomrnended for plants. The critical level of ozone exposure for trees is highly
uncertain. It is therefore coffrmon to still use the value of 10 000 ppbhours as a
critical level for forests.

Figure 19 shows the interpolated field of AOT40 for coniferous ffees (and
rneadow) for 1992 and 1995 basecl on observations. As for the observational
fields of nitrogen deposition, it is important be aware that the geographical
distribution is uncertain. The fields are based on interpolation of ozone
observations at a few background rnonitoring sites. Thus, the geographical
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distribution only express the general broad features in Southern Norway. Locally,
there may be large deviations from the AOT40 values shown in Figure 19.

BIRKENES VOSS
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Figure 18: Average seasonal cycle of ozone based on measurements at Birkene,ç
andVoss during 1990-1994.The box andwhiskers show the l0-,25-,
50-, 75 - and 9}-percentiles.

In 1992 the AOT40 for coniferous/rneadows was highest in the south-eastern part
of the influence region, peaking at 10,000 - 13,000 ppbhours in Agcler. In the rest
of the influence region the AOT40 values were in the range 6000 - 9000
ppbhours, except in Nord-Trpndelag which showed values of 1300 - 3000
ppbhours. The AOT40 values in 1995 were lower, peaking at 5000 - 6000
ppbhours in Agder. In the rest of the influence region the values were in the range
1300 - 5000 ppbhours.

The measurements from these two years give an inclication of the expected span
of AOT40 values from one year to another. Basecl on comparison with AOT40
values calculated for the ten last years, 1992 was a year with palticularly high
AOT40 in South Norway, whereas 1995 was on the low side. As cliscussecl above
most of the contribution to the AOT40 value is coming from periocls in May-June,
and very little from August and later. The general ozone level ancl the number of
elevated episodes in May-June ale therefore often decisive for that year's AOT40
value. }L4ay 1992 was characterized by a higher average ozoîe level in Southern
Scandinavia than normally seen, thus the AOT40 was also high at many sites in
South Norway.

Figure 20 shows the calculated absolute and relative contribtution to the AOT40
value in 1992 from Norwegian and British sector, respectively. Figure 21 shows
the similar results using 1995-rneteorology. The largest contribution from
Norwegian sector in 1992 is calculated in Sogn og Fjordane with up to 325
ppbhours near Stad. The calculations indicate contributions frorn Norwegian
sector of 130-200 ppbhours in a zone along the coast from Rogaland to
TrBnclelag. Else, inlancl ancl f¿u south and far north, the contributions from
Norwegian sector is calculated to be less than 100 ppbhours in 1992, The
contribution from British sector in 1992 is less, peaking at 169 ppbhours in
Rogaland, but is mostly less than 100 ppbhours elsewhere in Norway.
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Figure 19: AOT40 values (ppbhours) for coníftrous trees and meadows in the
receptor points based on measurements at background sites in 1992
(left) and 1995 (risht).

The results indicate that emissions frorn the North Sea frorn British ancl

Norwegian sector separately Çontribute to less than 5Vo each of the AOT40 values
for coniferous/meadow.

The calculated influence to the AOT40 value in 1995 is lower (in absolute units)
than in 1992. Emissions from Norwegian sector are calculated to contribute with
120-130 ppbhours at most in some coastal areas of Hordaland and Sogn og
Fjordane. Else the contribution from Norwegian sector is calculated to be less

than 100 ppbhours. The contribution from British sector is also less in 1995
cotnpared with 1992, and is lower than 100 ppbhours in all receptor points. The
calculations inclicate that Norwegian and British sector separately contributed less
than 5o/o each of the measured AOT40 values in 1995. Relative to the observed
AOT40 the calculated percentage contributions frorn the North Sea were similar
using 1992 meteorology and 1995 meteorology. This is because both the
observations and the calculated North Sea contributions were lower in 1995
compared to 1992.
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The observations indicate that the critical level for ffees was exceeded in Agder
(above 10 000 ppbhours) in 1992, but not in 1995. The critical level for meadows,
which is indicative of the critical level for plants in general, of 3000 ppbhours
was exceeded in most of the influence area in 1992.In 1995 the whole area south
of Stad exceeded this limit. Thus, in 1992, all the contribution from emissions in
the North Sea came on top of an ozone exposure already exceeding the critical
level for meadows. In 1995 the same was ffue south of Stad. In Sogn og Fjordane
the AOT40 level in 1995 was close to the 3000 ppbhours lirnit, and the
contribution from the North Sea emissions may have caused this limit to be
exceeded in some areas which would not have experienced exceeclance without
the North Sea contribution.

5.3 Model evaluation - comparison with previous model results

Table 10 shows the rnodelled contributions to the N-deposition in 1992 calculated
in this report as compared with the values reported by Sernb et al. (1996) given in
brackets. In general, the new version of Fotoplume gives substantially lower
estimates for the North Sea contribution to the nitrogen deposition than the
previous calculations. The numbers in Table 10 ale, however, not clirectly
comparable. Firstly, deposition processes were not inclucled in the previous
version of Fotoplume, instead the N-deposition was inferrecl from the atrnospheric
concentrations of NO2 and HNO3 ancl assumed dry cleposition velocities.
Secondly, the previously estimated relative contributions in Table 10 (adopted
from Table 12 in Semb et al. (1996)) referred to the six rnonths' period
April-September.

Table 10 Total annual N-deposition (oxidísed + reduced) at monitoring sites as
deducedfrom meesLtrements, and the contribution in per cent from
Norwegian and Brítísh petroleum sector in the North Sea calculated.
with the new version of Fotoplume. The previous model estimates of
the contributions are given in parenthesis.

As dry deposition estimates were not available for Voss, the total N-deposition in
the 50 km grid square containing Voss was used.

These reservations could, however, not explain the large difference in the new
ancl previous model results. It is quite obvious that the new version of Fotoplume
in general calculates much lower contributions to the N-deposition.

Total N-deposition
deduced from
measurements

(mg (N)/m'z)

Est¡mated contribution
from Norwegian sector

(%)

Estimated contribution
from British sector

(%)

Birkenes 1 485 <1 (e) <1 (17)

Skreådalen 1 540 <1 (14) <1 (21)

Voss B1 0" 1 (B) 1 (16)

Kårvatn 303 2 (3) 1 (7)
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Based on this comparison, it is natural to ask the question if the new model
version is "better", i.e. gives more realistic results. This was partly studiecl in the
validation report by Solberg et al. (1998), but not for the North Sea situation. One
way to evaluate the rnodel is by checking the mass balance of nitrogen. Table 11

cornpares the total N deposition from Norwegian and British sector with the
emissions.

TabLe I I : Total NO, emissions from Norwegian and British sector, calculated
N deposition in the influence area in South Norway from these two
sectors and the resulting fraction of the emitted nitrogen deposited.

TotalNO¡
emissions

(tonnes (N)/year)

Tolal N deposition in

influence area
(tonnes (N)/year)

Relative fraction of
NO¡ emissions
deposited (%)

Norwegian sector 13614 1707 IJ

British sector 27102 1 030 4

For 1992 as a whole I37o of the niûogen ernittecl from Norwegian sectol' is
cleposited in the influence region, i.e. in the 45 receptor grid cells. OnIy 4Vo of the
British etnissions are cleposited in the influence area. It is not possible to perform
a sirnilar mass balance calculation for the previous model results. The data in
Table 10 (together with the results in Table 11) indicate, however, that the
previous estimates would give an unreasonable fraction of the ernitted nitrogen
deposited in South Norway.

