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Abstract A multimedia approach is presented to evaluate

the atmospheric tmpact on Alpine forests in Switzerland.

The aim of this approach is the determination of anthropogenic aiv pollutants leading to wel and dry depositions
in an area along the Sankt Goithard franssect crossing the Alps in the North-South divection and to evalnate the
possible changes in the soil chemistry. This appoach takes into account the historical development of the emissions
in order to calenlate the depositions back to the beginning of this century and is spatially resolving to realise the
mapuing of critical levels and loads. The deposition model is supplemented with a so0il model in order to caleulate
the future development of the Torest soil. It is shown, that a sustainable development of the Alpine ecosystems
under consideration is only possible on condition of a 60 % reduction of nitregen and sulfur deposition.

1. Introduction

The protection forest in the slevaied regions of the
Alps in Central Europe are known 1o be subjected to
increased natural stresses such as sudden femperature
decreases, dryness, short vegetation periods, frost and
windfall. Therefore. the threshold values for harm-
ful anthropogenic depositions, especially the crifical
loads for acidity and nitrogen, should be carefully ob-
served in order to avoid excesdances. This tmpact of
air pollutants on the Alpine forest ecosystemns are of
crutial importance from an economical point of view,
since these forests protect the inhabitants and the im-
portant trade routes connecting Northern and South-
ern Burope against avalanches, falling rocks and land
slide {see Nater et al. 1994},

A fleld measurernent campaign during the years 1591
and 1982, followed by data analysis based on atmo-
spheric deposition and soll models was carried out for
one of the most important trade routes of Europe,
the St. Gotthard pass along the upper Reuss Valley
in Switzerland. The aim of this study was to evaluate
the deposition of air pollntants and their possible im-
pact on the forest soil over a region of 10x20 krm with
a resolution of 250 m and over a time period going
back in history to the beginning of this century and
looking 100 years into the future by means of selected
deposition scenarios.

2. Atmospheric deposition modelling

Metearological processes and the development of an-
thropogenic emissions since the vear 131 are used to
evaluate the deposition of nitrogen and sulphur over
various paths i dry and wel media. To llustrate
the deposition mechansims invelved and the gases and
ions deposite 'f along the various deposition pathways.

an example of the approprate Huxes [or & site al the
hottom of the valley (Stlenen) and at the valley slope
(Waldiberg, values separated with a slash) for the an-
nual mean values in 1092 are listed below:

e Dry deposition ol gases
for ozone (2.94/3.85 kmol/hayr).
{or ozone fux through the stomates of the pee-
dies {(Og ., = 0.68/0.80 kmol/hayr)
for NOq (9.?/3.5 ng/lm“r},
for HNGy (0.65 "S kg hayr).
for NH3 (3.4/2.7 kglN/h rm) and
for 504 (]f} /6. 0 iw%/ 1)

e Dy deposttion of acrosols
{suffix 4.)
for NHF
for T
for SO By
for HY (0. 1 )/1} i \m;/ ayr) ) and
for basv cations {Cat® and MgTt abhreviated
: Nat and K1 abbreviated as BOT,
0.23/0.18 keqg/hayr).

bhoth abbreviated as BC,

e Wel deposition via cloud waler and fog (suffix

r“(("]

for NI, ET /LGS kol /hayr ).
for N A5/1.18 w\/n\;:
for & O'” [1.86/2.73 kgS/hayr)
for HT (0.054/70.034 keq/hayr).
for BC {0.38/0.63 keg/hayr),

e Wei deposition via precipitation [suffix ;)
for NIIF (1.58/1.45 kgN/hayr)
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for NOJ (1.83/2.04 kgN/hayr)
for SO~ (3.62/2.45 kgS/1 m.}_}

for BT (0.053/0.030 keq/hayr],
for BO {0.42/0.82 keq/hayt).

Some relevani additional quantities are derived from
these deposition values:

e present load of reduced nitrogen ‘
NH, = NH, -+ NH],. + NH_, + NI,
(7.0/06.2 kgl /hast)

s present load of oxidized nitrogen
NO, = NOu+ENO+NO; , +NO;
(14.1/8.1 kgN/hayr)

e present load of tolal niktrogen
Ndep = NI, 4+ NO,
(21.1/14.3 kgN/hayr)

¢ present load ofﬂulﬁu‘
Sdep = 8§C» + SO, -+ 505, + 507,

Ao

{17.5,12.0 kg5 /hayr)

e present load of po!f—\min "se‘ir'iif\'
ACdep = Ndep + Sde 82/0.87 keq/hayr)

e bulk deposition of BC
n( tdep = BCa + B + BO,
{1.02/1 .i hr,:x,/ha.yr]

