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Abstract 

An objectlve method of drawlng climatologlcal maps of sunshine, temperature. 

ralnfall percentage and rainfall amount, whlch is used operationally a t  the lrlsh 

Meteorological Servlce In Oublln. is described. The interpolation is based on 

Mdaln's mathod o f  dlstance welghtd l a s t  squares quadratic qproximatlon 

(McLain 1974). The observations are interpolated directly t o  a regular 

(rectangular) mesh. without the use o f  a first-guess. and the resultant field 

Is contoured and shaded using a standard contouring package. 

This bask lnterpolatlon gave some spurlous results near the coast and In dab  
void areas when It was applled in i t s  orlginal form. Those problems were 

overcome by the Introduction o f  dummy values in such reglons and a method 

was developed for  calculating such values automatically based on nearby 

observations and various climatologlcal normals. 

The method has boon In operational use slnce February 1905 and the results are 

of  quallty comparable t o  the manual method which thls computer method has 

replaced. 





1 . Introduction 

Thls paper describes the technique o f  objectively analyslng monthly cllmatologlcal 

maps by computer which is used operstlonally a t  the Irish Meteorologtcal 

Servlce. The method Is used t o  draw maps of mean air temperature. mean dally 

sunshino, rainfall as a percentage o f  normal and rainfall amount. Data from 

scattered observation stations Is Interpolated t o  a regular rectangular grld. 

uslng McLaln's tochnlque of dlstmce welghted least squares quadratic 

approxlmatlon (McLaln 1974). The grld Is then contoured and shaded uslng a 

standard package (Hamilton 1985). In lmplementlng McLaln's algorithm, we have 

Introduced a number o f  Improvements - In particular that of sortlng the 

observatlons by thelr grld number - t o  make the method computatlonally more 

o f f  icient. 

Thls objective (computer) method replaces a manual method which was used 

from tho bir th of the Meteorological Servlce (In 1936) untll February 1985. In 

computerlslng the process we wanted a technique that would produce charts 

comparable In quality t o  those produced manually. that  would be reasonably 

efficlent. and that would need no manual lnterventlon. Another rsquirement was 

for  a method that would not requlre a prellminary field o r  ' f l r s t  guess' slnce 

we had no dlgltlslng facllitles for onterlng such a fleld. 

Three bask approaches t o  the problem o f  objective analysts ere (a) surface 

flttlng. (b) successive corrections (Cressman 1959) and (c) optlmal 

Interpolation (Gandln 1965). The last two methods are better than surface 

f l t t lng especially where there are large data sparse areas. However, wlth good 

data coverage slmple surface f i t t ing methods can be quite satisfactory 

(Gustafsson 1981 and thls paper discusses such a method (McLaln 1974). 

The Crossmen technique Is efflclent and easy t o  Implement. However, It has the 

disadvantages that It needs a f l r s t  guess and a lo t  of flne tunlng t o  give good 

results. 

The optlmum Interpolation method uses welghtlng parameters based on various 

spatial correlations. These parameters can be calculated objectlvely provided a 

large stattstlcal data base is available. However. in the absence of such a data 

base. we would have to  choose these parameters by experiment and so optimum 

interpolation would be no better than the Cressman method In thls regard. 

Rlso, the roqulrement f o r  a realistic f l r s t  guess Is a disadvantage. 

The surface f l t t lng methods are based on f l t t lng some type of functlon - 
generally s polynomial - t o  the data. McLain's technique is of this type and we 

decided to  s ta r t  by lnvestlgatlng thls method. It Is easy to  implement, slnce, 



In I t s  orlglnal form. It has just a slngle arbltrnry parameter. Also. It b n  

produce good results wlthout the need to  use a flrst-guess. 