The fraction, f, of the ernissions deposited in the influence area may be expressed
in a sirnplistic way as:

f=f .f .f
rmsp cheln dep

where

fn-", = the frequency of transport from the emission area to the influence area.

1r",, = the fraction of nitrogen "surviving" the transport to the influence area.

{,"0 = the efficiency of the deposition process in the influence area.

We assutne fo^oo = 40o/o, i.e. 407o probability of tlansporting a North Sea plurne
into the influence area in South Norway

Furthennore, f"r,"n, ancl fd"p may be estirnated frorn the expression by Sernb et al.
(1996), where j equals f"n"* and (1-{"r),respectively:

, - --l'h('d,l' t t + vd,2' t2)
J-v 

þrt ' w,' a (l-p)

f"n"n, is then equal to the so-called correction factor calculatecl for Stavanger in
Table 2 by Sernb et al. (1996). This assumes a net deposition rate of 0.5 cm/s over
sea, 300 km transport distance frorn the Norwegian sector to the coast of Norway,
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a lnean wind speecl of 8 m/s, a mixing height of 1000 m, and a precipitation
probability of 30To. This gives {0". = 0.53.

fo"o is estimated in a similar way, assuming a deposition rate of 5 cm/s over land, a

cross-sectional distance of 150 km for the influenÇe area, a mean wind speed of 5

m/s, a mixing height of 1000 m and a precipitation probability factor of 50Vo.

This gives f o.o = 89Vo. Taken together these factors give:

f = fo*n . f"n"-. fo"o = 0.4 . 0.53 . 0.89 = 0.19

This sirnple consideration indicate that for an ernission source with 300 krn
ffansport distance frorn the Norwegian coast in the orcler of 20o/a of the total
emissions will be depositecl in a 150 km coastal zone over land.

This estirnate is, of course, highly sirnplifiecl and uncertain. It is, however,
inclicative of the rnagnitude of a reasonable deposition rate. Consider'ing that parts
of the emissions from the Norwegian sector has a longer ffansport distance than
300 km from the coast, the simple estirnate of 207o corresponds well with the
overall l3Vo calcúatecl by the Fotoplume moclel.

A similar simplistic approach for the British emissions is even more uncertain clue

to the larger spread of emission sources. However, assuming 50o/o (onger ffanspoft
clistance, and a probability of 307o for a plume reaching the influence area in
South Norway we end up with f = 0.I2 for British sectoÍ. This is still significantly
higher than the 4To calcalated by Fotoplume. The reason for this discrepancy must
be explained by processes in Fotoplume rnore effective than represented by the
simplistic equation above. A possible explanation is that more of the nitrogen is
cleposited as HNO, to the sea surface during the transport towards the Norwegian
coast, or, alternatively, that the meteorological situation was even less favourable
for transport from the British sector to South Norway.

For the ozone calculations, it is not straightforward to cornpare the new
calculations with the previous results presentecl by Sernb et al (1996), partly
because the growth season is clifferent (all six months was used in the previous
report). However, it is quite clear that the new calculations also give substantially
lower contributions from the North Sea ernissions to the AOT40 values than
calculated previously. Table 12 gives the absolute contribution frorn the
Norwegian and British sector to the AOT40 index for 1992 for three rnonitoring
sites as calculated now comparecl with previous values in the report by Sernb et al
(1996) in brackets.

Differences in the estimated conÍibution to AOT40 between the new and
previous moclel calculations coulcl have several explanations. Firstly, the clifferent
growth seasons in the two model calculations are not taken into account.
Secondly, the previous rnodel results were not linked to the observecl values,
whereas the present procedure is only used to estirnate relative differences in
AOT40 in two rnodel scenarios (explained in section 4.5), whereas the "stanclard"
calculation is forced to match the observed AOT40. The large changes in
estirnated AOT40, shown in Table 12, is therefore not reflecting equally large
changes in the photochernical processes.
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Table 12: Calculated contribution to the AOT40 for coniftrouslmeadow from
Norwegian sector compared with the previous calculations in Semb et
al. (1996) in brackets.

Contribution from the North Sea emissions to AOT40 (ppbh)

from Norweqian sector from British sector

Birkenes 47 (384) 6 (86B)

Voss 54 (297\ 15 (e03)

Kårvatn 1 15 (140) 34 (430)

6. Conclusions

The effects of atmospheric emissions from oil and gas exploration activity in the
North Sea for nitrogen deposition and ozone exposure in Southern Norway have
been studied. The emissions inclucle nitrogen oxides (NO"), carbon monoxide
(CO) and volatile organic compounds (VOC). The study reported here is a
follow-up after a first project phase.

The calculated total contribution to the N-deposition from the North Sea in 1992
show maxima in the coastal areas of Hordalancl ancl Sogn og Fjordane. The
calculations give conffibutions of 40-50 mg (N)imz and 20-30 rng (N)/rnz for
Norwegian and British sectors, respectively, totalling 60-80 rng (N)/rnz in this
region. The largest relative contribution from the North Sea is calculated in Møre
og Rornsdal. Here the calculations give contributions of l0-I3To for each of
Nolwegian ancl British sector compared to the total nitrogen cleposition in 1992,
totalling 20q/o for the North Sea contribution. The calculations give a rnarked
rnaximurn zone in N-deposition from the North Sea ernissions along the coast,
whereas the calculated deposition drops inland. Only a minor contribution from
the North Sea emissions to the N-deposition is found in the most exposed areas in
the southern part (Agder).

The calculatecl contribution from the North Sea to the nirogen deposition, using
l995-meteorology instead of 1992 (but with the same 1992 emissions) gives
lower deposition values than in 1992. This regards particularly the contribution
from Norwegian sector. With 1995-meteorology the maximum area of influence
frorn the Norwegian sector is displaced somewhat to the south. The geographical
pattern of N-deposition of North Sea ernissions in 1995 is, however, rather similal
the one calculated for 1992. As the same emission data (for 1992) were used in
both the calsulations for 1992 ancl 1995, the clifferences in the calculated North
Sea contribution is purely clue to meteorological differences.

The rnodel was used to estimate the contributions to ozone exposure expressed by
the so-callecl AOT40 index. The results indicate that emissions from British ancl

Norwegian seÇtor separately contribute less than 5Vo each of the measurecl AOT40
values for conifer'ous/tneadow.In 1992 the Norwegian sector of the North Sea is
calculated to contribute up to 325 ppbhours near Stacl. The calculations indicate
contributions from Norwegian sector of 130-200 ppbhours in a zone along the
coast from Rogalancl to Trøndelag, ancl less than 100 ppbhours else.
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The calculated influence to the AOT40 value using l995-meteorology is lower (in
absolute units) than in 1992. The contribution from British sector is also less in
1995 compared with 7992, and is lower than 100 ppbhours in all receptor points.
Relative to the observed AOT40 the calculated percentage contributions from the
North Sea were similar using 1992 meteorology and 1995 meteorology. This is
because both the observations and the calculated North Sea contributions were
lower in 1995 compared to 1992.

