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Preface

Nature Tolerance Levels

The programme on Tolerance Levels in Nature was started by the Norwegian
Ministry of Environment in 1989. The programme aims to obtain background
material for international agreements on reductions of emissions. Within the
Convention on Long Range Transboundary Air Pollution the members have
decided that new agreements on emission reduction will be based on the principle
of critical load.

A steering group with members from the Ministry of Environment has the overall
responsibility of the programme. The following departments in the Ministry are
represented in the steering group:

e Department of Nature Conservation and Cultural Heritage
e Department for International Co-operation, Air Management and Polar Affairs
o Department for Water, Waste Management and Industry

The administration of the programme has been given to a working group with
representatives from the Directorate for Nature Management (DN), Norwegian
Pollution Control Authority (SFT) and Norwegian Polar Institute (NP).

The working group has the following representatives:

Gunnar Futszter - NP
Tor Johannessen - SFT
Else Lgbersli - DN
Steinar Sandgy - DN

Questions regarding the programme may be given to:

Directorate for Nature Management
Tungasletta 2

N-7005 Trondheim

Norway

el +47 73 58 05 00
Telefax: +47 7391 5433
or:
Norwegian Pollution Control Authority
P.O. Box 8100 Dep.
N-0032 OSLO
Noerway

Tel.: 47 22 5734 00
Telefax: +47 22 67 67 06

Kjetil Torseth
Scientist
Norwegian Institute for Air Research



NILU OR 67/97



Contents

Page
L L T NSRS M AR AR —E————— 1
S T NN o i amncsnsiiodi b A DTS 5455165 25544 554 s 6 g3 B S PR BB SRS A 5
L UL 216 ) U USRS RRTUSSR U WSS R—————— i
L I O ANTC I OM sammmssommisiniins ontssmatantmnssstssusasistshisssnsssvspsat draushuas bumtissasnspinasssnsassmamentas 9
2 Deposition PrOCESRES ....otxmnenisediossnsssesssessssos omeaisct s siaitasisssrmamt s s oo sams iy 9
3. Daila ngell {05 MAPPING ..osinmminnsosioniortbborshsisntsbsssiattnsss s stohittisstaasonas 12
& LT DOLARION 1. cus - svvs s cvmmsmmnssiscstimmennimmn o s S AR S RS AT RS ERRS 15
8 Data Bl TEES. cu.svesssesummmsanon suestiispab ik cossribsd s dhiokss 45 as vdsssseins i anes sasnsadasssesmme 15
6. Results and diSeussion .......c..sosmmssissmpsasamesmsssmssassnusssisissrssssossaavsssenssniss 17
T Rl CHCINEES - commemsemsmscs. susmsssnmmmmmsnmssmamsmsesmssE g rasemmson i dedSamtuasssousssneussvass 29
Appendix A Figures 1.1-1.4 and Table 1. 1.........crviirivninsinnisrensrensncssncasanee 33

Appendix B Nature Tolerance Levels (Naturens talegrenser)
REPOTE civssensssessmerssrssssimmescsssssremssiomsesnmmraasermpoassnrsssassassonnsmnmnsasanses 45

NILU OR 67/97



NILU OR 67/97



Summary

The total depositions of sulphur and nitrogen compounds in Norway have been
estimated with a grid resolution of 50-50 km2, based on available measurements
of air and precipitation chemistry. The first estimate was covering the period
1983-87 (Pedersen et al., 1990) while a later work gives results for the period
1988-1992 (Torseth and Pedersen, 1994). In this report, estimates for the period
1992-1996 are given and compared to the previous estimates. In addition, the
depositions of sea-salts and non sea-salt potassium and calcium have been
estimated. The results are presented as tabulated values to the individual grid
cells, and visualised on geographical maps.