We trled out McLaln's method for analyslng sunshlne and temperature and found 

that It gave such good results that we did not lnvestlgate more compllcsted 

approaches such as optlmal lnterpolatlon. The same method was successfully 

applled In analyslng percentage of normal ralnfall. In the case o f  ralnfall 

amounts. however. we found It necessary t o  do some slmple modelllng of 

orographlc effects t o  produce acceptable analyses. When such modelllng was 

Introduced the analyses were of a hlgh quallty. Thls method Is now used 

operationally In the lrlsh Meteorological Servlce. 

2. Mathematical Backqround 

The bask problem o f  lnterpolatlon Is as follows. We heve n data values (or 

observatlons) Czl. z2, z3 ... znl specifled a t  the posltlons C(xl .yl), (x2.y2). 

(x3.y3) ... (xn.yn)1 respectively. We wish t o  estlmate the value o f  z a t  tho 

posltlon (a,b) uslng the lnformatlon contained In these n data values. 

McLaln's method conslsts of f l t t lng a second degree polynomlal t o  the 

observatlons and then evaluatlng It a t  the polnt (a.b). Thus, conslder the 

general polynomlal o f  second degree : 

2 
P(x.Y) = coo + c1ox + C0,Y + 90% + CllXY + cozy 

2 (1 

Our alm Is to  choose the coefflclents crs so that the polynomlal wl l l  be as 

accurate a fit as possible. In the usual least squares sense, t o  the data. The 

difference between McLaln's method and the usual least-squares approxlmatlon. 

Is that In his method data polnts (xI.yI) close to  (a.b) carry more welght than 

distant polnts. More precisely we choose the coefflclents crs t o  mlnlmlse the 

quadratic form 

2 where w Is a welght functlon, such as w(d = l/d2, whlch Is large when 

(a.b) Is close t o  (xI.yI) and small when It Is remote. The mlnlmlsatlon Is 

achleved in the usual way by solvlng the (In our example, slx) llnear equations 



In the (SIX) unknown coefflclents crs. Havlng found these coefflclents we can 

evaluate the helght of the surface a t  (8.b) as P(a,b). 

Comblnlng equatlons (2) and (3)  and performing the differsntlatlons we obtaln 

the followlng set of equatlons for  the coefflclents : 

where we have made the substltutlons Xl=(xl-a) and Yi=(yl-b) and where the 

summations (over the observatlon points) should be performed before solving 

the system of equstlons. Note that, when lnterpolatlng t o  a grid. thls set of 

equations must be solved for each lndlvldual grid point. 

McLaln, in his paper, discusses a number o f  possible weighting functlons. The 
2 use of a slmple l / d  (or to  avoid arithmetic overflow l/(d2+e) f o r  small e). 

does not prove particularly sstlsfactory. He belleves thls Is probably because 

the data pdnts remote from (a.b) have too much welght. The more rapldly 
2 decreasing functlon exp(-ad 1. for  some suitable constant a, gives much more 

accurate results. If the data polnts are subject t o  experimental error the use 

of such a functlon with perhaps a smaller value o f  a, leads t o  a smoothing o f  

the surface. However. if the observations are exact, then when h b )  Is very 

close t o  some (xI.yI) we would expect that to  dominate absolutely. Hence 

McLaln recommends the function : 

where a Is a constant (of the order of the Inverse of the square o f  tha 

average dlstsnces between nelghbourlng data polnts) end where e is a small 
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constant t o  prevent arlthmetlc overflow a t  duo. The slgnlficance of a can be 

seen by introducing the scale length dscal defined by : 

so that the weighting functlon can be wrttten In the alternative form : 

2 Thls functlon behaves llke l /d  near an observatlon point (and grows rapidly 

wlth decroaslng dlstsnco from the obsorvatlon) but behaves llke e x p ( - d )  

further away from the polnt (whore It fo l k  o f f  rapldly). Flgure 1 shows a 
2 2 graph of the functlon and compares i t s  behavlovr wlth l /d  end cap(-ad ). 

Note, that for  ad > 2 the functlon Is ne#glble. 