For all processes deseribed with the atmospheric de-
position madel, the numerical formulalion 1s fested
for the measurvernents during the field campaign
the year 1092, This calibration takes care of mod-
els, which require only parameters that are avaiable
or easily derivable from given measurements. Iorfu-
nately, the meteorological measurements at a site in
the valley bottom and a few obher sites in the Alpine
region are known since 1901, For the historical de-
velopment of the e ons, the values from known
energy use such as fossi] fuel burning, traffic imtensity
anet so forth are used. After a sphit of the processes
aceording to three differsnt time scales (century, sea-
sonal and diurnal variations) and two spatial seales
(regional and local), the depositions are modelled spa-
tially and te mpm aiix resobved, as described in Graber
4045, The cenlary variabion of some deposi-

ef al,
tlons on Lhc Tt-‘-,g](mdl scale are taken from the ltera-
ture and plotted i Fig, L
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Figure 1t Trend of INO: deposition (solid), ammonia
deposition {dotted) and sulfur deposition {dashed) in rel-

ative units on a regional scale since 1907,

A more compiete description of the model appreaches
is given in BUWAL, 1985, Fig. 2 shows the contri-
busions of NOy and NH,, summing up o the present
load of total nitrogen {Ndep). g, 3 shows the con-
tributions of Sdep and Ndep , summing up ie the
present load of potential acidity.
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Fiozure 2: Present load of reduced nitrogen (MO, datted)
and present load of total nitrogen (Ndep, solid) for a site
al the bottom of the vallevy (Silencn) from 1001 1o 1002,
{The difference of Ndep minus N0, equals the present

load of oxtdized nitrogen {N1,).}
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Firure 3: Present load of sullny {Sdep. delted) and pre-

sent doad of potential acidity {ACdep, sohid) for a site al
the bottom of the valley {Silenen) from 1901 to 1992, {The
difference of ACdep minus Sdep equals the present load of

uitrogen (Ndep).l
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Figure 4: The topographical height in meter above sea
-lam 638 to 688

level of the region 3t. Gotthard from Swis
{Wesl-East) and from 175 to 105 (Sonth-North), Tsolines
are plotted evary 400 mAST,

3. Soil solution modelling

Increasing nitrogen and sulphur depositions can
b serious nubrient imbalances in the soil. :
acidification cansed thereby is likely te be more im-

portant than direct effects of acid deposition on the
forest canopy. The forest vitality based on deficiencies
m cabion nulrients is caused by inereasing exchange of
protons and AT jons with the soil complex, leading
ko an inere

of base cabion leaching with pereolat-
‘ing the soil root zone. The soil complex
shows a higher affinity for I and AT compared
to base cations, therefore higher values of Ht and
mobilzed AIYTT from Aluminium hedroxids due to

strong acid input loads, such as SO o

ing water le:

Toand CF L come
pete the hase cation adsorbed at the soil complex.

T

/

T

Figure 6 Deposition of NOJ via clond water (NOT L,
aver the region of Fig. 4. {dotted lines mark the topogra-
phv.

The soll model SMART (see de Vries ot al, 148
15 nsad {0 evaduale dynamically the processes in the
soil and to caleolate and predict the concentralions
of the lons B AITTT, BOt+t NHT, NOT. SO
and HCOL in the soll solubion.

TART includes and
describes the oHowing ey provesses

e The atmospheric deposition is inpnt to ihe
model and controls mainly the helinvionur of the
sail solution.

e The charge Dalance for the above mentioned
ons in the soil solution s fullfilied.

o HOOL & in equilibrium with the COy pressure
m the soil ale and depends on pH.

s Curbonafe b it_[].ﬂ Forange i calrareous seils with
pIt 2 5, the Y produced Dom dissabved (O,

reaching

with water (the naturally acidifring

process] g neutralized by dissolution of ealeite

(CaOg ) desertbed with an equilibrinm reac-
tion.

s crchangr buffer range: In non-calcareons sails or
after the caleinmearbonate Js exhaustied (4.5 <
pH < 3,

"t since the o

the adsorbed BCs are oxchangzed with
calle matter of the

Ll
has o high affinity to 7. The exchange rate

sol complex




is controlled by the Gaines-Thomas equilibrinm
eruations, which state, that the ratio of the con-
cemtrablons {vppet L0 =f”; s proporiional o
the ratio of the exchangable fractions (fgoee Lo

{54 ). similar for Aluminium exchange.

o At low acid Ioads in non-calcereous soils pHZ>5.5
remains and HY is consumed by BC from weath-
ering of minerals {BCyu. ). therefore the H-BC

is unimportant and the pi s deter-

exchangs
mied by CO4 equilibrinm.

a Al buffer m;,m At vli <_; 45 organic matter
11._15 2 high affinity to AlTTH, which is mobilized

wilh strong FtCl(.L, from AHOM)s.

o Lor ‘5530 fons AlFHE BOTE NI, NOZ and
SO; 7 in the soil solation a mass balance equa-
tion is solved to ealeulate the time develop-
mnents. balancing the mput from atmospheric

il interaction processes (in-
from vegetalion) and the

deposition, the

cuding ien uptake
leachins with the water oubfiux [ronofl with
precipl HLation surplus, defined as precipitation
minus cvaporalion minus interception). These

pauabions contain the ability to use the model
as a predicting tool.