The new version of Fotoplume calculates much lower contributions both to the
N-deposition and to the AOT40 index than previous model versions. With the
new version l3Vo of the nitrogen emitted from Norwegian sector is calculated to
deposit in the receptor points for 1992 as a total, slightly less than estirnated
simplistically. Compared with the previous results in Semb et al. (1996) this
shows that the recent rnodel development, and in particular the parametelisation
of deposition processes, have given rnore realistic rnodel results.

The new calculations have also give substantially lower contributions from the
North Sea emissions to the AOT40 values than calculated previously. This
reflects both a generally improved model and a more sophisticated proceclure for
estimating the AOT40 index.
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Table A.l: Name and type of emission sources in the Norwegian sector, as u,ell
as the corresponding megasource and the grid coordínates x and y
referring to Figure 3. UTM x and UTM j is the east and north UTM
coordínates, using, the WGS84 system and zone 31 . The emission
numbers give the emitted mass in tonneslyear of NO, NO2, CHa, CO
øndVOC.

Megasource x v Neme TyÞe UTM x UTM Y NO NO2 cH4 co voc
1 10 a4A Cold vent 513707 6264211 0 0 244 0 157

1 '13 '10 2t4 A Diesel enqines 513742 6264246 90 7 0 44 10

1 13 10 Flare South Cold venl 51 3500 6266650 0 0 0 0 0

1 13 10 Flare South Flare 51 3500 6266650 16 1 'l 3 0

1 13 10 Safe Lancia Diesel enqines 5'13335 6266935 71 ô 0 34 I
1 13 '10 Neddriil Kolskaya Diesel engines 51 3435 6267055 24 2 0 11 3

1 13 10 Rigmar Diesel engines 51 3285 6267085 50 4 0 24 t)

1 tü 10 2t4 H Diesel enqines 51 31 35 626715'l 4 0 0 2 0

I 13 10 214 C Cold vent 51 3236 6267209 0 0 244 0 157

1 13 '10 a4c Diesel engines 513271 6267244 Ô1 I 0 45 11

'1 13 10 2t4 P Cold vent 51 31 33 6267301 0 0 244 0 tc/

1 13 10 a4P Fuqilive 51 3133 6267301 0 0 294 0 ttt
1 10 2J4 P Turbines 5'13168 6267336 214 17 38 10

I 13 10 2J4 T Cold venl 51 3065 6267394 0 0 244 0 t3I

1 13 10 Tananqer/ Sola Helicopter traffic 51 3065 6267394 46 4 0 ó¿ó 0

1 13 10 lnterfield transport Helicopler traffic 51 3065 6267394 13 1 0 88 0

1 13 10 Inlerfield transport Stand by ships 51 3065 6267394 44 4 0 14 5

1 13 10 Tananger/ Sola Supply ships 51 3065 6267394 786 oó 0 254 91

1 '13 10 lnterfield transpon Supply ships 51 3065 6267394 278 0 90

1 13 10 a4T Turbines 51 3065 6267394 2070 167 387 902 '102

1 13 10 a4R Cold vent 513013 6267517 0 0 244 0 157

13 10 2J4 R Turbines 51 3048 6267552 '153 12 44 67 12

13 10 Flare North Cold vent 5 1 2950 6267670 0 0 0 0 0

13 10 Flare North Flare 51 2950 6267670 12A 10 4 21 1

13 '10 2t4 B&K Flare 512570 62691 86 3 0 0 0 0

13 10 2t4 B&K Cold vent 51 2650 62691 86 0 0 244 0 157

13 10 A4 B&K Diesel enqines 51 2685 6269221 98 I 0 48 '1 '1

tó 10 2t4 B&K Turbines 51 2685 6269221 709 57 86 309 23

2 6 17 SPM-C Loading buoys 441 1 68 6794760 0 0 I 600 0 34067

6 17 Slalfjord A Cold vent 438509 6791 968 0 0 244 0 tcI
2 b 17 Statfjord A Helicopter traffic 438509 679 1 968 7 1 0 50 0

2 6 17 Stalfjord A Stand by ships 438509 679'1968 CJ 4 0 17 b

2 6 17 Statljord A Supply ships 438509 6791 968 43 4 0 14 5

6 17 Statliord A Diesel enqines 4384A4 6791 995 tJo 11 0 66 16

2 6 17 Statfjord A Turb¡nes 438526 6792008 805 65 '126 351 .1.1

2 6 17 Slatfjord A Flare 438509 6792104 245 20 I 40 2

2 6 17 OLS.A Loading buoys 441332 6792784 0 0 1 600 0 34067

2 6 18 Statfjord C Cold venl 441 197 6796479 0 0 81 0 73

2 6 18 Statfjord C Helicopter trafl¡c 441 197 6796479 7 0 50 0

2 b 18 Statfjord C Stand by ships 441197 6796479 5.t 4 0 17

2 b 18 Slalfjord C Supply ships 441197 6796479 43 4 0 14

2 6 18 Stalfjord C Turbines 441246 6796523 1 091 88 177 475 47

2 6 18 Statfiord c Flare 44'1197 6796626 '164 tó 5

3 b tt Gullfaks A Diesel engines 45641 6 6782750 I 0 4

3 b 17 Gullfaks A Helicopter traffic 456386 6742745 7 0 50 0

ú o 17 cullfaks A Stand by ships 456386 6782785 26 2 0 ô

3 o 17 Gullfaks A Supply ships 456386 6782785 43 4 0 14 5

o 17 Gullfaks A TuÍb¡nes 456416 6782800 1 035 B4 170 451 45

3 6 '17 Gulllaks A Cold vent 456386 6782907 0 0 81 0 73

ó 6 17 Gullfaks A Flare 456386 6782907 208 17 7 34 2

ú b 17 SPM-1 Load¡ng buoys 455706 6784583 0 0 3705 0 1727 5

b 17 SPM.2 Loadinq buoys 459560 6781 820 0 0 3705 0 17275
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Megasource x v Name Tvpe UTM x UTM V NO NO2 cH4 co voc
J 6 18 Gullfaks C Diesel enqines 46061 5 6785412 10