The dlstance. d. between the grid polnt (a,b) and the observatlon point (xl.yI) 

can be calculated from the latitude and longltude coordlnetes o f  the polnts 

(Mallng 1973). Thus (In units where the Earth's radlus Is unlty). 

cos d2 = stn sin + + cos cos + cos AA 
9 9 

(8) 

where h Is longitude. + latitude, the subscript g refers t o  the grid point (a.b) 

and Ah = ( A  -A ). For small AA and small A$ (where A+ = +-4 the dlstance 
1 9  1 9  

can be writ ten : 

1. In practice, f o r  a country the slze of lreland, cos +O where to H+I++A 
does not vary mu from North t o  South, and so we can t reat  cos +O as a 

constant. 

The analysls o f  (say) a chart of monthly accumulsted rainfall Is carrled out In 

the following two stages : 

(a):The observations are lnterpoleted t o  a regular latttude/longltude grld 

coverlng the whole o f  lreland 

(b):The grld data is contoured and the contour lines cllpped agalnst the lrlsh 

coastline. 



Distance : d 

Fiqure 1: Comparison of weightin functions. Note how the weighting 
function r ommended by McLaln (so id line) combines t h  desirable features 

L? 

9 
of  the 1 /  function a t  small distances and tho exp(-a 1 function a t  large 
distances. 

2 



The hterpolatlon Is tho most tlme consuming part  of the process. We have 

made a number of modlficatlons t o  McLaln's basic algorlthm t o  Increase the 

efflclency of the method. Mdaln suggests divldlng the reglon Into sub-regions 

and lgnorlng data points in remote sub-regions. We have taken thls a step 

further by sortlng the data points accordlng t o  the grid-cell-number containing 

the observation. We define a cutof f  radlus, dcutoff , and. with the aid o f  the 

list of sorted observatlons, ignore all observatlons outside the cutoff radius. 

In a further refinement o f  thoso Ideas. we have the optlcm o f  sesrchlng fo r  

observatlons In a splral motion moving outwards from the grld polnt - when a 

certain crltlcal number of observations. Nenoulh. have been accumulated the 

search for further observatlons Is halted and he lnterpolatlon Is performed. 

Both these techniques have a slgnlflcant e f fect  on the efflclency of the 

lnterpolatlon. In addition the lntroductlon of the Nenough optlon has a small 

e f fect  on the Interpolated values since it causes more weight to  be given t o  

nearby points as polnts further away are Ignored. 

The lnterpolatlon 1s performed in latitude/longltude space using the coslne 

factor discussed in connection with equation ( 9 ) .  Thus we define a coordinate 

system : 

x = h cos +O (longitude) 

Y = #  (iatltude) 

where +O = ~ 3 . 3 5 ~  (slnce Ireland extends from approximately 51.3'~ t o  

~ 5 . 4 ~ ~ ) .  

Much of the cost of the lnterpolation Is the solutlon ' o f  the systems o f  

equations which arlse for  each grid polnt. We have optlmlzed their solution by 

wrltlng a speclal direct solver wlth the DO-loops un-rolled for  the speclal case 

o f  a system of slx equations. Also, t o  Improve the numerlcal stability of the 

solutlon. we shift  the origln o f  the coordlnate system t o  the grld polnt in 

question, before calculating the matrix coefflclents In equatlon (4). 

4. O~eratlonal Production of Sunshlne and Tem~erature M a ~ s  

Before the Introduction of the lnterpolation routines, sunshine and temperature 

maps were drawn up mtlrely by hand. The process Involved the manual plottlng 

o f  observstlons and the manual Insertion of isollnes. The final maps for  

publication were traced and shaded by a draughtsman. These charts were the 

f l r s t  to  be generated automatically uslng the lnterpolation routines. 

