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1. INTRODUCTION 

1 . 1 The problem 

The fraction of the population in Sweden, sensitive to airbo~ne pollen is not 

exactly known. However, investigations T..hat have been done indicate figures 

of 10-15%. This rreans that roughly every third household in the country is 

familiar with this problem. 

All sorts of airborne pollen do not give allergic reactions. The majority of 

the symptoms observed is caused by a restricted number of pollen types. As an 

illustration of this staterrent, frequently 50% or more of the total airount of 

airborne pollen, yearly observed at the Palynological l.aboratory Stockholm, 

is classified as emitted from birch, (Betula pubescens and Betula verrucosa) 

the source of one of the most allergenic pollen in several European countries. 

This limited study was chosen to consider exclusively pollen from birch. 

Several investigations have clearly brought out that there is an intimate 

connection between observed pollen concentration in the air on one hand and 

present and past weather on the other hand. Arrong those studies that have 

been made we can rrention: Bringfelt (1979) (birch), Reader (1975) (dogwood), 

Smart et al (1979), Emecz (1962), Liem and Groot (1973), Davies and Smith 

(1973) (grass) and Bianchi et al (1958) (ragweed). 
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There is also a clear relation between pollen concentration and allergic/ 

asthrratic reactions among a population. This has been shovm in several 

studies e g Salvaggio (1971), Engström et al (1971), Hobday and Stewart 

(197 3), Davies (1973) and many others. 
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It is obvious that a pollen forecast could be of importance for an allergic 

person, provided he knows how to use it. Forecasting schemes for practical 

use have been developed by different investigators. Raynor and Hayes (1970) 

developed a forecasting scherre for ragweed, Davies and Smith (1973) for grass. 

Spieksma (1980) developed and tested a forecast procedure for grass based on 

subjective complainment from 150 patients instead of the measured pollen con­

centration in the air. 

However, the crucial point m forecasting pollen concentration is evident in 

the above mentioned studies; The pollen forecast will never be more accurate 

than the weather forecast. But to make an optirral pollen prediction, it is 

extrerrely important not to ignore the fact that different meteorological va­

riables are predicted with variable precision. The perfect prognosis method 

rreans that we estirrate a relationship between a nwnber of predictors; 

~ n =1 ... anda predictand (pollen concentration) y, i e 

y(t) = f(x 1 (t) ..... ~(t)) + s(t), s(t) is the error at 
time t 

2 
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Thereafter a forecast of the variables x 1 (t) ..... is used fora forecast of 

y(t). But the variables x 1 (t) . . ... are not exactly predicted but have an er­

ror E{(t), k=1,2 .... The total error in y(t), i e the predicted y(t), would 

then be an accumulation of several error terms which in fact could give, as a 

result, a useless forecast in y(t). To avoid this problem one can restrict 

the functional relationship(1.1)to those predictors xk(t) that definitely are 

skillfully predicted, or to use the MOS-technique (Model Output Statistics) 

if the forecast of y(t) is based on objective forecasts of xk(t). The MOS­

technique, Glahn (1976) and Klein (1978) means that we establish a relation­

ship like (1.1) but based on stored forecasted predictors xk(t) and observed 

values of y(t). In this technique we avoid the summation of different error 

terms in the application stage and this technique has successfully been used 

in meteorological applications in USA. 

In this study the MOS-technique is not used, but a peA6ec.t pnogno~.u.i bctoed 

o n pWtel.y da.,..U1_y mean a,i,n tempena:tuJte, a vaJUabfe ;tha;t c.an be ac.c.Wta:tefy 

pnedJ.,c.te,d 1 a 2 day~ ahead and wLth ~ome ~fuU up to 4 a 5 day~. 

The rrain purpose of this study is not only to develop a forecasting scheme, 

but also to make operational tests to prove that such a procedure could be a 

realistic forecasting tool, useful to the public. In chapter 5 the result 

from operational tests for 1981 and 1982 is given. 

1 .2 Pollendata 

Measurements of pollen from birch have been rrade in Stockholm smce 1970 with 

a suction sampler, the Hirst Trap, CHirst (1952)), in the Burkard version 

(figure 1.2) placed on the roof at three different sites in Stockholm. 

Bringfelt (1979) found that the covariation between the different sites was 

very high leading him to the conclusion that any of therrt could be used as 

'representative fora rather large area, at least as far as the day-to-day 

variations are concerned' . 

In this project the forecasting problem is restricted to daily mean values. 

When examining hourly mean values during the dependent pollen seasons one 

can see a substantial variation over the hours, but these can roughly be di­

vided into night and day values corresponding approximately toa factor of 2. 

(See figure 1 . 3). 
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There is no extreme diurnal variation as can be seen in grasspollen measure­

rrents but individual days show extreme variation depending upon external meteo­

rological conditions like intensive frontal precipitation. 

flow meter 

FiguJLe. 1. 2 The. BuJLfwAd :t!Laµ. The. µa.J1.:äcte.1.i Me. J..mµac.A:e.d on the. adhe.1.iive. 
tape., mounte.d on a dltum, Jtotating one. Jte.vofu.tfon a day 
( oJt we.e.l'<.) . 

