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Abstract

An objectlve method of drewing climetologlcel meps of sunshine, temperaturs,
- rainfall percentage end reinfeli smount, which Is used operationelly st the Irish
Meteorological Service In Dublin, is degscribed. The iInterpolation is bssad on
 Mclain®s method of distence welghted lsest squeres quedrstic epproximetlon
(Mclain 1974). The observations ere Interpoleted directly to s reguler
{rectengular) mesh, without the use of a first-guess, snd the raesultant fleld
- is contoured and sheded using e standerd contouring peckage.

This ‘basic interpolation gave some spurlous results neer the coest end In dete
void aress when It wes applled In its originel form. These problems were
overcome by the Introduction of dummy velues In such regions and & method
was developed for celculating such veslues sutomaticelly bssed on nearby
observetions snd verious climetological normals,

The méthod has becn In operstional use since Februery 1985 end the results ere
of quality comparsble to the menusl method which this computer method hes
replaced.
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1. Introduction ..

This psper describes the tachnique of abjectively enalysing monthly climatologicel
meps by computer which Is used operstionsily st the Irish Meteorologicel
Service. The method Is used to draw maps of meen sir tempersturs, mean dally
sunshine, reinfall as @ percentage of normel end reinfall emount. Dete from
scettersd observetion ststions is Interpoleted to e reguler rectsnguler grid,
using Mclain's technique of distence welghted leest squeres quedratic
spproximetion (Mcleln 1974). The grid s then contoured and shaded using e
standerd package (Hamliton 1985). In implementing Mclein®s sigorithm, we have
introduced a number of improvements - in perticuler that of sorting the
obsarvetions by their grid number - to meke the method computationally more
efficlent.

This objective {(computer)} method replaces & menual method which was used
from the birth of the Msetaorological Service (In 1936} untll Februery 1985. In
computerising the process we wented &' technique that would produce cherts
comperabie in quelity to those produced manuélly.) thet would be ressonably
efficient, and thet would need no menusi intervention. finother requirement wes
for a method that would not require e preliminery fleld or 'first gusss' since
we hed no digltising facllities for-entering such e field.

Three besic spproaches to the problem of objective analysis ere (a) surfece
fitting, (b) successive correctlons (Cressmen 1959) and (c} optimal
interpolation (Gendin 1965)}. The last two methods are better thsn surface
fitting especlelly where there ere lerge data sperse aress. However, with good
date coverege simple surfece fitting methods cen be quite satisfactory
(Gustefsson 1981) and this peper discusses such & mathod (McLain 1974).

The Cressmen technique Is efficlent and easy to Implement. Howsver, It hes the
disadvantages that it needs e first guess and a lot of fine tuning to give good
results.

The optimum Interpolation method uses weighting perameters based on varlous
spetlsl correletions. Thesae pasremeters cen be celculsted objectively provided s
large statisticel deta bese Is available. However, in the absence of such 8 deta
base, we would have to choosas these pasramsters by experiment and so optimum
Interpolation would be no better then the Cressman mathod in this regard.
Rlso, the requirement for s reelistic first guess is s disedventage.

The surface fitting msthods ere besed on fitting some type of Ffunctlon -

gensrally & polynomlal - to the deta. Mclain's tachnique is of this type end we
daecided to start by Investigating this method. It is essy to implement, since,
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In Its original form, it has Just e single erbltrery paremeter. Also, It %en
produce good results without the need to use a first-guess.

We tried out Mclain’s method for anslysing sunshine and temperature and found
thet It geve such good results thet we did not Investigate more compliceted
epproeches such as optima! Interpolation. The same method wes successfully
spplied In analysing percentage of normel rainfell. In the cese of rsinfell
amounts, however, we found it necessary to do some simple modeiling of
orographic effects to produce scceptable enalyses. When such modelling wes
introduced the anelyses were of e high quality. This method is now used
operationslly in the Irlsh Metaoraloglcel Service.