The average total deposition (1992-1996) of the non sea-salt compounds were
highest in the south-western part of Norway with maximum sulphur deposition
exceeding 1.1 g S/m? in grid cell no. 4, and approx. 1.0 g S/m? in the neighbouring
cells (8 and 9). The lowest depositions were observed along the Swedish border
from Finnmark in the north down to Oppland in central Norway with values
approximately one order of magnitude lower than in the maximum areas.
Similarly, deposition values for individual meteorological sites varied from at
most 1.6 g S/m2 down to 0.07 g S/m2. The largest grid cell depositions of oxidised
and reduced nitrogen were 1.0 and 0.77 g N/m2, whereas the lowest depositions
were 0.06 and 0.05 g N/m2, respectively. Similarly, total nitrogen deposition for
the individual sites varied from 0.11 to 2.28 g N/m?

Estimated total yearly depositions were for the period 1992-96 approximately 114
000 tonnes sulphur and 152 000 tonnes nitrogen. Compared with similar estimates
for the period 1983-87 and 1988-1992, there has been a reduction in the sulphur
deposition of 33% and 23%, respectively. For nitrogen deposition, corresponding
reductions were 14% and 2% for oxidised nitrogen, and 23% and 6% for reduced
nitrogen compounds. Also the amounts of precipitation varied significantly
between the different periods with 11% lower amounts during the period 1983-87
and 13% higher amounts during 1988-92, compared to 1992-1996. However,
changes in precipitation amounts can only to a small extent explain the observed
changes in deposition of sulphur and nitrogen

Although we emphasised to use the same methodology, there are some minor
differences in the way depositions have been estimated compared to the previous
estimates. In addition, the number of measurement sites increased significantly
from 1983-87 to 1988-92. Compared to the period 1988-92 we assume that the
results are readily comparable, whereas compared to 1983-87 some caution should
be made.

Estimates of depositions of sea-salt ions, non sea-salt potassium and non sea-salt
calcium have been improved by using a larger number of sites, the application of
ambient air concentrations compared to throughfall measurements to quantify dry
deposition, and for sea-salts a model describing concentration levels in
precipitation as a function of the distance to the coast. Still, however, considerable
uncertainty in the estimates are expected.
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Sammendrag

De totale avsetninger av svovel og nitrogenforbindelser til Norge har veert
estimert basert pd madlinger av luft- og nedbgrkjemi. Det forste estimatet
omfattet perioden 1983-1987 (Pedersen et al., 1990) mens et senere arbeid
dekket perioden 1988-1992 (Torseth and Pedersen, 1994). I denne rapporten
presenteres estimater for perioden 1992-1996 og disse er sammenlignet med de
tidligere perioder. I tillegg er det beregnet avsetninger av sjgsalter og ikke-
marin kalium og kalsium. Resultatene er vist som tabulerte verdier til et
landsdekkende rutenett pa 50-50 km2, og visualisert pa geografiske kart.

Total avsetning av ikke-marine komponenter var stgrst 1 de sgr-vestre deler av
landet med maksimal svovel deposisjon over 1,1 g/m2 i rute 4 (Vest-Agder), mens
de laveste avsetninger ble registrert langs svenske-grensen fra Finnmark og til
Oppland fylke. Tilfgrselen var omlag en tidel av tilfgrselen 1 maksimumsomradet.
Fordelingsmgnstret for nitrogen (totalt oksidert og redusert) er svert likt det for
svovel, med tilsvarende avsetningstall fra 1,77 g/m2 til 0,11 g/m2. Totale
avsetninger for Norge er beregnet til 114 000 tonn svovel og 152 000 tonn
nitrogen. Sammenlignet med periodene 1983-1987 og 1988-1992 har det veart en
reduksjon 1 svovelavsetningen pa hhv. 33% og 23%, mens det for
nitrogenforbindelser var reduksjoner 1 stgrrelsesordenen 14% og 2% (oksiderte
forbindelser) og 23% og 6% for reduserte forbindelser. Ogsa mengdene nedbgr
varierte betydelig mellom de ulike periodene med hhv. 11% mindre i 1983-1987
og 13% mer 1 perioden 1988-1992. Endringene 1 nedbgrmengde vil bare til en viss
grad kunne forklare de observerte variasjoner i tilfgrsel av svovel og nitrogen, og
det antas at endrede utslippsmengder er den viktigste forklaringen til variasjonen
mellom periodene. Sma ulikheter i metodikken benyttet ved de ulike estimatene,
og szrlig sammenlignet med 1983-87, gjgr imidlertid at direkte sammenligninger
ikke kan gjgres ukritisk. De presenterte tilfgrselstall for sjgsalter og ikke-marin
kalsium og kalium antas a inneholde en betydelig usikkerhet sammenlignet med
estimatene for svovel og nitrogen.
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Deposition of major inorganic compounds in
Norway 1992-1996