FJtom Nwlon (7972). 

In figure 1.4, daily rrean values from four seasons are plotted as a function . 

of time. Three striking features can be noticed: 

1 . There isa substantial variation in the rrean season intensity between dif­

ferent years . Obviously, the source of emission must vary from year to 

year . This is attributed to the quality and quantity of male flowers . 

2 . The onset date of the pollen season is not identical from one year to 

another, but the recorded data indicates a variation of approximately 

four weeks . 

3. There isa large variation from day to day during a particular season. 

As we shall see in the follo~ing chapters, those three features can be treated 

as factors, nearly independent of each other, completely defining the problem 

of simulating the shedding of pollen . 

4 



FigWLe.. 1. 3 

Po lle n/ rn 3 

120 

100 1980 

80 -
60 

~ 

~o 

20 

N ct tD 
I I I 

0 N ct 

Pollen/ rn 3 

120 

100 

80 

öO 

~o 

20 

1979 

1--

N 
I 

0 

~ 

-

ct tD 
I I 

N ct 

-

0 
CX) 

';-I 
tD CX) 

-

0 
CX) 

I I 
tD CX) 

N 

0 

N 

I 
0 

-
-

ct 

I 
N 

-

I 
N 

tD CX) 

ct tD 

tD CX) 

I 
ct tD 

--

,__ 

0 
N 
I 

CX) 

,__ 

0 
N 
I 

CX) 

i---

N ct 
N N 
I I 

0 N 
N N 

-
i---

N ct 
N N 

I I 
0 N 
N N 

HOURS 

HOURS 

HoU/l.ty me..an val..ueo o 6 bbtc.h.-poUe..n dU/t.,{_ng th.e.. 
.6 e..a..o o n6 J 9 79 and 19 8 O • 

Po llen/m 3 Pollen/m3 3070 pollengrain/m 3 • 

2D00 200() 

1800 1600 
1975 

1600 1600 
1978 

l t.00 1400 

1200 12(10 

1000 lOOU 

B0 0 B00 

600 600 

ijCO 400 

200 200 

16 18 20 22 24 26 28 30 11 13 
DAYS 

10 12 14 16 18 20 22 24 

Pollen/m 3 May/June Pollen/m3 MAY 

= = - - 1971 
400 1974 400 

26 IOOO~ IOOOL 
200 +-++-+--H-+-+--+-h -+-1-+-+--H-+-+---!=.-H-+-+---!=H---Ja=,==,- 200 Il'\YS +---H-+-++-+--H-+--+=;--FSF>--F=>-+-+--<--+-+ I F1 I I I I 

27 29 1 3 11 13 15 17 19 21 23 25 7 11 13 15 17 19 21 23 25 27 
April /fu.y MAY 

FigWLe.. 1. 4 Va,,Lty me..an valueo 06 bbtc.h.- poUe..n .{,n S,to c.12.h.olm . 

5 

DAYS 
28 30 

I I I I I I I I I DAYS 
29 31 



1 .3 The birch 

The birch is of general occurrence from the southern to the northern part of 

Sweden. There are essentially two species, na.rrely: Betula verrucosa and 

Betula pubescens. The birch occurs in most parts of the country as oore than 

10% of the total forest stand. 

The birch has both male and female catkins on the same three. 

Flowering (shedding of pollen) simultaneously as busting into l eaf. 

(Figure 1.6). Approximate date for this indifferent parts of the country is 

given in figure 1.7. The biological cycle from the flower prioordia initia­

tion until the shedding of the seed is given in figure 1.5 below. It is worth­

while to notice that the evolutionary phase in the male flowers has reached a 

final stage 7-8 months before bursting into blossom (Carlsson 1980). There­

fore, in order to seek after external, i e meteorological factors influencing 

the pollen source, the weather during the preceding year must be taken into 

account. 
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( 2) ( 1 ) 

l l 

~(1) 

(2)~ 

FiguJte 1.6 The nfowrung on bvieh. The nemafe ea;tkin (1) hM pMled the 
winteA i~ide a bud, appeaM with the young feav~. The mafe ea;t­
kin (2) an the otheA hand hM pMled the winteA in a nak.ed eondi­
:ti..on and wiff now be l.:tfl..etehed. 
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2. MODE LLING THE POLLEN CONCENTRATION IN THE AIR 

2 . 1 The aerobiological process 

I..et us examine those factors that together form the aerobiological process, 

governing the rate of increase or decrease of pollen in the air at a certain 

locati on and instant. The process is illustrated in figure 2.1. 

A. Pol len Production (PROD) . This is the primary source. It is obvious that a 

proper description of this effect is the pre-requisite of a successful 

forecasting scheme. The source strength is governed by the nurnber of plants 

in t he area of inf luence,having burst into blossom. 

We have to describe the biological process affected by external forcing 

and sirnul ate the evolution of a plant until the flowering. 

I t is likel y that this process is nota function, reflecting an immediate 

response to weather but an accumulated effect of previous weather. 

B. Poll en Release (REL) . Probably there exists an irnrrediate response to the 

weat her when the per1ianth in the male f l ower splits and the pollen grains 

are exposed to the wind and transported away. 