2. Methemstical Background

The baslc problem of interpolation is as follows. We heve n deta velugs (or
observations) [z]-. 25, 23’-;.. zh-] specifled at the positions [(x].y1). (xz.yz}'.
(xg.ys)' ...'-(xn.-yn)] respectively. We wish to estimete the value of z st the
position (a,b) using the Informetion contsined In these n dats values. ‘

Mclaln's meothod consists of fitting & second degres  polynomlsi to the
observetions end then evalusting It at the point (a,b). Thus, consider the
generel polynomisl of second degree :

Pxuy) = o * oygx * Gy + Cpgx” * &pxy * egpy’ | N

Our -alm Is to choose the coefficlents C., S0 thet the polynomlel will be ss
accurate a fit as possible, In the ususl lesst squares sense, to the date. The
difference between Mclain's method end the usuel least-squeres spproximation,
is that In his method data points (x,,y,) closs to (a,b) cerry more welght than
distent points. More preclsely we choose the coefflclents C.g to minimise the
quadratic form

0= Y Playp-zpliulxe? + (y 02 - ()

where w Is a welght functlon, such es wid®) = l/dz. which is large when
{s,b) is close to (xl.-yf) end smell when It Is remots. Tha minimisation Is
achieved in the usual wey by solving the (in our exemple, six) linesr equations

W ., - (3)
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in the {slx) unknown coefficlents Crg® Having found these coefficlents we can
gvaluate the haight of the surface et (8,b) es P(s,b).

Combining equations (2) and (3) end performing the differentlations we obtsin
the following set of equetions for the coefficients :

— — g— — e— ——

v e T Xy v Y g0 2y,
2 2 3 2
Xy Xpwp X X Xy Xy 10 Xer
2 22 3
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v X v v Xw XTewy v a2 Yi2p

N — —

ceon(d)

where we heve made the substitutions Xf(xl-a) and Y|=(y|-b) and whare the
summations (over the observstion points) should be performed before solving
the system of equetions. Note thst, when Interpoleting to s grid, this set of
aquations must be solved for each individuel grid point.

Mcleain, in his peper, discusses ® number of possible welghting functlons. The
use of a simple |/d2 {or to evold srithmetic overflow 1/(d2+e) for small €),
doss not prove perticulerly setisfactory. He believes this Is probebly because
the date polnts remole from (s,b) heve too much welight. The more rapidly
decreasing function exp(-udz). for some suiteble constent &, glves much more
accurate results. If the dete polnts are subject to experimentel error the use
of such & functlon with perhaps e smeller velue of &, leads to e smoothing of
the surface. However, If the observations are exsct, then when (a,b) Is very
close to some (x,y) we would expect thet to dominste sbsolutely. Hence
Mclein recommends the function :

W(d) = &— (5)

where a Is ® constent (of the order of the inverse of the squere of tha
sverage distences between neighbouring dete points) end where € Is & smell
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constant- to prevent erithmetic overflow at d=0. The significence of a can be
saen by introducing the scele langth dsc ol defined by :

i

so that the weighting functlon can be written in the slternative form :

2 N
-(d/d )
8 geal N

e+(d/d

W(d%) = >
scal)

This function beheves llke 1/d° near en observation point (and grows rapldly
with decreesing distance from the observetion) but beheves like exp(-ud2 )
further awey from the polnt (where It fells off repldly). Figure | shows a
greph of the function end compares Its beheviour with 1/d% end exp(-udz}.
Note, that for ad » 2 the functlon Is negligible.

The distance, d, betwsen the grid point (e,b) end the observetion point (x,,y)
can be calculeted from the latitude end longituds coordinates of the points
(Maling 1973). Thus (in units where the Earth's redius is unityl,

cos d° = sin $; sin ’g *+ cos ¢, cos ’g cos AN (82

where A ts longitude, ¢ latitude, the subscript g refers to the grid point (a,b)
and 4A = (A~A_ ). For smell A and smell A¢ (whers 8¢ = QI-QQ) the distance
can be written :

dz

= (8 cos g% + (a)? (9
where ¢g = H(¢+¢ ). In prectice, for a country the size of Ireland, cos ¢
dogs not very much from North to South, end so we cen trest cos $g @S @
constant,

3. Progremming Considerstions

The enalysis of (say) s chart of monthly eccumulsted rainfall Is cerried out In
the following two stages :

(a):The observetions ere Interpoleted to a reguler letitude/longttude grid
covering the whole of irelend

(b):The grid deta is contoured and the contour lines clipped egeinst the Irish
coestling,
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Figure 1: Comperison of weighting functions. Note how the weighting
function recommeanded by Mclsin (solid line} combines thg desirable features
of the 1/d° function st smsll distances snd the exp(-ad) function st large
distances.