N bound

= Nitrogen in‘n‘uoi»il'-7;1!63011 [

|

zolid soil), NI
deniirdfication (1\' de )

rate limiked f'-f:ma!‘ions.

o Tho cation exchange vapacliv (CEC) the pre-
onseplus {1, the weatheying mput

cipitakl
fluves for B and the uptake of nite
ancl BB

the model.

) owilh harvesting are npuls fo
tepd

with a relatively small set of lopul vari-

ables for the description of ihe soil state (laken brom
BIUTWAL 19
L
soribed in bhe
calenlaie the
thie last 92

51 and the atnospheric depositions de-
previens chapber, the wodel s used to
havieur of the Alpine lorest solls over
s and over the area under considera-
o, Tn Fileo 6 the exchangable fraction fge et
andd Dqeae are plotted in cammiative form for th
Fhielen al the bettom of the valley, Tine Lo the charge
balance condition, these fractions sum up o 1 .ﬂ l-
ohvious. that the exchanee of BO with I and Al
ook place since the beginning of the thime period and
mereased rapidly since 1060, The exchangabie frac-
bion fppoae, defined as the base salwration. s an in-
oil, Comparsd

dicator for the huffer capacity of the
to other Luropean Qiiv& e Beuth Fogland or the

Netherlands (see de Vries et al. 10843, the soil iz not
vel in a critical stabe, since the Al mobilisation started

only slightly, MNevertheless, the soil shifted to the ex-
chiange buffer vange and serions problems will arise,
of niitro

chapier) will not be broughl under contzol,

if the excecdance :n and acidily deposition

1
{see nex
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Fioure 6: Cumalative sxchangeble fractions of BOTH

{dashed), phis 17 (dotted) and plus AIT77 [sohd) versas
L [)l!r to the cliarge balance condition. the fractions
sum np to L.
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The nitrogen JLllI]‘ﬂ]Jl wation s a mnqur rable quan-
Gty in the context of establishing the critical Toad for
nitrogen as pr
of N 10 Fly.
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also higher.

Additional thme evolutions are show

nted i the tochapter. The mnp

7. shows lugler valies at the bottom

where the raiio of carbon 1o nilrogen 13

=

Figuve T: Hitvogen lmmaehilization {5,000 i keq/layr

mapped over the region of Fig, 1

4. Pyesent and critieal loads and cxeeedances

The deposition model presented o chapser 2 and the

snted in chapter 3 enables us o esti-

soil model pr
mate the present and eritical loads ol nitrogen and

acidity and their exceadances.
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Furtheron, the critical Joad of acidity (CL,.) was cal-

culated.  The critical load of acidity is defined m
accordance with deposition and sl property values,
above which hannful deficiencies in the vegetation un-
approach

der considerabion are likely o oceur. The
of a eritical ratio of Al to BC meels this requirement
(Hettelingh and de Vries, 1992} This approach is
based on the acid neuiralizing capacity {ANC) from
ng nnus a critical maximum leaching rate of

depending on the limiting
t

AT and T
dom feads to the

leaching at ¢ritical load. The caleula
following equation:
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Figure 10: CUross-seciions {Wes-Tasi al km 182} of

the base cation input from weathering of minerals {solid.

keg/layr], BC uptake by harvesting (dotted), the term

155 (runofl waier In m/yr, dashed) and the deposiied

base cations (doi-dasl]

red in ke iy,

lance
alculated, Ttz obtous from the

Simidar to the exeee of Ttrogen. an excssdance

for acidity can be :
relatlon between the criticnl lnod and the present de-
s e The. 1E

pever positive in the region wiider consideration.

that this value s

poattion foad deple

Figure 11: Cross-sections (Wese-East at km 1831 of the

critical toad of acidity {zolid, keq/hayr) and the potential
acid deposition {dotied. keg/hayrl, showing no exceedance

al present time.
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3. Clontinuation of the present load until 2100.

4. Linear increase of 30% durlng the years 1993 to 5.0f \\A ]
2013, continuation with that values until 2100. =5l ) E
5, Linear increase up to a factor of 4 from the pre- £ oAb
sent loads of sulfur and nitrogen until the ves T
2100. y
& A B0Y% reduction of oxidized (NG, ) nibrogen At
onfy 1'@&1};:6(1 linearly decreasing ]‘mre» Lhe o
vears 1993 to 2013, continuation with that val 1500 1950 2000 2050
wes until 2100,
~ Figure 14: Acidity (pH) of the soil solution for the same

7. A B0% reduction of reduced (NH, ) nitrogen only
realized linearly decreasing during the years
1993 to 2013, continuation with that values un-

til 2100

T scenarios for the site Flielen: scenarios 1 to 5 {zolid lines

fram top domwvnd, scenarto 6 {dotted), scenario 7 {dashed ).
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