When the pollen grains are brought into the air, the atmospheric processes 

are: 

C. D2position (DEP). The sedimentation velocity for Betula verrucosa has been 

estimated by several investigators. A sUlTIITB.ry by Elsenhut (1961) shows 

that 2.6 cm/sec is a realistic value in calm air. Anderson (1970) reported 

that 34% of the pollen grain were adhering together and the average number 

of grains per clump was 2.9 indicating a spectrum of sedimentation veloci­

ties. However, since the vertical velocities in turbulent motion in the 

atrnospheric boundary layer may exceed the sedimentation velocities by one 

and two orders of magnitude, dry deposition may differ quite a lot from a 

pure sedimentation process in cal m air. 

Dry as well as wet disposition is discussed by Tauber (1965). 
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D. Dispersion - Mixing and Advection (transport). The pollen grains are trans­

ported vertically by the turbulence and convective motions in the atITTJ­

spheric boundary layer (Mixing; MIX) and horisontally by the mesoscale and 

large scale wind systems (Advection; ADV). 

E. Turbulence Uptake CUP). When the pollen grains are impacted on the earth 

vegetation, building etc, the corrosion starts after a while. However, the 

pollen grains could before corrosion be brought back to the atITTJsphere by 

the turbulence. 

MIX r--------------~ 
: :) C 9 : 

·- - - - - - - - - , I 
I I I 
I 

I I ■.lllllllt 
PROD~ REL .. ADV 

I I I I 

I I I 
I I 
I I I 1 

I I DEP t I I 
I L -- ~--.J I L.--1--- _____ J 

UP 
17717777777 7 7 7777 

FigU/1..e 2. 1 The aeJLo-biofogiQaf phOQe~~ goveJLning the amount on pollen ~n 
the ~ . 

2. 2 A simplified model 

It may be possible to construct a complete model that simulates all the pro-

cesses that have been mentioned above. But to be used as a forecasting tool 

in today's weather service it would be more reasonable to make a ITTJdel as 

simple as possible. 

By making an analysis of the relative importance of the different processes 

we may get the maximum simplified equation still adequately reflecting the 

aerobiological process. 
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A. Pollen Production is the priITBry source, obviously non-linear to its nature, 

being zero rrost part of the year, varying extremely between seasons and in 

a particular season. There is no doubt that this must be the most important 

process arrong them all, necessary to simulate as accurately as possible. 

B. Pollen Release . Liem and Groot (1973) found that release of pollen in grass 

is not an active but merely a mechanical process. No correlation between 

emergence of anthers and the release of pollen was found . In the case of 

Betula the flowers are exposed to the wind quite different as in the case 

of grass. Bringfelt (1979) found that wind was nota significant predictor 

for Betula but for grass . This fact suggests that in the case of Betula, 

the release of pollen as a pure mechanical process, is almost an effect 

that can be seen as constant . Therefore we let the release be proportional 

to the pollen production . 

C. Deposition . Hirst (1953) reported that during half an hour with 1rmn of rain 

the pollenconcentration in the air fell to 1/6 of the concentration be-

fore the rain began . During the next 18 hours, the air concentration de­

creased almost to zero (3 rmn rain). This illustrates the crushing effect 

of wet deposition. However, Tauber (1965) points out that only approxima­

tely 10% of the total deposition should be attributed to wet deposition 

(as a mean value for longer periods) . This figure is partly due to the low 

frequency of precipitation occurrence, partly because dry deposition rate 

is large . I..ooking at the pollen observations from Stockholm we find that 

very often during the final part of the different seasons half lifeti me is 

shorter than two days without occurrence of precipitation. We also find 

that on the average there is only ~ 2 cays of precipitation during the in­

tensive pollen season. Very often during this part of the year (May) the 

precipitation is not continuous in space and time like frontal precipitation 

but occurs as discrete showers . In these cases it is obvious that wet depo­

sition plays a minor role in a well mixed lower atrrosphere . In fact,during 

these situations the effect of washout is hardly noticable when considering 

daily mean values of pollen . ( But, of course, the effect of washout is 

noticable during the precipitation period) . 

So, in order to simulate deposition, wet deposition is omitted and dry de­

position is assumed to be proportional to the pollen concentration in the 
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D. Mixing and Advection. Bringfelt (1979) did not find the rruxing depth nor 

the wind as significant predictors for the pollen variation of Betula. 

Examining the data we find occasions with extremely high concentration of 

pollen in the air appearing in very stable situations . But in order to dis­

tinguish the effect of non-constant dispersion we must first of all be 

able to separate the other important processes, especially the extremely 

varying production term. 

Tak.ing into account the difficulty of predicting the stability, mixing 

height etz, ( parameters we need for calculating dispersion) differen­

tial mixing is neglected and assumed to be constant. This is not an ar­

gument for scaling but recalling the discussion in chapter 1.1 about 

the sum of errors, the neglection is justified for an operational model 

provided the mixing is nota too important process. 

Koski (1967) calculated a probable range of pollen flight, mak.ing some 

simplified assumptions. For Betula he found the range to be 43.8 km. If 

we accept his calculations the pollen grains observed at a certain loca­

tion have their origin in an area not too far from the observational site . 