A t  the o u t e d  we encountered various dlfflcultles wlth the lnterpolatlon. These 



Parameters for  lnter~olation 

Table 1: Parameters used operationally In the lnterpolatlon of sunshine, 

temperature. ralnfall percentages and rainfall ernounts. These values were 

chosen a f te r  much axpertmentstlon. dscal and dcutoff are in unlts o f  deyeos 

o f  latitude. The number o f  observations Includes both real obssrvatlons and 

'dummy' velws. Sunshlne end temperature w e  analysed uslng therouthe SJNTRP 

and rainfall percentage and ralnfall amount uslng the routlne NINTRP. Both these 

routlnes are In the PMNTR contouring package (Hemlltm. 1985). 



were due to  (a) topographical conslderatlons for the sunshlne maps. as the 

temperature values used are already reduced to  mean sea level. (b) Irregular 

statlon dlstrlbutlon lsadlng to  certain extreme values belng 'lost' In the 

interpolation and (c) data void or 'blank' areas belng drawn for spurlously. 

particularly In coastal reglons. Wlth no values beyond the coastline. If a 'blank' 

area occured between the coast and values, (say) f l f t y  kllometres away, the 

lnterpolatlon for  the area would assume the gradlent up t o  that point and 

contlnue It t o  cover that area. This resulted In a completely false 

representation o f  valws over the a r m  Involved pertlcularly If the gradient was 

already steep. 

These dlfflcultles were overcome by the followlng two modlficatlons : 

(a) :We adjusted the parameters dsml and dcutof t o  put more welght on local 

extreme values and to  exclude more dlstant polnts. Thls ceusod the lsolines t o  

become Jagged and angular wlth the (30 x 45) mesh we were uslng whlch was 

not flno enough for  a sstlsfactory result. We found eventually that a (75 x 

100) grld sulted the number o f  observations - 00 for  sunshlne and 120 for  

temperature (Including some manually entered values from Northern Ireland). 

The (90 x 120) grld whlch proved successful In the lnterpolatlon of greater 

amounts of data (1.e. ralnfall percentages and amounts) proved too tlght a 

mesh for  the number of observatlons involved. 

(b):We Inserted 'dummy' values a t  various points. Thls was as a result o f  

comparisons between the obJectlve method and the manual method (uslng many 

monthly data-sets). whlch showed constant dlsegreemont In a small number of 

arms. These were invarfably In 'blank' mountainous areas, were sunshlne values 

are always considerably lower than surroundlng areas, and In 'blank' coastal 

reglons fo r  reasons already outllned. The values where calculated uslng a 

mlxture of surroundlng statlon values and cllmatologlcally-comparable statlon 

values and then used In the lnterpolatlon. It was found that uslng between 2 

end 8 such dummy values was sufflclent t o  produce a resultant lnterpolatlon 

that compared favourably wlth the hand-drawn maps. 

5. An Examdo of a Sunshlne MOD and of e Temclorature Mao 

Flgure 2 shows a computer analysls of sunshlne data for  March 1905. Oats 

from 74 statlons and 2 dummy values (o f f  the West coast o f  Ireland) were 

Interpolated to  a (75 x 100) grld coverlng the area 1 0 . 6 ~ ~  t o  5 ~ 4 ~ ~  and 

5 1 ~ 3 ~ ~  t o  5 5 ~ 4 ~ ~ .  The followlng parameters were used : 



March 198 
Mean Daily Sunshin 

Ftqure 2: Example o f  a computer roduced analysis o f  sunshine. Data from 74 e stations and 2 dummy values are in erpolated to the grld. The t w o  dummy values 
are o f f  the West coast of Ireland and are enclosed In brackets. 
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Flqure 3: Example of  a computer produced analysis o f  temperature. Thls map is 

contoured end shaded by computer and has been published in this form 

(Meteorological Service. 1985). 



The results o f  tho lnterpolatlon are shown in flgure 2 where we have plotted 

both the observatlons end a contour plot o f  the grid polnt values. 

We tested the accuracy o f  tha lnterpolatlon by taklng the grld polnt values and 

lnterpolatlng them back t o  the observation polnts. We used both bl-llnear and 

bl-cublc lnterpolatlon t o  perform the back lnterpolatlon and we got o8sentlally 

the same results wlth both methods. The rms dlfference between the 

observational values and the analysed values was 3L and the maxlmum dlfforenco 

was 10L. Thus this method of analysis draws quite well f o r  tho obsorvatlons. 