The interpolstion is the most time consuming pert of the process. We have
made a number of modifications to MclLain's besic algorithm to Incresse the
efficlancy of the method. Mclain suggests dividing the reglon into sub-regions
and Ignoring data points In remote sub-reglons. We have teken this e step
further by sorting the deta polnts eccording to the grid-celi-number containing
the observetion. We dofine e cutoff radius, d_ 4 cc. and, with the eid of the
list of sorted observetions, Ignore all observstions outside the cutoff redlus.
In & further reflnement of these idess, we have the optlon of seerching for
observetions In a spiral motlon moving outwerds from the grid point ~ when &
certaln critical number of observations, N enouah’ hava been sccumuleted the
search for further observetions Is helted end the interpolation is performed,
Both these techniques heve s slgnificant effect on the efficiency of the
interpolation. In addition the Introduction of the Nen ough option hes e smasll
effect on the Interpoleted velues since it ceuses more welght to be given to
neerby points as points further ewsy are Ignored.

The interpoletion is performed In letituds/longltude spece using the cosine
factor discussed In connection with equation (9). Thus we define a coordinate

system :

x = A cos ¢; (longitude)

(103
Yy = ¢ (Istitude)
where ¢, = 53-35° (since Irelend oxtonds from approximately 51-3°N to
55-4°N).

Much of the cost of the interpoletion Is ‘the solution ‘of the systems of
equetions which erise for each grid point. We have .optimized their sclution by
writing e speclal direct solver with the DO-loops un-rolled for the speclsl cese
of o system of six equations. flsc, to improve the numericel stabiilty of the
solution, we shift the origin of the coordinste system to the grid point in
question, before csiculeting the matrix coefficients In equetion (4},

4. Operetional Productioh of Sunshine and Tempsersture Msps

Before the introduction of the Interpoietion coutines, sunshine end temperature
maps were drewn up entirely by hend. The process Involved the menus! plotting
of observetlons end the menuai Insertlon of Isolines. The final meps for
publicetlon were trscad end shaded by a draughtsmen. These cherts wers the
first to be generated eutomsticelly using the Interpoietion routines.

At the outsst we encountered various difficultiss with the intarpoletion. These
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Paramgters for Interpoletion -

doutoff | dscel | Manough | Grid | No. Obs
Sunshine 2.5 1.2 -~ | 75x100 a0
Tempersture 2.25 1.2 -- | 75x100 140
Rainfall Percentages 0.7 1.2 18 | 90x120 470
i?alnf'ell Amounts 0.7 | 1.2 IBV 90x120 1100

Tablg_ 1: Parameters

temperature, rainfall percentages end reinfell emounts. These values were
chosen efter much experimentetion. d_ ., end d_ . cc @re in units of degress
The number of observations Includes both resl observations end
"dummy® velues. Sunshine and tempersture are snalysed using theroutine SINTRP
and reinfell percentage and reinfall smount using the routine NINTRP. Both these

of latitude.

used operstionslly in the Interpoletion of sunshine,

routines are In the PCONTR contouring packege (Hamilton, 1985).




were dus to (@) topogrephicel considerstions for the sunshine maps, es the
tempereture valuss used are already reduced to meen sea level, (b) irregular
statlon distribution lesding to certsin extreme velues being ‘lost’ in the
interpolation and (c) dats vold or ’'blenk' sreas being drewn for spuriously,
particulerly In coestal regions. With no velues beyond the cosstline, if & 'blenk’
srce occured between the cosst and valugs, (say) fifty kllometres away, the
interpolation for the eree would sssume the gradlent up to thet point end
continue it to cover thet eres. This roesulted In a completsly falss
representstion of velues over the ares involved perticularly If the gradient wes
eiready steep. -

Thess difficulties were overcome by the following two modifications :

(a):We edjusted the paremeters dycal 9 dopopp to put more weight on locel
extreme vaiues snd to exclude more distant points. This ceused the Isolines to
become jegged and enguler with the (30 x 45) mesh we were using which was
not fine enough for e satisfactory result. We found eventually that a (75 x
100) grid sulted the number of observations - 80 for sunshine end 120 for
temperature (Including some manuslly entered values from Northern Irelend).
The (98 x 120) grid which proved successful in the interpolstion of grester
emounts of date (l.a. reinfell percentages and amounts} proved too tight a
mesh for the number of observations involved. '

(b):We Inserted ‘dummy' velues st verlous points. This wes as s result of
comparisons betwaen the objective method end the menual method (using many
monthly data-sats), which showed constant disagreement in & smell number of
sreas. These were invariebly in *blank’ mountaslnous sreas, were sunshine values
ere always considersbly lower then surrounding erces, and In ‘blenk’ coestel
regions for ressons elreedy outlined. The values where calculsted using o
mixture of surrbundlng statlon valugs end clImatoioglcelly-éomparable statlon
velues and then used In the Interpolstion. It wes found thet using betwsen 2
ond 8 such dummy velues was sufficlent to produce a resultant iInterpolstion
that compered favourebly with the hand-drswn meps.