1. Introduction

In order to evaluate the exceedance of critical loads to the ecosystems, quantified
atmospheric input to the system is essential. The atmospheric input of pollutants
can be determined from atmospheric dispersion models, by using emission data,
meteorological data and parameters describing transformation and removal
processes (Barrett et al., 1995). Under the Co-operative programme for the
monitoring and evaluation of long-range transmissions of air pollutants in Europe
(EMEP), concentration and deposition fields are calculated at two Meteorological
Synthesising Centres for all European countries. So far one-layer Lagrangian
models and a grid size of 150-150 km2 have been used, but the grid size has
recently been reduced to 50-50 km2. A multi-layer Eulerian model using a grid
size of 50-50 km? is also being developed.

Atmospheric inputs may also be inferred from measurements of air and
precipitation chemistry. Particularly in a country like Norway, where large
topographical features cause large variations in depositions, use of measured
concentrations an precipitation amounts makes it possible to determine the inputs
by precipitation more directly and with more detailed spatial resolution than are
available from models. Dry deposition may also be inferred from measured
airborne concentrations. In this case it is essential to take into account seasonal
variations and differences in ground cover. The heterogeneity of the surface
characteristics are also reflected in the critical loads for specific receptor areas and
ecosystems, which makes it desirable to determine atmospheric inputs with the
same spatial resolution.

In this work, estimates of the total depositions of all major inorganic compounds
(sulphur, nitrogen, non sea-salt base cations (K and Ca) and sea-salts (Na, Mg, Cl,
K, Ca, S) of interest in the evaluation of critical loads for acidity and for nutrient
nitrogen, are presented. The estimates are based on data available through the
national air- and precipitation monitoring program, combined with information
about precipitation amounts from the national meteorological network (DNMI).
Estimates for the period 1992-1996 are presented and compared with similar
estimates for the periods 1983-87 (Pedersen et al., 1990) and 1988-1992 (Tgrseth
and Pedersen, 1994).

2. Depeosition proeesses- =

Sulphur and nitrogen compounds can be deposited either by precipitation (wet
deposition) or by dry deposition. In precipitation, the major species are sulphate
(SO,7), nitrate (NO;3"), ammonium (NH,*) chloride (Cl), sodium (Na), magnesium
(Mg), potassium (K) and calcium (Ca). The major sulphur and nitrogen
compounds in air are sulphur dioxide (SO,) and particulate sulphate (SO, ),
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nitrogen monoxide (NO), nitrogen dioxide (NO,), nitric acid (HNO,), particulate
nitrate (NO5"), ammonia (NH,) and particulate ammonium (NH,").

Wet deposition is generally obtained from measured precipitation amounts and the
concentration of chemical species in the precipitation samples. This procedure
does not include deposition by fog or dew, since the usual precipitation sampler
usually collects no precipitation sample from such events.

When using measured concentrations in ambient air to infer dry deposition of
sulphur and nitrogen, seasonal deposition velocities (Voldner and Sirois, 1986)
may be used which summarise the transfer resistance’s calculated from more
detailed dry deposition models (e.g. Hicks et al., 1987). Such extrapolation from
detailed modelling also requires knowledge of climatic conditions and ground
cover characteristics. In view of the large uncertainties involved, particularly in
connection with variation in ground cover and climatic conditions within Norway,
a simplistic approach was chosen. The various dry deposition processes and
deposition of fog droplets are described in the literature e.g. Lovblad et al. (1993).
Only parts of this discussion will be repeated here. Instead a short description will
be given for each component on how the dry deposition has been estimated from
the measured concentration of each airborne component. The procedures are
chosen to be as simple and straightforward as possible, taking into account
differences in ground cover, climatic conditions and exposure to pollutants, which
show a considerable geographical variation.