If the area is rather homogeneous the weather condition in that point is 

representative for the area and the forecasting problem is one-dirrensional, 

i e advection is negligable . 

E. Turbulence uptak.e. The contribution from this effect is difficult to esti­

mate, but short pollen seasons like 1971 and 1975 suggest that this factor 

is of minor importance. However, measurements are rnade at roof- level (~20m) 

anda plausible effect of turbulence uptak.e would be the creation of a 

sharp gradient in pollen concentration in the atmospheric surface layer, 

very near the ground. This idea is supported by figure 1 . 1 where we notice 

that subjective symptom scores are not falling as quickly as the measured 

pollen concentration. Investigations concerning the vertical distribution 

of pollen concentration ought to be done in the future in order to esti­

mate this effect. However, in this study the effect of uptake is ignored. 

To sum up, the aerobiological processes have been simplified in a maximum 

rnanner to yield an equation where the rate of increase or decrease is the 

effect of a production anda dry deposition term. 
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In a ITB.theITB.tical form we get the concentration equation as : 

wher e 

dC(t) 
dt 

= P(t) - D•C(t) 

C(t) = pollen concentration at tirre t 

P(t) = pollen production at time t 

D = dry deposition velocity 

,--------------., 
I I 
I I 
I I 
I 

PROD ... 
I 
I 
I I 

: DEP(DRY) : 

L ____ , ____ J 

ll/777/llll/777777 
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3. SOLUTION OF THE CONCENTRATION EQUATION 

3.1 The production term 

Considering the total production in a population within an area of an approxi­

mate radius, 50-100 km, the production depends on both exogenous and endogenous 

conditions. If the external conditions were identical for all plants, there 

would still be differences intime between two specimen bursting into blossom, 

depending upon genetic variation, ages etc. 

FiquJte. 3. 1 An e.xamp.te. 06 the. vevu,won in the. p11.odu.c.lion te.Jun. 
A.tthou.gh ide.n.uQal. e.xte.11.nal. Qond,,[_:t,,,[_oVL6, the. .:two 
~pe.ume.n (Be.tuta ve.11.'1.uQO~a) ta the. .te.6t have. b~t 
inta .te.av~ while. thMe. ta the. '1,,{,ght (Be.tuta pu.b~e.VL6) 
~~ ~how no ~ign 06 6.towe,'1,,{,ng. 

Taking the exogenous conditionsinto account the differences in behaviour 

between plants can be further accentuated. For instance, water supply would 

not be uniformly distributed over the area. The incoming energy, i e the micro­

clirrate, will also have a certain variation in the area, the distribution de­

pending upon topography, lakes, soil types etc. 

For the following discussion let us ffi3..ke a definition: If the weather in a 

tempered climate follows an idealized variation, that can be estimated by ana­

lyzing long time series, we call it normal . 
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This would, for instance, mean that events like sudden frost would not appear, 

but the variation of the weather parameters are s:rroothed. 

The basic idea when constructing the pollen production terrrs is based on the 

following assumption: 

In the., we.,axheA dwun.g the., .optr.in.g Å/2 n.oJUna.l, a.tl :the., pltoc.e.,Me.,.o ;tha,t affe.,c.:t the., 

de.,ve.,fopme.,n.:t af a c.e.,Jt:tcu..n, plant would c.aU/2e.,, falt a whole., population. in a {ia1/tly 

homoge.,n.e.,oU/2, l,un,Lte.,d aJte.,a, a p1toduc.lion. ( f1te.,que.,n.c.y 06 6lowe.,Jr.in.g) ;tha,t folioW.6 

a GauMicrn c.u/tve.,. 

In JTBtheJTBtical terms, this would mean that the production is described by: 
-(t-m) 2 

P(t) = p •e 
0 

202 
( 3. 1) 

where P0 is the strength of the source, t is time, m is the date of culmination 

and CJ is the spread of the curve. In fact, the frequency of flowering, like 

figure 3.2 can sometimes be observed. landsberg (1979) suggests that this is 

always the case in apple crops but 0, m and P0 vary with conditions. In my as­

sumption this behaviour is restricted to norJTBl weather conditions, indicating 

that all the other factors influencing the development of a plant would be iden­

tically year after year but the weather being that factor JTB.inly responsible 

for discrepancies. 

Frequency of 
flowering 

m time (t) 

Figu1te., 3. Z The, a.o.oume.,d 61te.,que.,n.c.y 06 6lowe.,Jr.in.g a.o a 6unc.lion. 06 me., un.deA 
n.oJUnal we.,a.,the.,11, c.on.dilion..o. 
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The solution of (2 . 1) under the norma.l conditions, provided that deposition 

is restricted to dry deposition is: 

C(t) 

If C(t) =0 when t =0 then D 
0 

By setting the pararreters to: 

CJ 

m 

D 

= 2 days 

= 10 days 
-1 

= 0.25 day 

= -P e 
0 

( 3. 2 ) 

and integrating ( 3. 2) from 0 to t = 30 the resul t is given in figure 3. 3. 

C(t) 

DAY NO 

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 

FiguJLe. 3. 3 The, .oofu..tfon 06 e_qua.tion 3.2. PaJLame,.te,JUi give_n in .the_ .te.x.t. 