5. fAin Exemple of a Sunshine Map end of e Temperature Mep

Figure 2 shows a computer enelysis of sunshine deta for Merch 1985. Date
from 74 stetlons and 2 dummy vesluss (off the West coest of Ireland) were
Interpolated to & (75 x 100) grid covering the eree 10-6°W to 5-4°W and
51-3°N to 55-4°N. The following perameters were used :
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Figure 2: Example of 2 computer Eroduced anslysis of sunshine. Dote from 74
stations and 2 dummy velues ere interpolated to the grid. The two dummy values
are off the West cosst of Irelsnd and are enclosed in brackets.
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Figure 3: Example of a computer produced anslysis of temperature. This msp is
contoursed and sheded by computer and has been published In this form
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{reduced to Mean Ses Level)

{Meteorologicel Service, 1985).
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#g = 53-35° (cos ¢g = 0-60)

dscal = 1.2 an

deutoff = 2°S

The results of the Interpolstion are shown In figure 2 where we heve plotted
both the observetions end e contour plot of the grid point veluss.

We tested the accurecy of the Interpolation by teking the grid point values and
interpoleting them back to the cbservstion points. We used both bi~linasr and
bi~cublc Interpolstion to perform the back Interpolation and we got essentially
the same results with both methods. The rms differsnce between the
observational velues snd the snalysed values wes 3X end the maximum difference
was 10X. Thus this method of enalysis draws quite well for the observations.

Figurs 3 shows ® computer snelysts of mesn eir temperature for December
1985. This map hes been contoured end shaded and has been published In this
form (Msteorologlce! Service, 1985). The interpoletion paremeters used for
generating this plot are summertsed In Table 1.

6. Opsrstional Production of Percentage Reinfell Maps

The interpolation procedure wes next applied to producing meps of reinfell
percenteges, using approximetely 400 points with fairly even distribution ecross
the country. Percentage velugs for snother 70 stetlons supplied by the
Northern Irelsnd Msteorological Bffice werse Inciuded In the intsrpolation. While
the raesulting meps were found to compere clossly with those drawn up
manuelly, locelised highs and lows tended to be omitted. This problem was
overcoma by adjusting the Interpoletion peramsters In such s wey es to exclude
more distant points from the Interpoletion. Firstly, the velue of the cutoff
radius (dcdtof'{-‘) was decreased end secondly, s threshold vaiue was iIntroduced
enough" Glven the
high density of reinfall ststions sround the country, these chenges stiil enabled
valld Interpolstions to be mede. As percentage velues are Independent of
topographlcsl Influences, the meaps thus produced ere sufficiently accurete to
obviete the necessity of Including dummy velugs. See Table 1 for & summery of
the Interpolstion parsmeters used, end the frontplece for en example of such e
map,

to predetermine the number of observations to be inciuded (N
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7. Operetions! Production of Rainfsll Maps

The production of reinfell amounts meps using the interpoletion routines
presented greater difficultles owing to the highly verleble psttern of rsinfsll
over smell sress. There were two problems, both relsted to leck of deta.
Firstly, in some ereces nesr the coest an Insccurate gradient was assumed by
the Interpoletion In the absence of dsta. Secondly, the analysed velues were
too low In mountalnous aress of high rainfsli not represented by en observing
stetion. The former probiem wes not sertous and could be solved by introducing
just & few dummy velues. However, ths letter was much more fundementai and
was basic to the modelltng of orogrephic effacts.

The first approech to the rainfall enslysls was to Introduce dummy vaives to
fill In the geps in the network outlined sbove. Rs a first step, eround 40 such
dummy values were found necessery to provide & reesonabie picture of rainfall
distribution (figure 4). This epproach was unsatlsfactory, however, as these
valugs were most gaslly estimeted from Inspection of the manually produced
mep (figure 5) which It was hoped eventuslly to raplace. In edditlon, keying In
these velues, together with values for Northern Irelend ststlons, wes a
laborlous task on & monthly besis.