Under dry conditions, the deposition of sulphur dioxide (SO,) is mainly regulated
by stomatal resistance. However, absorption of sulphur dioxide on wetted foliage
seems to be an important explanation for “dry deposition” under wintertime
conditions. Because sulphur dioxide concentrations in ambient air are relatively
high in winter, and because of enhanced frequency and duration of wetness, this
may explain a relatively large part of the sulphur deposition as inferred from
canopy throughfall measurements, particularly in coastal areas. Snow crystals, on
the other hand, do not absorb sulphur dioxide. Therefore, the dry deposition of
sulphur dioxide to snow surfaces depends on oxidation of absorbed sulphur
dioxide in the liquid-films at the surface nucleated by impurities in the snow
(Valdez et al., 1987). The result is a very small deposition of sulphur dioxide to
snow surfaces as well as to snow-covered vegetation at temperatures below 0°C.

Even nitric acid does not deposit onto snow surfaces at below -2°C (Johansson
and Granat, 1987).

From catchment mass balances and canopy experiments in southern Sweden,
Hultberg and Grennfelt (1992) found that coniferous forest stands in southern
Sweden collected 2-3 times more sulphur than adjoining clear-cut areas. It was
-also-shewn-that the-depeosition-by-throughfat-was-much-targer-at-the forest edges
than inside a larger plot of homogenous forest. The interpretation of these results
1s somewhat ambiguous, since the excess sulphate in throughfall may be caused
both by deposition of sulphur dioxide and by deposition of sulphate aerosol
particles. In the former case, the results point to deposition of sulphur dioxide in
situations with wet foliage, when aerodynamic resistance is controlling the
deposition. The observations were made in areas with typically wet and windy
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climate. In other areas it has been found that spruce stands will collect, on
average, 30-70% more sulphur dioxide than stands of pine or deciduous trees.
This is readily explainable on the basis of higher leaf area index for spruce (Ivens
et al., 1990). For sulphur dioxide, therefore, deposition velocity of 0.4 cm/s and
0.8 cm/s have been chosen for non-forested and forested areas, respectively. It is
implicated that, while stomatal uptake rate is reduced during the non-growing
season, this is largely compensated because of a higher occurrence of wet surfaces
under typical Norwegian winter conditions, if there is no frost or snow. The
deposition rate for SO, has been strongly reduced for all types of surface cover in
the presence of a lasting snow cover.

The deposition velocity for NO, is not influenced by the presence of wet surfaces
and has been shown to be mainly regulated by stomatal control. A generally low
deposition velocity of 0.2 to 0.4 cm/s serves to keep the dry deposition of this
component relatively insignificant (Johansson, 1987). In winter, stomatal uptake
is insignificant, and deposition velocities correspondingly low (0,02 cm/s).

Only the sum of nitric acid and nitrate (in aerosol particles), is available from the
monitoring programme. Measurements at Birkenes and Lista have shown that the
concentration of nitric acid is only 10-30% of the sum of nitric acid and
particulate nitrate (Sorteberg et al, in press; Foltescu et al., 1996). Nitric acid is
very reactive and only the aerodynamic transfer resistance is limiting the dry
deposition velocity. Cascade impactor measurements indicate that the nitrate is
mainly present in the form of particles larger than 2 um (e.g. Hillamo et al., 1992).
A relatively large deposition velocity has therefore been chosen for this
component.

The reduced nitrogen species will mainly consist of submicron ammonium
sulphates and gaseous ammonia. Several measurements have indicated that the
concentration of gaseous ammonia is low (e.g. Tgrseth and Semb, 1996). The only
exception is in areas influenced by local emissions from farms in connection with
animal husbandry and manure. Gaseous ammonia will have a relatively high
deposition velocity. The deposition velocities chosen for sulphate and ammonium
in aerosols also include deposition by deliquescenting sulphate droplets under
conditions with high humidity and advection fogs. Particle growth in periods with
high relative humidity (e.g. > 95%) may give significant deposition of sulphate
particles, and to coniferous stands in particular. The latter processes are important
at sites which are frequently exposed to advection fogs and low clouds. In
mountainous regions cloud water deposition may be comparable to annual
precipitation (Lovett, 1990; Dollard et al., 1983), but is usually less than 10%.
Occult deposition may have a strong effect in the ecosystems because of the
relatively high concentrations of pollutants found in cloud and fog water, but is
less-tmpeortant-for estimating-the-total-deposition-in-ealeulations-of eritteal-loads
using a resolution of 50-50 km2. The subject of exposure to pollutants in the

mountainous areas of Norway has been discussed further by Liikewille and Semb
LIS T