Flgure 3 shows a computer melysls of mean alr temperatum for  December 

1985. This map has been contoured and shaded and has bum published In thls 

f o r m  (Meteorological Servlce, 1985). The Interpolatlon parameters used for 

generating this plot are summarlsed in Table 1. 

The lnterpolatlon procedure was next applied t o  producing maps of ralnfell 

percentages, using approxlmately 400 polnts wlth fairly even dlstributlon across 

the country. Percentage values for  another 70 statlons supplled by the 
Northern Ireland Metoorologlcal Office were Included In the lnterpolatlon. Whlle 

the resulting maps were found t o  compare closely wlth those drawn up 
manually, locallsod highs and lows tended to  be omltted. Thls problem was 

overcome by adjusting the lnterpolatlon parameters In such e way as t o  exclude 

more distant polnts from the lnterpolatlon. Firstly, the value of the cutoff 

radlus (dcutoff 1 was decreased end secondly. a threshold value was Introduced 

t o  predetermlno the number o f  obssrvatlons t o  be Included (Nenough 1. Given the 

high dmslty of rainfall statlons around the country, those changes stl l l  mabled 

valld lnterpolatlons t o  be made. Rs percentage values are lndepmdent o f  

topographlcal Influences. the maps thus produced are sufflclently accurate t o  

obvlate the necessity of including dummy values. See Table 1 for  a summary of 

the lnterpolatlon parameters used, and the frontplece for an example o f  such a 

map. 



7. ODeratlonal Productlon of Ralnfall Waos 

The productlon of ralnfall amounts maps uslng the lnterpolatlon routlnes 

presented greeter dlfflculties oulng t o  the hlghly varlable pattern of ralnfall 

over small areas. There were two problems, both related t o  lack of data. 

Flrstly, In some areas near the coast an lnaccurato gradlent was assumed by 

the lnterpolatlon In the absence of data. Secondly. the analysed values were 

too low in mountainous areas o f  high ralnfall not represented by an observlng 

statlon. The former problem was not serlous and could be solved by lntroduclng 

just a few dummy values. However. the lat ter  was much more fundamental and 

was bask t o  the mDdelllng o f  orographlc effects. 

Tho f l r s t  approach t o  the rainfall analysls was t o  Introduce dummy values t o  

flll In the gaps In the network outlined above. Rs a f l r s t  step. around 40 such 
dummy values wore found necessary t o  provlde a reasonable plcture of ralnfall 

dlstrlbutlon (flgure 4). Thls approach was unsatisfactory, however, as these 

values were most easlly estlmated from lnspoctlon o f  the manually produced 

map (flgure 5) whlch It was hoped eventually t o  replace. In addltlon, koylng In 

these values. together wlth values for  Northern Ireland statlons. was a 

laborlous task on a monthly basis. 

The next approach. therefore. was to  estimate the dummy values 

automatically. Rn estlmate of monthly amounts for  each of approximately 950 
statlons (lncludfng dummy statlons) was calculated uslng a mmblnatlon o f  

climatological norms and the percentage devlatlons o f  nearby statlons. The 

procedure was as follows : 

(a):The f l r s t  step was t o  estlmate n(r,t), the average monthly ralnfall for  

each statlon as a functton of posltlon (r) and o f  the month of the year (t). 
Each monthly average was estlmated by wrltlng It In the form : 

where Y ( r )  Is the yearly normal for  each statlon and l(t) Is a cllmatologlcal 

index of the dlstrlbutlon o f  ralnfall over each month of the year. Note that 

although monthly as well as annual ralnfall normals were avallable. by uslng the 

annual figures alone only one value had then to  be estlmated for dummy 

statlons representing blank areas. These annual normals were obtalned from the 

publlshed ralnfall averages avallable for  lreland fo r  the perlod 1951-1900 

(Fltzgerald 1984). uhlle dummy annual values were estlmated from the 

acmmpanylng maps. 