,1 0 5 I

3 6 18 Gullfaks C Helicopler lrafl¡c 460585 6785447 7 1 0 50 0

3 6 18 Gullfaks C Stand by ships 460585 6785447 26 2 0 o 3

3 6 18 Gullfaks C Supply ships 460585 6785447 43 4 0 14

3 6 18 Gullfaks C Turbines 46061 5 6785462 615 50 101 268 27

3 b 18 Gullfaks c Cold venl 460585 6785569 0 0 81 0 73

3 b 18 Gullfaks C Flare 460585 6785569 305 25 't0 49 2

3 b '18 Gullfaks B Diesel engines 457100 6785807 o 1 0 3 ,1

3 b '18 Gullfaks B Helicopter tratfic 45707A 67858'17 7 1 0 50 0

ó 6 18 Gullfaks B Other sources 457078 6785417 0 0 0 0 0

3 6 18 Gullfaks B Stand by ships 457078 6745417 ¿o 0 9

3 6 18 Gullfaks B Supply sh¡ps 457078 678581 7 43 4 0 14 5

3 6 1B Gullfaks B Cold venl 457078 6785930 0 0 8'1 0 73

3 6 18 Gullfaks B Flare 45707A 6785930 89 7 3 14 ,1

4 I 17 Oseberg A&B Diesel engines 490481 670636'1 37 3 0 '18 4

4 8 17 Oseberg A&B Turbines 490481 6706361 1 144 92 '168 498 45

4 I 17 Oseberq A&B Cold vent 4905'1 1 6706435 0 0 162 0 146

4 I 17 Oseberg A&B Flare 49051 1 6706461 355 29 '1 
1 57 3

5 6 OLS-B Loading buoys 438650 6788500 0 0 1 600 0 34067

5 b 17 Stalljord B Cold venl 437165 6786558 0 0 81 0 73

5 6 17 Statfiord B Helicopler traffic 437 165 6786558 7 1 0 50 0

5 6 17 Statfjord B Sland by ships 437165 6786558 53 4 0 IT 6

5 6 17 Statfjord B Supply ships 437 1 65 6786558 43 4 0 14 5

5 6 17 Slatfjord B Turbines 437214 6786602 882 TI 142 384 ót

5 6 IT Statfjord B Flare 437 165 6786705 178 14 b 29 1

b 7 17 Veslef rikk Diesel engines 494514 673881 I 254 21 0 125 30

6 7 Veslef rÌkk Helicopter tralfic 494554 673881 I 7 1 0 50 0

6 7 17 Veslefr¡kk Stand by ships 494554 673881 I 79 6 0 26 I
6 7 17 Veslefrikk Supply sh¡ps 494554 673881 I 130 11 0 42 15

6 7 17 Veslefrikk Turbines 494514 6738828 43 119 12

6 7 17 Veslefrikk Cold vent 494514 6738858 0 0 81 0 IJ

t) 7 Veslef rikk Flare 494514 6738858 102 B 3 '16 1

7 14 ô PCP Turbines 524561 62371 60 430 JC 71 1A7 19

7 14 I PCP Cold vent 524561 6237180 0 0 244 0 157

7 14 9 PCP Stand by ships 524561 6237140 129 10 0 42 15

7 14 o PCP Supply ships 524561 6237 1A0 92 7 0 30 11

7 14 I PCP Diesel engines 524594 62371A0 73 6 0 JO I
7 14 9 PCP Flare 524491 6237220 54 4 2 9 0

I 6 '18 Sno¡'re TLP Cold venl 454172 681 3253 0 0 81 0 73

I 6 18 Snorre TLP Helicopter traffic 454172 681 3253 3 0 0 22 0

B 6 18 Snone TLP Stand by ships 454172 68'13253 24 2 0 I 3

I 6 '18 Snorre TLP Supply ships 454172 68'13253 192 15 0 22

I 6 18 Snorre TLP Flare 454092 6813257 183 '15 6 30 1

B b 18 Snorre TLP Turbines 454190 6413271 32 3 5 14 1

I 6 18 Snorre TLP Diesel engines 454217 681 3273 325 26 0 158 38

16 I 81 1 Turbines 598096 6147454 723 5B 134 315 35
ô 16 I 81 1 Cold vent 5981 31 6147493 0 0 430 0 213

I to ô 81 1 Diesel enqines 5981 31 6147493 4 0 0 2 0

10 lo I H7 Turbines 696541 6044546 713 58 132 311 JC

10 lô I H7 Cold vent 696576 604458'1 0 0 449 0 219
'10 lô I H7 Dlesel eno¡nes 696576 6044581 3 0 0 '1 0

11 I tt Oseberg C Diesel enqines 447700 671 9328 159 IJ 0 77 18

11 I 17 Oseberg C Turbines 487700 671 9328 26 50 140 13
'11 I 17 Borg¡la Dolphin Dlesel engines 447730 67 1 9353 137 11 0 66 to

11 I 17 Oseberq C Cold vent 487700 671 9408 0 0 81 0 73
'1 'l I 17 Oseberg C Flare 4e7700 671942A 64 2 10
'12 I 17 Brage Helicopter traffic 502600 671 2000 16 0 114 0

12 I 17 Brage Stand by ships 502600 671 2000 149 12 0 4A 17

12 I 17 Braqe Supply ships 502600 671 2000 390 0 126 45

13 I 15 TCP2 Diesel enqines 447778 6638390 0 0 1

NILI,I OR 5/99



MeEasource x v Name Type UTM x UTMj NO N02 cH4 co voc
13 I lc TCP2 Turbines 447799 6638396 39'1 171 19

13 I TCP2 Other sources 447769 66384 1 5 5 0 0 7

13 I 15 TCP2 Cold venl 447804 6638421 0 0 1 697 0 212

13 I 15 TP1 Diesel engines 4475A5 6638405 2 0 0 I 0

13 I 15 TP1 Cold venl 447638 6638408 0 0 970 0 184

13 I '15 QP elf Diesel enqines 447665 663821 I 0 0 1 0

l1 I tc QP elf Helicopter traffic 447658 6638231 I I 0 54 0

'13 I {Ã QP elf Other sources 447654 6638231 3 0 0 0 0

13 I 15 QP elf Stand by ships 447658 6638231 42 3 0 14 5

13 I 15 QP elf Supply sh¡ps 44765A 6638231 40 3 0 13 5

13 I 15 DP2 Diesel engines 448090 6639072 5 0 0 2 1

13 8 '15 FP Cold vènl 447150 6638609 0 0 530 0 20

14 13 I Ù7 FTP Flare 51 621 I 6248050 0 0 0

14 13 I 2]7 FTP Cold vent 51 641 9 6248050 0 0 244 0 157

14 13 I 2J7 FÏP Diese¡ engines 516454 6248085 ¡c 0 7 2

14 13 I 2N FÏP Turbines 516454 6248085 23'l 19 45 10'1 12

14 9 2J7 B Flare 51 3320 6252894 0 0 0

14 13 9 2t7 B Cold vent 513470 6252494 0 0 244 0 157

14 13 I 217 B Diesel engines 51 3505 6252929 60 5 0 29 7

14 13 o a7B Turbines 5'13505 6252929 141 11 ta o¿ I
15 12 10 Ula Flare 490880 6330507 71 6 2 12

15 12 10 Ula Cold venl 49091 5 6330525 0 0 B1 0 73

15 12 10 Ula Helicopter tralfic 49091 5 6330525 ó 0 0 24 0

tc 10 Ula Stand by ships 4909 1 5 6330525 2A 2 0 I 3

'10 Ula Supply sh¡ps 49091 5 6330525 66 0 21 I
12 '10 ula Diesel engines 490895 6330543 I 1 0 4

15 12 10 Ula Turbines 490935 6330543 249 20 61 109 16

to 7 17 Ross Rig Diesel engines 463399 6770926 384 31 0 186 44

17 I '15 H[/P1 Turbines 456420 6604338 205 36 89 10

17 8 '15 HI\,4P1 Diesel engines 456424 6604344 4 0 0

17 I 15 HMPl Cold vent 456403 6604358 0 0 508 0 116

17 I 15 HMPl Hel¡copler traffic 456420 6604364 2 0 0 12 0

17 I 15 HMPl Sland by ships 456420 6604364 20 2 0 7 ?

17 I 15 HtvlP1 Supply ships 456420 6604364 40 3 0 13 5

17 I '15 HIVPI Flare 456420 6604472 4 0 0 1 0

17 I 15 HMPl Other sources 456420 6605364 17 1 Aq 0 25

18 6 18 Transocean No-8 Dìesel engines 469076 67991 53 287 0 '139 33
lô I 16 West Alpha Diesel enqines 456177 6668840 284 23 0 138 33