By using the ten years of pollen data mentioned in chapter 1 (1970-1979) an 

estimation of the 'norma.l' pol len season can be made in the following way: 

Normalize the different years of measurements. Since the length of the seasons 

varies we define a season from the first observation of pollen and 30 days 

ahead . Transform the ten series into Principal CoIDponents (see, for example, 

Holmström (1978)), i e: 

1 0 
C! (t) = I 

i 
n=l 

B (t)•h . n ni 

i = 1970, 1971 , ..... , 1979 

( 3. 3) 
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Analyzing the first component, which by definition contains the rra.ximum common 

variation in c70 (t) - c79 (t) the result is given in figure 3.4. 

10 12 .. " tO 22 ... •• • • ,o 

F iguJte. 3. 4 F w:t pf1)_n,c,,i_pa1_ Campa ne.n:t S 1 ( t) ,{_n_ e.q. ( 3 .. 3) • 

The similarities between figure 3.3 and 3.4 are striking. In fact, we can esti­

rra.te m anda from figure 3.4 as realistic values of those parameters. We find: 

m = 12 May 

(3.4) 

a = 2 days 

Since a = 2 this would mean that in the norrra.l season 95% of the production 

is limited toa period of 8 days. 
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3 . 2 The effect of non-normal weather 

A large number of investigations, concerning the effect if weather on pl ant 

growth, have been IIB.de during the last century towards finding a quantitative 

relationship between weather and plant response. There are, however, two or 

three dimensions in the structure of the relations between the forcing and the 

response. Livingstone and Livingstone (1913) define the dimensions as 

1. Intensity. 

2 . Duration. 

3. Quality. 

As an example of quality they mention, for the photosynthesis, the necessity 

of having radiation within a certain waveband. 

The weather ar1d its variation cannot be described by a singl e timeseries, it is 

the combination of a number of elements that forms the cornplex picture, denoted 

weather. 

Nevertheless, almost all investigators facing the problem have restricted 

their studies by using one or two meteorological parameters to characterize the 

weather. Almost without exception, the air temperature is the first one. 

One of the reason for this, is, of course, that air temperature is comparati­

vely easy to measure. Another reason is that the information given by air tempe­

rature is the reflection of the variations of other meteorological parameters 

like net radiation and humidity. Every meteorologist is aware of the inter­

correlation between parameters. The weather is, on every scale, characterized 

by the feedback in the complicated system, which gives a great multicolinearity, 

not only in the space but also in the time doJJBin. 

A third reason to restrict an investigation to the variation of temperature is 

the principle of Van't Hoff and Arrhenius which state: 

The. vuowy o 6 mOJ.i:t che,mi,e,al, ne.ac.:uo nJ.i do ubfe,,6 ( an -6 ome.wha:t mone.) 6 an e.ac.h 

w e. in :te.mpe.JLa:tuJte. o 6 10 ° C, w;,,thin a umUe.d in:te.JLval.. 
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In a rratherratical form the principle--ean be written: 

dg(T) ~ const.g(T) 
dt 

T. <T<T crit opt 

( 3. 5) 

Where g(T) is the velocity of a chernical reaction. T~rit and Topt is the 

lower critical and optimwn temperature, defining the intervall where the 

principle holds. The solution of (3.5) is: 

(T) const(T-To) 
g ~ go e 

(3. 6) 

The value of the constant = 0.1·ln 2 

Several investigators have rrade experiments in order to confirrn the principle, 

relating it to plant growth. Early investigations were ITBde by Koeppen (1870) 

and Lehenbauer (1914) studying growth of maize seedlings in relation to temp­

erature, keeping all other environmental factors constant and varying the dura­

tion of the experiment. Some results are given in figure 3.5. The principle 

of Van't Hoff- Arrhenius seems to hold within the interval 18°-3□0c. However 

beyond the point of the optimwn temperature ther seems to be an inverse prin­

ciple lirni ted by the intervall T t < T < T +. t where the latter denotes an op cri 
upper critical temperature. 
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later investigations have shown that temperature is not the only important fac­

tor affecting growth. However, it is our wish (chapter 1 . 1) to (if possible) 

restrict the growth process toa function of purely temperature. Recalling the 

discussion in chapter 2.2 about advection, the conclusion was that we have a 

one-dimensional forecasting problem. More precisely: we are not interested in 

the development in one specific plant, but the mean effect in a population 

within a circular area with an approximate radius of 44 km. Temperature as an 

average for this area would probably be a meaningful climate variable when 

used as the driving force in a mean growth function for the population. 
But it seems advisable to modify equation 3.6 slightly, still fulfilling the 

requirements of Van't Hoff-Arrhenius principle, but to yield an equation more 

in accordance with lehenbauer's result. Define a growth function G(T) where: 

G(T) 
I -(T-M) 2 

= b1e 2y 2 
( 3. 7) 

Putting in (3.7) in (3.5) the approximation holds if the parameters M and y 

are properly chosen. 
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Since the effect of duration on growth given in figure 3.5 is approxiITB.tely 

additive, we conclude that the pararreter b1 in (3.7) is independent of the 

duration and the total growth within an intervall (0,t) can be described by: 

t 
j G(T, T) dT 
0 

1 t -(T(T)-M) 
= b1Je 2y 2 d1 

0 
( 3. 8) 

However, since we intend to use the temperature,not as a continuous variable 

but averaged intime (daily mean), the formulation (3.7) has to be modified. 