Sea-salts generally occur in the coarse particulate mode (>2 pm). In coastal areas
sea spray may generate particles larger than 10 pm. These will however be
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deposited very fast and normally less than 1-5 km from the coast and will
therefore not contribute to the deposition to larger areas. In addition, episodes with
high concentration of sea-salts in air will normally be accompanied with large
inputs as wet deposition, making the dry deposition of minor importance to the
total deposition. Relatively high deposition velocities were chosen for all sea-salt
compounds, corresponding well with the excess throughfall of sodium estimated
from the Norwegian monitoring programme for forest damage (Solberg et al.,
IS0,

The larger fraction of calcium and potassium is not derived from sea-salts. For
calcium, the main source is assumed to be long range transport of mineral matter
(Semb et al., 1995). There are still large uncertainties with respect to emission,
transport and deposition of these compounds. In addition, there may also be local
sources by e.g. agricultural activities, soil dust, pollen and bird droppings. For
potassium, domestic wood combustion may be of some importance locally during
winter.

Table 1 summarises the deposition velocities which have been used to infer dry
deposition from measured concentrations of the various compounds in this work:

Table 1:  Applied deposition velocities (cm/s) for different inorganic compounds
to the different landscape types and seasons.

Land use classification

Compound Forest Other

summer winter summer winter
SO, 0.8 0.1 0.4 0.02
S04, Sum (NH3+NH,4*) 0.4 0.4 0.2 0.1
NO» 0.4 0.02 0.2 0.02
Sum (HNO3+NO3) 2.0 2.0 1.0 0.25
nss K 1 1 0.25 0.1
nss Ca 2 2 1 0.25
Na, Mg, Cl, ss K, ss Ca, ss S 2 2 1 0.25

3. Data used for mapping

NILU started routine sampling of precipitation and air in background areas on
daily basis in 1971, with most sites located in the southernmost parts of Norway.
In later years the measuring network has expanded to cover all regions in Norway.
In 1996 the network consists of about 40 stations serving different monitoring
programmes:

e "Monitoring programme for long range transported polluted air and
precipitation” financed by the Norwegian Pollution Control Authority (SFT).
In 1996 this programme includes 12 stations, of which 7 are EMEP-stations
(European Monitoring and Evaluation Programme).
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e  Since 1985 the "Monitoring programme for forest damage" has been financed
by the Norwegian Pollution Control Authority (SFT) and the Ministry of
Agriculture, which in 1996 included a total of 13 sites.

e In the "Monitoring programme for Terrestrial Ecosystcms" financed by the
Directorate for Nature Management, NILU has since 1990 had measurements
at 5 sites.

The remaining sites are part of other projects, of which some are financed by
NILU. In addition concentrations in precipitation from the Swedish national
network and air concentrations at the Swedish EMEP-stations have been used in
the statistical analysis (Karin Kindbom, IVL, pers. com.). The Swedish data on
wet deposition consist mainly of monthly bulk precipitation chemistry from
32 sites run by the Swedish Environmental Research Institute (IVL). Figure 1
shows the location of the background stations and the measuring programme. All
sites are located in rural areas and are believed to generally give good estimates of
long range transported pollutants. In regions with local sources such as emissions
from industry, traffic or agriculture, pollutant levels may be significantly higher.
In this work no corrections for local sources have been performed. Information
about the sites and the results for the years used in this report has been published
in SFT (1993), SFT (1994), SFT (1995), Tgrseth (1996) and Tgrseth and Mang
(ST

Precipitation samples are collected in bulk-samplers on a daily or weekly basis.
Precipitation amounts are measured by local observers and the samples are sent to
NILU for analysis of all main compounds. Analysis results are tested for ion
balance and the measured conductivity is compared with calculated conductivity.
Filter-pack samples are analysed for SO,, SO,, HNO3;+NO; and NH;+NH,, while
absorbing solutions or Nal-impregnated filters are analysed for NO,. All results
are checked against expected values and results from neighbouring sites.
Obviously contaminated samples are rejected.