20 to 10 Gyda Flare 504986 6306399 3 1 b 0

20 tó '10 Gyda Cold vent 505076 6306399 0 0 8'1 0

20 13 10 Gyda Helicopter lralfic 505076 6306399 3 0 0 24 0

20 10 Gyda Stand by sh¡ps 505076 6306399 28 2 0 o 3

20 '13 '10 Gyda Supply ships 505076 6306399 bb 5 0 21 I
20 IJ '10 Gyda Turbines 505076 6306409 128 10 30 5b I
20 13 10 Gyda Diesel enqines 505056 630641 7 5 0 0 3 1

21 14 I West Della Diesel engines 51 5375 6243204 248 20 0 120 29

22 7 17 Ross lsle Diesel engines 481 301 6746170 231 1S 0 112 27

11 '1 
1 Deepsea Bergen Diesel engines 458351 6371 555 206 17 0 100 24

24 I 18 Vildkat Diesel engines 545327 6744539 194 16 0 94

25 to 10 a4D Cold venl 505258 6268892 0 0 244 0 t5I

25 t5 10 a4D Diesel engines 505293 626A927 181 lÃ 0 a8 21

¿o to I Wesl Vanguard Diesel engines 494061 6268008 134 '1 '1 0 65 15

27 I 15 Odin 30/10 Flare 453501 6660439 4 0 0 I 0

I 15 Od¡n 30/10 Cold vent 453524 6660439 0 0 288 0 toJ
27 I '15 odin 30/10 Helicopler traffic 453577 6660439 1 0 0 4 0

I Odin 30/10 Sland by sh¡ps 453577 6660439 I 1 0 2 'f

27 I 15 Odin 30/10 Supply ships 453577 6660439 58 5 0 19 7

27 8 15 Odin 30/10 Diêsel enqines 453597 6660444 1 0 0 0 0

27 I 15 Odin 30/10 Turbines 4535S7 6660444 12 1 6 1

28 13 10 2t4 E Flare 5'19902 62777 18 1 0 0 0 0

65
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Meqasource x v Name Type UTM x UTMj NO NO2 cH4 co voc
2A 13 10 2/4 E Cold venl 520052 6277718 0 0 244 0 157

28 13 10 2J4 Ê Diesel enqlnes 520087 6277753 27 2 0 13 3

28 13 10 2t4 E Turbines 520087 6277753 54 4 11 24 3

DÔ 10 12 Blokk 16/1 1-S Turbines 468953 6449977 o '1 5 4 1

29 10 Blokk 16/1 1-S Helicopter traff¡c 468983 6449977 1 0 0 5 0

29 10 12 Blokk 16/1 1-S Stand by ships 468983 6449977 7 1 0 1

29 '10 12 Blokk 16/'11-S Supply ships 468983 6449977 65 0 21 I
29 10 t/ Blokk 1 6/1 1-S Cold vent 468958 6449997 0 0 '124 0 77

30 13 10 2/4 F Cold vent 5022A4 6275259 0 0 244 0 157

30 13 10 a4F Diesel eng¡nes 5023 1 I 6275294 ÐJ 4 0 26 6

31 13 I 27 C + Tommelilen Flare 506286 6257948 5 0 0 1 0

31 13 o 2/7 C + Tommelilen Cold venl 506436 6257948 0 0 244 0 157

31 IJ ô 2:/7 C + Tommelilen Diesel enqines 506471 6257983 2 0 14 3

31 lú o 2n C + Tommeliten Turbines 506471 6257983 15 1 I 7 2

tó 10 1t6 A Flare 496 1 20 6277764 1 0 0 0 0

tú '10 1t6 A Cold vent 496320 6277764 0 0 244 0 157

32 IO '10 1/6 A Diesel engines 496355 6277799 3 0 0
,1

0

32 13 10 1/6 A Turbines 496355 6277799 20 2 11 I
JJ 12 10 7/11 A Flare 465556 6325400 2 0 0 0 0

12 't0 7t11 A Cold vent 465706 6325400 0 0 244 0 157

12 10 7/11 A Diesel eng¡nes 465741 6325435 5 0 0 3 1

.l.t 12 10 7t11 A Turbines 4657 41 6325435 11 1 b 5 2

34 16 6 OP amoco Helicopter lraffic 525673 601 47 47 6 0 0 41 0

35 14 ô Hod Coìd venl 524577 6225945 0 0 8'1 0 73

NILU OR 5/99



6l

Table 42: Name and type of emission sources in the British sector, as well as the
corresponding megasource and the grid coordinates x andy referring
to Figure 3. UTM x and UTMI: is the east and north UTM
coordinates, using the WGS84 system and zone 3I . The emíssion
numbers give the emitted mass in tonneslyear of NO, NO2, CHa, CO
andVOC.

Megasource x v Name type UTM x UTM Y NO N02 cH4 co voc
1 b 17 Brent Cold vent 432011 6779347 0 0 419 0 226

I 6 17 Brent Diesel enqines 432011 6779347 2068 to/ 0 1 001 234

1 6 17 Brent Flare 432011 6779347 1 655 134 13

I 6 17 Brent Turbines 432011 6779347 1231 99 288
2 I 12 Miller Cold vent 407589 651 2481 0 0 267 0 144

2 I 12 Miller Dlesel enq¡nes 407589 6512481 593 4A 0 287 68

2 I 12 Miller Flare 407589 651 2481 21 98 177 71 355 18

2 o Miller Turbines 407589 651 2481 óÐú 28 83 154

3 I 10 Fôrties Diesel enqines 372400 6401 1 02 1342 108 0 650

3 o 10 Forlies Flare 372400 6401102 977 79 158 I
J o 10 Forties Turbines 372400 6401 1 02 799 65 187 348 49

4 I 14 Beryl Cold venl 41 6596 660971 2 0 0 91 0 49

4 I 14 Beryl D¡esel enqines 41 6596 660971 2 936 to 0 453 108

4 I 14 Ness Diesel enqines 41 6596 660971 2 56 5 0 27 6

4 I 14 Beryl Flare 4'16596 660971 2 1113 90 36 180 9

4 I 14 Ness Flare 4'16596 660971 2 54 4 2 9 0

4 I 14 Beryl Turbines 4 1 6596 6609712 558 45 131 243 34

4 I 14 Ness Turbines 41 6596 6609712 3 I 14 2

5 5 18 Maqnus Cold vent 41 0499 6833288 0 0 419 0 ¿¿o

5 5 18 lvlaqnus Diesel enqines 41 0499 6833288 1344 108 0 651

5 5 18 Magnus Flare 41 0499 6833288 407 13 bb 3

5 18 lvlaqnus Turbines 41 0499 6833288 800 65 187 349 49

b b 16 Ninlan Cold vent 41 6939 6748317 0 0 419 0

6 6 16 Ninian Dìesel enqines 41 6939 6748317 740 60 0 358 85

b 6 16 Stalfa Dìesel enq¡nes 41 6939 6748317 47 4 0 5

b 6 16 NÌnian Flare 41 6939 6748317 Ão7 48 '19 96 5

6 6 16 Staffa Flare 41 6939 6748317 678 55 '109 5

6 6 16 Ninian Turb¡nes 4'16939 6748317 441 36 103 192 27

6 b 16 Slaffa Turbines 41 6939 674A317 28 2 7 12 2

7 10 10 Arbroath Diesel enqines 402801 6360904 297 24 0 144 34

7 '10 10 Arbroath Flare 402801 6360904 1927 155 62 311 to

7 10 10 Arbroath Turbines 402801 6360904 177 14 41 77 11

I b 17 Alwyn N Cold vent 431 47 5 6742901 0 0 1 269 0 683

I b IT Alwyn N D¡esel engines 431475 67 42901 1 091 8B 0 528

I 6 17 Alwyn N FlaÍe 431475 6742901 190 15 6 31 2

8 6 17 Alwyn N Turbines 431475 6742901 650 52 152 2A3 40

9 17 5 lvlorecombe South Cold vent 544183 5980734 0 0 3004 0 1618
o 5 Morecombe South Diesel eng¡nes 544143 5980734 1 062 86 0 514 122