If we denote the arithmetic mean operator (for an intervall I) by(-) , then 

for an arbitrarv function the identitv: f(x) = f(x) would only be true for a 

certain class 01 runctions or depending upon the intervall I. We know from 

the theorem called JeV1/2eV1/2-unequaLU:y that if f(x) isa convex function in the 

intervall I then: f(x) ~ f(x). In our case we know that diurnal variation of 

temperature reminds of a sinusoidal wave. It can easily be shown that: 

!.'TT 

e-((2nf 1[':3in x dx) 2 

and obviously there can be a systematic difference between G(T) and G(T). 

For the daily mean growth rate, as a function of the daily mean temperature we 

therefore permit a formulation: 

G (TY "' bo + b t ' G (T) = bo + b 1 • e 

-(T-M) 2 

2y2 
( 3. 9) 

In the following, daily rrean values are assUID?d when nothing else is said . 

However, in order not to confuse the reader with too llB11Y indices, the vari­

ables are treated as continoues variables. For instance: T(t) shall be inter­

preted as the daily mean temperature at day t. 

Before continuing, there is an essential feature in the development of any 

organism that has to be stressed . A certain intensity, duration or quality of 

an environmental factor can in an early stage of plant development have the 

opposite effect to that in a later stage. For instance: a temperature level 

just above o0 c would probably have no negative effect on a plant of Betula on 

March 15, the approximate date when the active period starts. However, the 

same level of temperature would undoubtly cause a negative effect on the deve­

lopment, if it appears just before flowering or approximately the first week 

of May. Considering equation 3.7 this effect implies values of M, y and b1 not 

only depending on the specific plant species we are interested in but also 

upon the stage of development in that specific plant species. 
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In a temperate climate the plant species growing in a certain area have adapted 

to the clirnate in the region, i e the different phases of development are clo­

sely related to the annual variation in weather, at least the normal variation. 

This means that the development in plants can be identified by the nonral tem­

perature, if we restrict ourselves to this variable. 

As a first crude approxiJTBtion, let Min eq (3 .9 ) be a linear function of the 

nonral daily mean temperature . (Assume the other parameters are constants). 

Hence: 

M = M(t) = M + T (t) o n 

If we define 

T'(t) = T(t) - Tn(t) 

we get 

G(T,t) ~bo+ b1 e 

Temperature (T) 

-(T'(t)-M ) 2 
0 

G(T,t) 

(3 . 10) 

(3 .11 ) 

(3 . 12) 

time (t) 

FigUJLe 3. 1 An illU6.tJLa,t,[on 06 G(T,t) Cl6 a 6un~.tion 06 the no~ma,l 
tempe~atUJLe. 

For the following discussion we assume that there exists a function with, a 

structure like 3 . 12 that can describe a general development of an arbitrary 

plant as a function of time and daily mean temperature. 
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If we define a norJTBl development rate: G(T ,t) i e the rate we would achieve n 
if the daily mean temperature coincides with the normal (T'(t) = 0), we can de-

fine a normalized devel opment rate: G'(T,t) where 

G'(T,t) 

The integral: 

t 

= G(T,t) 
G(Tn,t) 

BTF = f G'(T, ,) d, 
to 

(3.13) 

(3.14) 

has the dimension time and represents an effective biological time function. 

looking back on eq (3. 1) , expressing the production as a function of time when 

weather is assWn2d to be normal, we can cornbine (3.1) with (3.14), replacing 

the t ime in (3.1) with the biological time (3.14). 

P(t,T) = p e 
0 

t 
-(f G'(T,,)d,-m) 2 

to 

Some interesting properties of P are worthwhile to mention: 

(3.15) 

- If bo~ O, a retrograde development is not possible. (As we shall see later 

on, bo> 0 in the case of Betula). This isa quite different feature of G 

compared with the ordinary method of temperature sums. However, the major 

difference is that P transforms the incoming energy, not as an absolute 

amount, but related to the minimum level, needed for continuing development 

at a certain stage of the cycle. 

- The length of the period of production is independent of the total source 

strength P0 * while P0 may vary from year to year, it must be fixed at the 

start of the season i e depending on prior conditions. The length of the 

season, however, is perfectly determined by the weather within the season. 

- The production curve follows a Gaussian curve only when temperature follows 

the normal or slightly deviates. Otherwise the production curve can be al­

most arbitrary, but, of course, depending on temperature. 