The monitoring of non sea-salt base-cations and of sea-salts in air is only included
in the measurement programme at the two sites Birkenes and Nordmoen through
the Monitoring programme for forest damage. To provide regional information,
ion chromatograms from the ordinary filter sample analysis was investigated to
determine ambient concentrations of these ions. These measurements were made
available to this project through internal funding by NILU.

The precipitation amount data used for the calculations of the wet deposition is
taken from the national meteorological observation network (DNMI). There is
generally very good agreement between the recorded sample volumes and the
amounts recorded by the official precipitation gauges operated by DNMI. Data
from 797 sites for the five-year period 1992-1996 have been applied (DNMI,
1997). Figure 1.1 in Appendix shows the location of the meteorological sites.
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Figure 1. Norwegian background stations and measurement programme.
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4. Interpolation

The interpolation of the concentrations in precipitation and air from fixed sites to
a regular grid is done by "kriging", which is a statistical method that can be used
to estimate unknown data from neighbouring wmeasurerents. The method was
originally developed for geostatistical purposes (Matheron, 1963; Journel and
Huijbregts, 1981), but has also been used for the past 12 years in connection with
environmental studies, e.g. on long range transported air pollutants in Europe
(Simpson and Olsen, 1990; Schaug et al. 1993).

Linear kriging provides the best linear unbiased estimator for a variable. Non-
linear kriging (Armstrong and Matheron, 1986) would give more accurate
estimates, but is far more complicated and requires much more statistical
information. There are three levels of linear kriging: simple kriging where the
expectations of the variable are known; ordinary kriging with unknown but
stationary expectations, and universal kriging where there is a drift in the data. In
universal kriging the expectations are neither stationary nor known, but their
functional form has been identified.

The kriging weights are computed from a variogram, which measures the degree
of correlation among sample values in the area as a function of distance and
direction of samples. All interpolations in this work were performed using
universal linear kriging. A grid size of 50-50 km?2 has been applied (EMEP sub-
grid). The applied grid is shown in figure 1.2 in Appendix.

5. Data analysis

Seasonal mean airborne concentrations during winter (Jan.-Apr., Nov.- Dec.) and
summer (May-October) during 1993-1996 were calculated for SO,, non sea-salt
(nss) SO4~, NO,, sum NO;+HNO;, sum NH,*+NH; , Na, non sea-salt K and non
sea-salt Ca. For all compounds but nss K, a significant seasonal variation was
evident whereas the inter annual variation was generally small. As a result of this
the four year seasonal average concentration values measured at 15 Norwegian
sites were interpolated to a 50-50 km?2 grid using the kriging technique to obtain
values for the individual grid cells. Concentration fields for Cl and Mg were
estimated based on the ratio between these compounds and Na in sea water. In
figure 1.4 in Appendix, the correlation between the sea-salt compounds at three
- selected sites is shown.

The dry deposition of was estimated from the concentration fields and assessed
dry deposition velocities for the two seasons, respectively. The dry deposition
estimate was given for each meteorological site and for two land type categories;
productive forests and other land use (e.g. unproductive land, rocks, agricultural
land). When estimating the grid cell average dry deposition, deposition was
weighted on the distribution of land use types in the individual grid cells. The
applied statistics on percentage productive forest in each cell is shown in
Figure 1.3 in Appendix.
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The yearly averages of non sea-salt sulphate, nitrate, ammonium, non sea-salt
potassium and non sea-salt calcium in precipitation measured at a total of
39 Norwegian and 32 Swedish background stations have been used to calculate a
concentration field for each year using the kriging interpolation.