9 17 Morecombe South Turbines 544143 5980734 632 51 148 276 39

10 12 o Fulmar Cold vent 444162 6262728 0 0 85 0 46

10 t¿ o Fulmar Diesel enqines 444162 6262728 738 60 0 357 85

10 o Fulmar Flare 444162 6262728 380 31 12 ot
'10 12 o Fulmar Turbines 444162 6262728 439 óc 103 191

t! to Leman Cold vent 442519 5885841 0 0 2609 0 1 405

11 16 2 Leman Diesel engines 442519 5885841 922 74 0 447 106

11 16 2 Leman Turb¡nes 442519 588584 1 549 44 129 239 34

11 16 2 Leven Diesel enqines 44253A 5885871 ¿o 0 13 3

11 16 2 Leven Flare 442538 5885871 2 0 0 0 0

'1 
1

'16 2 Leven Turbines 442534 5885871 tb 1 4 7 ,1

12 I '1 1 Piper Cold vent 340540 6483973 0 0 0 21

12 I 11 Piper Diesel enqines 340540 6483973 14 I 0 7 2

12 I 11 Piper Turbines 340540 6483973 a 1 2 4 1

12 I 11 Claymore Diesel enqines 33S924 64831 93 409 33 0 198 47

12 I 11 Scapa Diesel enqines 339924 6483 1 93 249 20 0 121 29

12 I 11 Claymore Flare 339924 6483 1 93 '163 13 5 1
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12 I 1'1 Scapa Flare 339924 6483 1 93 244 20 I ao 2

12 I 11 Claymore Turbines 339924 6483 1 93 244 20 q7 106 15

12 I 11 Scapa Turbines 339924 6483 1 93 149 12 35 65 o

13 Tern D¡esel engines 388709 6799769 636 51 0 308

13 17 Tern Flare 388709 6799769 434 35 14 70 4
'13 5 17 Tern Turbines 388709 6799769 379 31 89 165 23

14 I 13 Brae N Cold vent 405041 651 8762 0 0 91 0 49

14 I Brae N Diesel engines 405041 651 8762 357 to 0 173 41

14 I 13 Brae N Flare 405041 651 8762 706 57 114 6

14 a IJ Brae N Turbines 405041 6518762 212 17 50 ôâ 13

15 B 11 Petronella Diesel engines 329757 647 027 4 94 I 0 45 11

15 I 11 Pelronella FIare 329757 6470274 too 11 4 22

15 I 1'1 Pelronelia Turbines 329757 6470274 56 4 13 24 3

15 I 1'1 Rob Roy Cold venl 33'1638 6471215 0 0 53 0 2A

15 I 1'1 Hamish Diesel engines 33 1 638 6471215 19 2 0 9 2

15 I 11 Rob Roy D¡esel engines 33 1 638 6471215 328 26 0 iÃô 38

tc I 11 Rob Roy Flare 33 1 638 6471215 434 35 14 70 4

tc I 11 Hamish Turbines 331 638 6471215 '1 
1 5

15 I '1 1 Rob Roy Turbines 331 638 6471215 195 tÞ 46 85 12

16 I 11 Balmoral Diesel engines 391 253 6456740 239 '19 0 '1 16 28

16 I 1'1 Glam¡s Diesel engines 391 253 6456740 30 2 0 14 3
'16 o 11 Balmoral Flare âôi ôaâ 6456740 434 35 14 70 4

16 ô 11 Glamis Flare 391 253 6456740 244 20 I 39 2

16 I 11 Balmoral Turbines 391 253 64567 40 142 11 33 o¿ o

16 s 11 Glamis Turbines 391 253 6456740 18 4 I
17 5 17 Cormorant S Cold vent 396344 6776006 0 0 419 0 226

17 5 17 Cormorant S Diesel enqines 396344 6776006 335 27 0 162

17 17 Cormorant S Flare 396344 6776006 570 46 18 92

17 5 17 Cormorant S Turbines 396344 6776006 199 '16 47 87 12

18 '10 À/aureen Diesel enqines 423528 6445126 ¿to 17 0 '1 05

18 10 12 MÕirâ D¡esel enoines 423528 6445126 17 0 I 2
'18 10 12 Maureen Flare 423528 6445126 651 105 5

18 '10 12 À/oira Flare 423528 6445126 27 2 4 0

18 '10 12 lvlaureen Turbines 42352A 6445126 129 10 30 56 I
'18 10 12 Moira Turb¡nes 423528 6445126 10 1 2 4 1

19 6 17 Dunlin Diesel enqines 425339 6794802 239 19 0 116 2A

19 6 Osprey Diesel enoines 425339 6794402 245 20 0 119 28

19 6 17 Dunlin Flare 425339 6794402 109 I 4 18 1

19 6 17 Osprey Flare 425339 6794A02 54 4 2 ô 0

19 6 Dunlin Turbines 425339 6794802 142 11 33 62 I
10 b 17 Osprey Turb¡nês 425339 6794802 146 12 34 64 I
20 6 18 Thistle Cold vent 425722 6806494 0 0 419 0

20 ô '18 Don Diesel enq¡nes 425722 6806494 44 4 0 21

20 6 18 Thistle Diesel enqines 425722 6806494 318 26 0 154 37

20 6 18 Don Flare 425722 6806494 163 13 5 26 1

20 6 18 Thistle Flare 6806494 163 13 5 ¿o 1

20 6 18 Don Turbines 6806494 26 2 6 1'1 2

20 6 '18 Thistle Turb¡nes 425722 6806494 190 15 44 83 12

21 17 3 ¡ndefat¡gable Cold vent 468805 Eôa^114 0 0 1 595 0 859

17 3 lndefatlgable Dìesel enqines 468805 5916717 564 45 0 oc
¿t 3 lndefatigable Turbines 468805 5916717 336 27 ao 146 21

5 17 Cormorant N Cold venl 401274 6791 498 0 0 41S 0

5 17 Cormorant N Diesel enqines 401274 6791 498 398 0 193 46
22 5 17 Cormorant N Flare 401274 6791 498 217 18 7 35 2

22 5 17 Cormorant N Turbines 401274 6791 498 237 19 56 103

23 6 18 lvlurchison (UK) Cold venl 433023 6808636 0 0 419 0 226
23 6 18 Murchison (UK) Diesel enqines 433023 6808636 385 31 0 187 44
23 6 18 Murch¡son (UK) Flare 433023 6808636 190 '15 b 31 2