* Tw J.1:, .:tJtue, i6 we, de,fJJ__ne, the, fe,ngth by a ne,fa;u,ve, c.Jr)__,te,nion, !Jon in6tanc.e, 

whe,n 99% pnoduc.tion J.1:, ne,ae,he,d. IIJ the, c_fLite,nion J.1:, ab~olute, ;_ e, pnoduc.tion 

ne,ac.he/2 a e,e,ntain ab~ofute, fe,ve,f th,u.;,. would, ofi c.ouMe, de,pe,nd an P0 , thJ.1:, 

J.1:, dJ.l:, c.uM e,d in e,hapte,n 4 . 
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4. ESTIMATION OF PARAMETERS 

4.1 Pre-seasonal perio~ 

The solution of (2.1) means an integration from a certain date in late winter 

or early spring when the active period of the plant starts. However, in the 

period of development until the first pollen is discharged the effect of depo­

sition is nil. So in this period equation (2.1) is simplified. Defining the 

start of the season by the criterion; ~~ > E (for the first time) 

p e 
0 

t 
s 

- ( f G'{T, T) dT-m) 2 

t 20 
0 

> E 

t 0 = date when the active period starts 

ts = starting date of pollen emission (flowering) 

( 4. 1) 

the parameters can be estimated. However, this is nota trivial problem from a 

mathematical point of view. First of all t 6 must be stipulated. From earlier 

investigations (Carlsson, 1980, Tuhkanen, 1980) it is not perfectly clear when 

the integration ought to be started, but probably at the date when the daily 

rrean temperature has exceeded OuG fora number of days. In this study t 0 was 

fixed to be the date when the nonral temperature in.the area exceeds o0 c 
approximated by March 15. A first:approximation of the parameters in (4.1) 

can be found in the following way. From the discussion in chapter 3.1: 

m = 59 (days between March 15 and May 12) 

(j = 2 

From figure 3.5 we can estimate y ~ 7°C. Analysing the dates of start in the 

sample described in chapter 1 this indicates a rraximum value of G'(T,t) not 

less than 1.2. This value is based on the early start in 1974 (= day no 44 
0 after March 15) corresponding toa mean temperature about 1.2 C above normal. 

As an initial guess, the parameters in G'(T,t) were set to: 

bo = 0, b1 = 1.2, y = 7.0°C~ Mo = 5°C (4.2a) 
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The criterion of start (4.1) can be further simplified by looking at figure 

3.3 telling us that the start of the season would approxiITBtely be seven days 

before culmination date: m (=59) 

ts 
f G~T,T)dT ~ m - 7 = 52 
to 

(4. 3) 

I 

By using the definition (3.12) for G(T,t) (4.3) was solved in an iterative way, 

i e finding the least square minimum: 

I\ 

I\ 
t (n)) 2 = minimum 

s 

ts(n) = estiJTBted date of start 

ts(n) = observed data of start 

The estimated parameters were found to be: 

bo = 0 . 4, b1 = 0.9, y = 5 . 6, Mo = 4 . 1 

giving an estimated standard error of 2 . 4 days . 

4 . 2 Seasonal period 

(4 . 4) 

(4 . 20) 

Next step is to find the parameters when the complete equation (2 . 1) i s used 

(within the season) . By using a time step of one day the derivative in (2 . 1) 

is replaced by a finite difference, giving : 

6C = P(T,t) •6t - D· C•6t (4 . 5) 

The scheme for iterative determination of parameters looked like : 

1 . Initial guess D and P0 (n) . 

2. Determine P(T,t) \t <t<t d\ from equation 4 . 5 (t d = time of end of s en en 
season) . 
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3. Estimate the parameters in P(T,T) from (3.12) and (3.15) as a function of 

the observed temperature. Use 4.2b as an initial guess and put initially 
A 

m = 7 and 0 = 2. Denote the estimation P(T,T). Use an iterative procedure 
A 

to minimize H(P(T,T) - P(T-T)). The choice of a function H is not trivial. 

In fact, a least square minimum is not suitable for the problem. In the 

present work H is set to the logarithm of the square error combined with 

subjective estimation of the minimum. This is nota satisfactory solution 

of the minimizing problem but the development of a general method was not 

possible within the framework of the project. 

A A 

4. Replace P(T,T) with P(T,T) in equation (4.5) giving 6C and determine P0 (n) 
• • • I\ 

and D that minimizes the error H(6C-6C). 

5. Go to 2 and repeat until we have found an optimal estimation of the para­

meters. 

Since we deal with two different phenological periods the parameters bo, b 1, 

M0 and y are allowed to be changed, haviDg a discontinuity at the starting 

date . 

t 
s 

Hence, when f G1(T, T) dT has been determined in the scheme above, a repeated 
t 

0 

attempt can be made to estimate the parameters in G~T,T) for the pre-seasonal 

period. 

The final estimation of parameters gave: 

a) Pre-seasonal period 

bo = 0.3, b1 = 1, Mo = 2.8, y = 4 

b) Seasonal period 

b 0 = 0, b 1 = 1. 3, Mo = 2.8, y = 4 

D = 0 . 4 
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The source strength Po(n) for the different years is given in table 4.1. 

Table. 4. 1 Total !.ioU/1.c.e. !.i:tJr..e.ng:th Po 6ofr._ :the. cu66e,h.,e.n;t ye.aM, ,{,n pe,h.,c.e.n:t o{i 
:the. mo!.l:t inte.ni.live. one. (7976 ). 