For the sea-salt derived ions, the number and the location of the sites are not
sufficient to generate concentrations fields. However, concentrations may be
described as a function of distance from the coast weighted by the wind speed and
direction in the prevailing precipitation forming air masses. Based on annual
median values of sodium concentration in precipitation at the background sites, a
general function was fitted (Fig. 2). From this function, concentration values were
given to each individual meteorological site as a function of distance from the
coast and by climatic regions. Further, concentrations for the other sea-salt derived
ions were estimated by their expected ratio to sodium based on the content in sea-
water.

5.0
45 -t y= 3.2899¢ 00119
4.0 +
89
20
3
Z 25 -
E
2.0
1:5
1.0 1
UEE

0.0

0 50 100 150 200 250 300
adjusted distance to coast (km)

Figure 2:  Sodium content in precipitation as a function of regionally adjusted
distance to the coast.

To provide annual wet deposition values for each meteorological site, the
precipitation amount at the site was multiplied with the interpolated concentration
in the respective grid cell. The average wet deposition to each grid cell was
estimated as the average dcposition to the meteorological sites within the grid cell.
For grid cells with no meteorological sites, the value of a representative
neighbouring cell was chosen. The average precipitation amounts in the individual
grid cells are given in Table 1.1 in Appendix.

The total deposition of the various inorganic compounds during 1992-1996 was

calculated as the sum of the dry and wet deposition both for each meteorological
site and for each grid cell. The results for the individual sites (deposition values to
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forested areas) are visualised on maps in Figures 3-7 whereas land use area
weighted results for individual grid cells are given in Table 1.1 in Appendix. The
maps are produced using standard interpolation routines.

This report gives only a summary of the results. Deposition estimates for
individual years and for the different landscape types are stored in our database,
and are available upon request.

6. Results and discussion

Annual average precipitation amounts measured at the DNMI-sites varied between
251 and 3971 mm, with the lowest amounts along the Swedish border in northern
Norway and in Oppland county, southern Norway (Table 2). Aggregated to grid
cell averages, the amount varied from 329 mm (cell no. 171) to 2803 mm (cell
B0 &)

Table 2:  Minimum, median and maximum deposition for individual sites and
5050 grid cells in the period 1992-96.

Compound Deposition to individual sites Grid cell averaged deposition
(n=797) {n=191)

Units (mg/m2 yr) min. med. max. min. med. max.
Precip. (mm) 251 940 3971 330 860 2804
nss S 67 336 1568 106 270 1178
N (oxi) 51 233 1283 67 150 997
N (red) 50 217 993 52, 170 767
N (oxi+red) 110 451 2276 119 320 1764
nss K 19 62 228 22 61 166
nss Ca 27 i1 302 34 101 220
Na 97 1343 9788 107 1483 6885
Mg 12 162 1179 13 179 829
Cl 173 2398 17497 192 2648 12294
ss S 8 112 819 9 124 576
ss K 3 48 352 4 33 248
ss Ca 4 51 370 4 56 261

The total deposition of the non sea-salt compounds were highest in the south-
western part of Norway as a combination of relatively high concentrations and
large precipitation amounts, whereas the lowest depositions were observed along
the Swedish border from Finnmark in the north down to Oppland in central
Norway. Maximum average annual depositions of non sea-salt sulphur exceed
1.1 g S/m2 in grid cell no. 4, whereas the corresponding values in the neigh-
bouring grid cells (8 and 9) were approx. 1.0 g S/m2. These values are
approximately one order of magnitude higher than the sulphur depositions in grid
cells 65-66, and 155-162. Similarly, deposition values for individual DNMI-sites
varied from at most 1.6 g S/m2 down to 0.07 g S/m2.
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The pattern of nitrogen deposition is rather similar to the deposition of sulphur.
This is partly due to the strong influence of the precipitation frequency and
amounts on the deposition of both species. The largest grid cell depositions of
oxidised- and reduced nitrogen were 1.0 and 0.77 g N/m2, whereas the lowest
depositions were 0.06 and 0.05 g N/m?2 , respectively. Total nitrogen deposition
for the individual DNMlI-sites varies from 0.11 to 2.28 g N/m2 as a yearly mean
(1992-1996).