23 6 18 N4urchison (UK) Turbines 433023 6808636 229 aô 54 '1 00 14

?4 5 17 Eider Diesel enqines 402413 6804499 279 0 '135

24 5 17 Eider Flare 402413 6804499 353 2A 11 57 3

24 5 17 Eider Turbines 402413 68044S9 166 13 39 72 10
25 14 J Ravenspurn North Cold vent 364211 59S41 67 0 0 1218 0 656
25 14 3 Ravenspurn North Diesel enqìnes 36421 1 59941 67 431 0 208 50
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25 14 3 Ravenspurn North Turbines 364211 59941 67 256 21 60 112 '16

9 '10 Kilt¡wake Cold vent 353253 6372A75 0 0 85 0 46

26 ô 10 Kiltiwake Diesel enqines 353253 6372475 260 21 0 126 30

26 9 10 Kiltiwake Flare 353253 6372475 244 20 I 39 2

26 o 10 Killiwake Turbines 353253 6372475 13 óo 68 10

o 12 Brae S Cold vent 401021 6507447 0 0 91 0 49

27 o Brae S Diesel enqines 401021 6507447 132 11 0 b4

9 12 Brae S Flare 40'1o21 6507447 434 35 14 70 4

27 I 12 Brae S Turbines 40'1021 6507447 79 6 '18 34 5

28 b 17 Hulton NW Cold venl 409205 6776301 0 0 419 0

2A b 17 Hulton NW Diesel enqines 409205 6776301 230 19 0 112 27

28 b 17 Hutton NW Flare 409205 6776301 244 20 I 39 2

28 6 17 Hutton NW Turbines 409205 6776301 tó/ 11 32 60 I
29 16 2 Hewelt & Della Cold vent 41 8089 5884929 0 0 '1084 0 584

29 '16 2 Hewett & Della Diesel engines 41 8089 5884929 383 ât 0 '186 44

29 to 2 Hewett & Della Turbines 41 8089 5884929 228 18 53 oÕ 14

30 6 to Emerald Diesel engines 393284 6728113 bb 5 0 32 I
30 6 16 Emerald Flare 393284 67281 1 3 461 37 '15 74 4

30 6 '16 Emerald Turbines 393284 672A113 39 .t I 17 2

31 11 lvanhoe Cold vent 330827 6454157 0 0 53 0 29

JI I 11 lvanhoe Diesel enqines 330827 64541 57 20 0 117 28

ól I 11 lvanhoe Flare 330427 64541 57 136 11 4 22 1

31 I 11 lvanhoe Turbines 330827 64541 57 144 12 34 63

32 12 I Clyde Cold vent 456360 6256885 0 0 0 46

32 ô Clyde Diesel enqines 456360 6256885 248 20 0 120 29
aÒ 12 I Clyde Flare 456360 6256885 109 ô 4 1B 1

12 9 CIVde Turbines 456360 6256885 148 12 J5 64 9

óó to 3 Audrey Cold venl 432049 59361 71 0 0 432 0 448

33 to 3 Audrev Dìesel enqines 432049 593617'1 294 24 0 142 34
'16 3 Audrey Turbines 432049 59361 71 175 14 41 76 11

34 14 2 Amelhysl Cold vent 354206 5944368 0 0 705 0 380

34 14 2 Amethyst Diesel enqines 354206 5944368 249 20 0 121 29

34 14 2 Amelhyst Turbines 354206 5944368 148 12 65 I
âc 6 Hullon Diesel enqines 41 3825 6771 666 197 '16 0 96

35 6 17 Hutton Flare 413425 677'1666 81 7 3 13 1

b Hutton Turbines 413A25 6771 666 118 I 2A 51 7

36 I 11 Hiqhlander Diesel enqines 331427 6477153 95 I 0 46 11

36 I 11 H¡qhlander Flare 331427 6477153 12 1 0 2 0

36 I '1 1 Hiqhlander Turb¡nes 331427 6477153 56 13 25 3

36 I '1 1 Tartan Cold vent 329129 6473801 0 0 40 0

36 I 11 Tartan Diesel engines 329125 6473801 92 7 0 45 11

36 I 11 Tartan Flare 329129 6473801 81 7 3 13 1

36 I 11 Tartan Turbines 329129 6473801 4 13 24 3

37 ö 10 Buchan D¡esel enqines 326028 6423924 '1'16 I 0 56 13

10 Buchan Flare 326024 6423924 190 't5 6 31 2

37 I 10 Buchan Turbines 326024 6423924 69 b 16 30 4

38 I 10 Angus Diesel engines 327042 64481 56 208 17 0 100 24

I '10 Anqus Turbines 327042 6444156 124 10 29 54 I
39 14 3 West Sole Cold vent 374093 595801 I 0 0 577 0 3'1 1

ao 14 3 West Sole Diesel enqines 374093 595801 B 204 16 0 99 24

39 14 3 Wesl Sôle Turbines 374093 595801 I 121 10 .2A 53 7

40 14 3 Ravenspurn South Cold venl 3581 07 5994969 0 0 534 0 287

40 14 3 Ravenspurn South D¡esel enqines 3581 07 5994909 189 15 0 91 22

40 14 3 Ravenspurn Soulh Turbines 3581 07 5994969 112 I 49 7

41 to 3 V¡kinq Cold vent 450JOJ 5923521 0 0 524 0 282
41 16 3 Vikins Diesel engines 456363 185 15 0 90 21

41 16 3 Vikinq Turbi nes 456363 5923521 'l 10 ô 26 48 7

42 16 Vulcan Cold vent 431632 5902055 0 0 497 0 268
42 to ó Vulcan Diesel eno¡nes 431 632 5902055 176 14 0 85 20

42 to 3 Vulcan Turbines 431632 5902055 105 I 25 46 6

43 I 13 Brae C Cold venl 415456 6527988 0 0 91 0 49

43 o 13 Brae c Diesel engines 41 5456 6527988 169 14 0 82 20

43 o 13 Brae C Turbines 41 5456 6527988 101 8 24 44 6

44 3 Clipper Cold venl 410174 5936537 0 0 472 0 254
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44 15 Clipper Dlesel engines 410178 5936537 167 ¡J 0 81 19

44 15 Clipper Turbines 410174 5936537 99 I 23 43 6

45 16 3 Victor Cold vent 458253 5909844 0 0 428 0 231

45 16 Victor Diesel enqines 458253 5909844 15'1 12 0 17

45 16 3 Victor Turbines 45A253 5909844 90 7 21 âô 6

46 11 Bealrice Diesel enqines 50 1 309 6442565 129 10 0 62 15

46 11 12 Beatrlce Flare 501 309 6442565 27 2 I 4 0

46 11 12 Bealrice Turbines 50 1 309 6442565 77 6 18 ãa

47 17 Welland NW Cold vent 482471 587081 I 0 0 236 0 127

47 17 3 Welland NW Diesel enqines 482471 587081 I 83 7 0 40 10

47 17 3 Welland NW Turbines 482471 58708'19 50 4 12

47 17 Welland S cold vent 482490 5870850 0 0 lbb 0 89

47 17 3 Welland S Diesel enqines 482490 5870850 Ãô 0 28 7

47 17 3 Welland S Turbines 482490 5870850 âÃ 3 I 15

48 ô 12 Deveron Diesel engines 383020 6471429 10 1 0 5 1

4A I 12 Donan Diesel enqines 383020 6471429 50 4 0 24 6

4A ô 12 Deveron Flare 383020 6471429 11 1 0 2 0

48 I 12 Donan Flare 383020 6471429 109 4 18 1

4A I 12 Deveron Turbines 383020 6471829 6 1 1 3 0

48 ô 12 Donan Turbines 383020 6471429 30 2 7 13 2

49 16 Heather Diesel eng¡nes 388683 6759645 80 b 0 39 I
49 5 tb Heather Flare 388683 6759645 81 7 3 '13 1