1970 50 

19 71 10 

1972 60 

1973 60 

1974 35 

1975 25 

1976 100 

1977 30 

1978 45 

1979 35 

In figure 4 . 1 the modell ed and observed concentrations for the different years 

are plotted. 

As we can see there are occasi ons when modelled concentration largely deviates 

f rom observed, but on the whole, the essential dynamics of the process seem to 

be adequately described. Comprehensive seasons like 1978 and 1979 as well as 

extremely extended seasons like 1974 and 1977 are properly simulated . 

It is worthwhile to notice that air temperature (daily mean) is the only in­

forJIB.tion given to the rrodel . The integration starts March 15 or approximately 

54 days before the start of the different seasons . So some of the discrepancies 

that can be seen in figure 4 . 1 can easily be corrected (1972, 1978, 1979) by 

using 'the last observed' value of pollen concentration, since the error large­

ly depends on 1-2 days error in forecasting the start of the seasons . 

Finally, the rrodel was tested on an independent sample. For 1980 the result is 

given in figure 4 . 2 . Here, Po is estimated by the method described below . We 

can see from figure 4 . 2 that this rather extreme year is adequately descri bed . 

The three local JTB.Xima, appearing this year, have been correctly depicted . 
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4.3 The inter-annual variation of P 0 

From Table 4.1 we notice that there isa substantial variation in P0 from year 

to year . From the data it is clear that there exists a biennial oscillation. 

However, this harrronic would explain not rrore than 20-30 percent of the varia­

tion in P0 • This oscillation should rather be seen as an effect, superirnposed 

on a variation that depends on external (clima.tic) condition. For Pieea abi<¼ 

Tiren (1935) and Eriksson et al (1975) suggested that weather conditions during 

flower prirrordia initiation are of decisive importance . Lindgren et al (1977) 

have quantitatively shown that temperature during this period plays an im­

portant role. 

For Betu,la the period of flower primordia initiation is approxima.tely the same 
t end 1 

as the period of pollen dispersal. So f G(T,T) dT can be used as a measure 
ts 

of the climate conditions during this period . The length of the pollen season, 

L(n), can also be used as a predictor since L(n) with a relative large accuracy 
,_ 

can be described as a function of purely G(T,T). This is easily verified by 

using equation (3 . 2) and campare the length of the season when using P0 (1971) 

and Po(1976) assumed to be extreme years. In fact, we find that L(n) as a 

function of P0 (n) is not modified with more than two days. 

Setting up a model: 

Po(n+1) =So+ S1L(n) + S2Po(n) + E(n+1) . 

Using ten years of data 1970-1979 the parameters So - S2 were determined. By 

using the cross validation technique a realistic estima.te of the error E(n) 

can be found. Cross validation, Hjorth et al (1981), mean that we divide the 

ma.terial into K subsets using (K- 1) as dependent sample and the remaining sub­

set as independent data. By forming all the possible different cornbinations of 

the subsets all the ma.terial can be used as 'independent' data. The result is 

given in figure 4.3. 
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5. OPERATIONAL TESTS 

In 1981 and 1982 operational tests were made in cooperation with the Palyno­

logical Laboratory, Stockholm. The forecasts were transmitted via the local 

broadcasting company in Stockholm. The 18th of April 1981 the first forecast 

was sent out telling the listeners that the birch pollen season of 1981 was 

going to be a very light season, the most gentle in 10 years. In fact, it 

turned out to be the most gentle ever observed in Stockholm. Monday to Friday 

the forecast was issued twice a day with projection tirre 5 days concerning 

the starting date, and when the season had started, for torrorrow (on Fridays, 

three days ahead) . 

The forecast was issued in four classes, corresponding to the international 

standard and the result is given in figure 5.1. 

A verification of the operational tests for 1982 is given in figure 5.2. 
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6. CONCLUSIONS AND REMARKS 

It has become evident that reliable forecasts of pollen concentration in the 

air are possible to make on an operational basis . 

- It has also become evident that the fundarrental part of the problem is the 

proper description of the biometeorological production term. Given the source 

anda simple dry deposition as a sink, about 80% of all the variation can be 

explained. Of course, the direct atrnospheric processes as differential dis­

persion, advection, release and turbulence uptake at certain instants can be 

very important, but those must now be seen as secondary effects and necessa­

rily superimposed on those first. 

- Having a network of pollen traps, the pollen forecasts could be a service 

for the whole country. In that case the advection term cen be incorporated 

in the model. 

- Wet deposition can also be included in the rnodel in the future. PrDrnising 

experiID2nts have been rnade, and this would mean not only forecast on a daily 

mean basis but also divided into part of the day. 

- Prediction of pollen emission from other species of leaf trees like hazel, 

ale,oak etc would probably be possible by using the sarre type of rrodel . How­

ever, the shedding of pollen from grass is presurnably to some extent dif­

ferent, and measurements at lower levels must be done since the highest con­

centration occurs very near the surface. 

- The success of pollen forecasts depends not only upon the quality of the pre­

dictions but also how they will be utilized. It is therefore important that 

inforrrB.tion and education must necessarily take place before pollen forecasts 

become routine. 

- A cost/benefit investigation ought to be done in order to demonstrate that 

an activity like this is econornically and socially justified. 
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