The next epprosch, therg¢fore, was to estimate the dummy values
automstically. An estimate of monthly amounts for sach of approximately 950
stations (including dummy statlons} was cealculeted using a combinstion of
climetological norms end the percentage devistions of neerby stations. The
procedure was as follows :

(a):The first step wes to estimate n(r,t), the sverage monthly reinfall for
each statlon as e function of position (r) end of the manth of the yaer ().
Each monthly eversge wes estimated by writing it In the form :

nir,t) = Y(r) x () (12)

where Y(r} is the yesrly normsl for esch ststion and I(t) Is a climatologicel
index of the distribution of ralnfall over each month of the yeer. Note that
slthough monthiy es well as annuel rainfell normels were evsllable, by using the
ennual figures elona only one value hed then to be estimsted for dummy
stetlons representing blank erses. These snnuel normels were obtained from the
published rainfall averages savellsble for Iraland for the perlod 1951-1960
(Fitzgersld 1984), whlle dummy ennual values were estimeted from the
accompanying meps.

This method of estimating monthly aversges was not suffictently sccurate so
we divided the country Into 32 reglons (the counties of Irelend) end used the
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following estimate :
Nir k) = Y(r) x lc(t) {13)
where there ere 32 values of lc(t) for wach of t.hé 12 months.

(b):The next stege wes to use these evereges to caiculate estimeted values
for a particulsr month snd compars tham with tha actual observetions whers
svalleble. We took April 1986 es en oxemple end ceiculated en average
percentege rainfell Index for each county using obsarvetions from resl ststions.
Thus:

Pc{t) = 100 * average (R{ectuel)/N(actusl)} , _ 4)

where R(actual) ts the rainfall observation for the given station and N(actual)
the corresponding normal.

(c):Finally we used the percentage Index for each counﬁy to produce en
astimate of each observatlon :

E(r,£) = (P_(£)/100) * N(r,t) ' (15)

Around 90X of the velues produced from this celculstlon were found to lie
within 220X of the evellable recorded emounts. The resuiting mep ,(flgur'e' 6),
thersfore, produced e reesonsble genarel psttern of rainfall distribution but
was uneble to show minor devietlons In the overall psttern, perticulerly In the
- blgger countles whers an everage percentage value represented a large number
of stations. :

The next stege of the ensiysts was to combina these sstimated velues with real
observations. Where 8 report Is avallable for & stestion the monthly total Is
used but In additlon en estimsted totsl E(r,t) Is used for each of e
preselected group of points, The result Is to use a combinetion of eround 650
actual amounts together with estimeted values for snother 450 stations (closed
stetlons, Northern Irelend ststions and dummy velues), The resulting mep
(figure 1) achfeves most of the saccuracy of thet produced manually, but
without the naecessity for any manua! Intervention.

This method wes epplled to e number of months (without 8 rscalculation or
reselection of the dummy values) and it continued to produce good results. The
interpolation sccepts both resl and estimsted values and treats them in the
same way.

This process has a number of advanteges. It Is objective end requires no menusl
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intervention. fnother edventage Is thet eny slight modificetion considered
nacessary can be made simply by the eddition of e dummy annusl average and an
sssocisted grid position. Finally note that this method of modslling the
orogrephy Is Indepandent of the method of Interpolation end could bs used with
other methods of objective anslysis to provide 8 preliminery field. While thers
‘are 450 estimated velues Included in the Interpolation, & first guess would
require 10,800 points (one for asch point of the 90x120 grid). The sstimataed
values used here are Independent of the grid resolution.

The 450 estimated velues represent 350 closed stastions, 70 Northern lrelend
stations and 30 dummy points. The closed statlons and Northern Irelsnd stations
are based on real date end It Is gratifying that only 30 dummy velues heve had
to be used. The latter are based on a ceraful reading of the cherts of rainfell
averages (Fltzgerald 1984} end they melnly mode! orogrephic effects In the
ebsence of obsarvatlons.

The method is ressonably efficient. It tskes epproximatsly two minutes CPU
time for the interpoletion end snother two minutes CPU time for the contouring
and sheding routines on s DEC 2050 computer. See Table 1 for a summery of
the interpolation parameters used.

B. Conclusions

This paper has discussed an objective method of drewing climetologicel maps of
sunshine, temparsture, reinfall percentage end reinfali emount. The
Interpblution le besed on the method of distence weighted Ieest squares
quadratic approximetlon. The Interpolation paremeters for the various flelds are
summerised in table 1.

The Interpoletion gave some spurious results neer the cosst end In date void
eress when it was applled In Its original form, These problems wers overcome
by the introduction of dummy values in such regions and & method was
developed for celculsting such values sutometicelly based on nesrby obsarvations
and verious climatological normeals.

The method has bsen in operstionel use since Februsry 1985 and the results sre

of quellty compersbie to the menusl method which this computer method hes
replaced.
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