49 5 16 Heather Turbines 388683 6759645 4A 4 1l 21 3

50 15 3 Barque Cold venl 402995 5942491 0 0 342 0 184

50 15 3 Barque Diesel engines 402995 5942491 121 10 0 Ãô 14

50 15 3 Barque Turbines 402995 5942491 6 17 31 4

51 9 Auk D¡esel engines 442551 6249968 OJ 5 0 30 7

51 12 9 Auk Flare 442551 6249968 81 7 3 '13
1

51 12 I Auk Turbines 442551 6249968 3 9 '16 2
EC 10 I Gannet B Cold vent 379122 6339877 0 0 29 0 '15

EC 10 I Gannet C Cold vent 379122 6339877 0 0 29 0 It

EO 10 I Gannet D Cold vent 379122 6339877 0 0 29 0
q) 10 I Gannet B Diesel engines 379122 6339877 11

,1 0 5 '1

52 '10 I Gannet C Diesel engines 379122 6339877 11
,1 0 5 1

52 10 o Gannet D Diesel engines 379122 6339877 14 1 0 7 2

52 10 9 Gannel B Flare 379122 6339877 38 J 1 6 0

52 10 o Gannet C Flare 379122 6339877 38 3 1 6 0

52 10 I Gannet D Flare 379122 6339877 38 3 I 6 0

52 10 s Gannet B Turbines 379122 633S877 6 1 2 3 0

52 10 ô Gannet C Turb¡nes 379122 6339877 7 1 2 3 0

52 10 ô Gannet D Turbines 379122 6339877 B '1 2 4 1

53 17 2 Camelol C&S Cold vent 449042 5869821 0 0 294 0 158

17 2 Camelol C&S Diesel enqines 449042 586982 1 104 I 0 50 12

17 2 Camelot C&S Turbines 449042 5869821 tc 27 4

54 14 3 Cleeton Cold vent 351 700 5989695 0 0 284 0 153

54 14 3 Cleeton Diesel enqines 351 700 59e9695 100 I 0 49 12

54 14 3 Cleelon Turbines 351 700 5989695 60 5 14 4

to 3 Trislan Cold vent 440307 59081 51 0 0 0 '13

55 16 Tristan Diesel engines 440307 59081 51 I 1 0 4 1

55 16 3 Tristan Turbines 440307 59081 51 5 0 I 2 0

55 16 3 Valiant Soulh Côld vent 440326 590818'1 0 0 260 0 140

to 3 Valiant Soulh Diesel enqines 440326 59081 81 92 7 0 45 11

to 3 Valiant South Turbines 440326 590818'1 4 13 24 3

56 14 Ã EsmÕnd Cold vent 3991 32 6050536 0 0 239 0 129

56 14 5 Esmond D¡esel enq¡nes 3991 32 6050536 85 7 0 41 10

56 14 5 Esmond Turbines 3991 32 6050536 50 4 12 3

56 14 5 Forbes Cold vent âool Ãl 6050566 0 0 '18 0 10

5b 14 5 Forbes Diesel enqines 399'15'1 6050566 6 1 0 3 1

56 14 Forbes Turbines 399'151 6050566 4 0 2 0

57 10 10 N/tronlrose Diesel enoines 403438 6368746 2 0 10 2

57 10 10 lvlonlrose Flare 403438 6368746 109 I 4 18 1

57 10 10 [/ontrose Turbines 403438 6368746 13 I 3 6 1

17 3 Bure Cold venl 470269 5881 849 0 0 45 0 24

58 17 ó Thames & Wensum Cold vent 470269 5881 849 0 0 155 0 84
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58 17 o Bure Diesel enqines 470269 5881 849 16 0 I 2

58 17 3 Thames & Wensum Diesel engines 470269 5881 849 55 4 0 27 6

58 17 ó Bure Turbines 470269 5881 849 9 2 4 1

58 17 3 Thames & Wensum Turbines 470269 5881 849 JJ 3 I 14 2

58 17 3 Yare Cold vent 47 1452 5877361 0 0 41 0 22

58 tt 3 Yare Diesel eng¡nes 471 452 587736 1 14 0 7 2

58 17 3 Yare Turb¡nes 47 1 452 5877361 I 2 4 1

59 16 2 Anqlia Cold vent 41 051 1 5914212 0 0 ¿JJ 0 125
Ão 16 2 Anqlia Diesel enoines 410511 5914212 7 0 40 I
Ão 16 2 Anqlia Turblnes 41 051 1 5914212 49 4 11 3

60 16 3 Valiant North Cold vent 43641 0 59'12930 0 0 195 0 105

60 16 3 Valiant Norlh Diesel enqines 436410 591 2930 69 b 0 I
60 16 Valiant Norlh Turbines 436410 591 2930 41 J 10 18 3

ot 13 I Arqvll Diesel enqines 487051 6226597 33 3 0 tþ 4

6l 13 I ArqVll Flare 447051 6226597 27 2 4 0

61 tó I Arqyll Turbines 447051 6226597 20 2 5 I 1

61 13 I Duncan Diesel enqines 442497 6226859 6 0 3 1

ol 13 o Duncan Flare 482897 6226859 5 0 0 0

61 13 I Duncan Tu¡'bines 482A97 6226859 4 0 1 2 0

62 15 2 Pickerlll Cold vent 378539 5932855 0 0 151 0 81

o¿ 15 2 Pickerill Dlesel enqines 378539 5932855 53 4 0 26 6

62 15 2 Pickerill Turbines 378539 5932855 o 7 14 2

63 14 5 Gordon Cold vent 431 804 6039695 0 0 0 74

63 14 5 Gordon Diesel enqines 431 804 6039695 49 4 0 24 6

63 14 5 Gordon Turbines 43 1 804 6039695 to 7 13 2

b4 17 North & South Sean Cold venl 488804 590741 I 0 0 133 0 72

64 '17 3 North & South Sean Diesel engìnes 488804 590741 I 47 4 0 /,1 5

64 17 3 North & South Sean Turb¡nes 488804 5907 41A 2A 2 7 12 2

65 lo J Vanquard Cold venl 443652 591 5558 0 0 105 0 57

65 16 3 Vanquard Diesel enqines 443652 591 5558 37 3 0 18 4

65 16 3 Vanguard Turbines 443652 591 5558 22 2 5 10 1

bb I '1 1 Cyrus Diesel ênoines 409793 6444734 12 1 0 6 1

ob I 1'1 Cyrus Flare 409793 6444734 2 1 4 0

bb I 11 Cyrus Turb¡nes 4097S3 6444734 7 1 2 3 0

67 tt 2 Camelot N cold vent 443403 5867720 0 0 46 0

67 17 2 Camelot N Diesel engines 443403 5867720 16 1 0 I 2

67 17 Camelot N Turbines 443403 5867720 10 1 2 4 1

68 17 4 Markham Cold venl 499122 596451 5 0 0 24 0 13

68 17 4 Markham Diesel engines 499122 596451 5 9 'I 0 4 1

68 17 4 Markham Turb¡nes 499122 59645 1 5 5 0 1 2 0

l1
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