Adding up the values in Table 1.1 gives a total yearly mean deposition in Norway
of approximately 114 000 tonnes sulphur and 152 000 tonnes nitrogen. Compared
with similar estimates for the period 1983-87 (Pedersen et al., 1990) and 1988-
1992 (Tgrseth and Pedersen, 1994) there has been a reduction in sulphur
deposition of 33% and 23%, respectively. In nitrogen deposition, corresponding
reductions were 14% and 2% for oxidised nitrogen, and 23% and 6% for reduced
nitrogen compounds. Also the amounts of precipitation varied significantly
between the different periods with 11% lower amounts during the period 1983-87
and 13% higher amounts during 1988-92, compared to 1992-1996. However,
changes in precipitation amounts can only to a small extent explain the observed
changes in deposition of sulphur and nitrogen, since precipitation amounts are to
large extent influenced by the distance from the coast and not by the distance to
the emission sources of S and N.

Although we emphasised to use the same methodology, there are some minor
differences in the way interpolations and extrapolations have been carried out. In
addition, the number of measurement sites increased significantly from 1983-87 to
1988-92. For this reason, the deposition estimates for the three periods may not be
directly comparable. This is particularly the case for the period 1983-87, whereas
between 1988-1992 and 1992-1996, changes in methodology are assumed to be of
minor importance. However, the results from are generally compatible with
changes in emissions in Northern Europe, with model estimates and with results
from individual sites.

Total depositions of sea-salt ions, non sea-salt potassium and non sea-salt calcium
have not previously been estimated to Norway. For Sweden and Denmark,
estimates for the period 1983-87 have been presented by Lovblad et al. (1992). In
contrast to Lovblad et al. (1992), the estimates presented here are based the
application of ambient air concentrations compared to throughfall measurements
to estimate dry deposition, and for sea-salts a model describing concentration level
in precipitation as a function of the distance to the coast. Though this will improve
the estimates, still large uncertainties in the estimates are expected, both in terms
of amounts and to what extent the inputs represent a net input to the ecosystems,
compared to internal circulation within the ecosystems. Measurement data have
indicated the input of non sea-salt potassium and non sea-salf calcium have
decreased over last few years due to reduced emissions from industrial sources in
Central- and Eastern Europe (Semb et al., 1995; Hedin et al., 1994; Tgrseth and
Mang, 1997). A reduced alkaline input may affect the exceedance of critical loads
for acidity. However, this effect is assumed to be of minor importance compared
to the changes in input of sulphur.
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Figure 3:  Average precipitation amount 1988-92 and 1992-96, and total nss
sulphur deposition, 1988-92 and 1992-96.
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Figure 4: Total deposition of oxidised nitrogen, reduced nitrogen, total nitrogen
(oxi+red) (mg N/m2 year) and total sodium deposition (mg /m2 year),

1992-1996.
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Figure 5:

Total deposition of magnesium, chloride, sea-salt calcium and sea-salt
potassium, 1992-1996 (mg /m2 year).
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Figure 6. Total deposition of non sea-salt potassium, non sea-salt calcium, total
sulphur (non sea-salt + sea-salt) and percent sea-salt to total
deposition of sulphur (forest), 1992-1996 (mg /m2 year).
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Figure 7:

Percent dry deposition to total deposition of sulphur, nitrogen,

potassium and calcium (non sea-salt and to forests), 1992-1996

(mg/m?2 year).
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The deposition amounts of sea-salts will be dependent on the frequency of
westerly winds, and in particular the frequency of winter storms. It is assumed that
there are no other significant sources of sodium, magnesium or chloride than from
sea-spray. Deposition of sea-salts are particularly large in the coastal zone
(0-20 km from the coast) and decreasing exponentially with distance. 'T'his
deposition pattern is not taken into account in the presented maps, and deposition
estimates will be significantly underestimated to these areas.
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Figures 1.1-1.4 and Table 1.1
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Figure 1.1: Location of the meteorological stations used in estimating deposition
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Figure 1.2: The 50-50 km2 grid and grid cell numbers (EMEP sub-grid) used for
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Figure 1.3: Percent productive forest used in estimating dry deposition.
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Appendix B

Nature Tolerance Levels (Naturens talegrenser)
Reports
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Naturens Talegrenser - Oversikt over utgitte rapporter
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