Thls method o f  estlmatlng monthly averages was not sufflclently accurate so 

we dlvlded the country Into 32 reglons (the countles of Ireland) and used the 
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following estimate : 

where there ere 32 values of lc(t) for  each of the 12 months. 

(b):The next stage was t o  use these avere~ges t o  calculate estlmated values 

for  a particular month and compare them with the actual observatlons where 

avallable. We took Aprll 1986 as an example end calculated en averege 

parcentage rainfall lndex for  each county wing observations from real stations. 

Thus: 

PC( t = 100 average (R(actuel)/N(actual) (14) 

where R(actual) Is the ralnfall observation fo r  the given station end N(actual1 

the corresponding normal. 

(c):Flnally we used the percentage lndex fo r  each county t o  produce en 

estimate of each observation : 

Around 90Z of the values produced from thls calculation were found t o  lle 
withln t20Z of the avallable recorded amounts. The resulting map (figure 6 ) .  
therefore. produced a reasonable general pattern o f  ralnfall distrlbutlon but 

was unable to  show minor devlatlons in the overall pattern. particularly In the 

blgger counties where en average percentage value represented a large number 

of stations. 

The next stage of the enalysls was to  comblne these estlmated values wlth real 
observatlons. Where a report Is avallable for  a station the monthly total is 

used but In addltlon an estlmated total E(r.t) Is used for each of a 

preselected group o f  polnts. The result Is to  use a combination of around 650 

actual amounts together wlth estimated values fo r  another 450 stations (closed 

stations. Northern Ireland stations and dummy values). The resulting map 

(figure 7) achleves most o f  the accuracy of that produced manually, but 

wlthout the necesslty for  any manual lnterventlon. 

Thls method was applled t o  a number of months (without a recalculatlon or 

reseiectlon of the dummy values) and it continued to  produce good results. The 

interpolation accepts both real and estlmated values and treats them In the 

same way. 

This process has a number o f  advantages. It Is objective end requlres no manual 
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Fiqure 4: Computer 

analysis o f  rainfall 

amounts using data 

points and 40 

manually estimated 

dummy values. 

Flqurs 5: Manual 

anelysls correspondlng 

t o  figure 4.  



Fiqure 6: Estimated 

rainfall map uslng 30 
year normals and an 

average percentage 

value for  each 

county. 

Flqure 7: Reinfall map 

based on real data 

end estlmeted values 

from figure 6. Thls 

Is the operatlonai 
product. 



Interventlon. Another advantage is that any sllght modlflcatlon considered 

necessary can be made slmply by the additlon of a dummy annual average and an 

associated grld posltlon. Flnally note that thls method o f  modelling the 

orography is Independent of the method of Interpolation and could be used wlth 

other methods o f  objective analysls t o  provide a prellmlnary fleld. While there 

are 450 estimated values Included In the lnterpolatlon. a f l r s t  guess would 

requlre 10.800 potnts (one for  each point o f  the 90x120 grld). The sstlmated 

values used here are Independent of the grld resolutlon. 

The 450 estimated values represent 350 closed statlons. 70 Northern Ireland 

statlons and 30 dummy potnts. The closed statlons and Northern Ireland stations 

are based on reel data and It is gratlfylng that only 30 dummy values have had 

t o  be used. The latter are based on a careful readlng of the charts o f  ralnfall 

averages (Fltzgerald 1984) and they malnly model orographlc effects in the 

absence of observatlons. 

The method Is reasonably efflclent. It takes approximately two mlnutes CPU 
time for the lnterpolatlon and another two minutes CPU time for  the contouring 
and shading routlnes on a OEC 2050 computer. See Table 1 for  a summary o f  

the lnterpolatlon parameters used. 

Thls paper has discussed an ob)ectlve method o f  drawlng cllmatologlcsl maps of 

sunshlne. temperature. ralnfall percentage and ralnfall amount. The 

lnterpolatlon Is based on the method of dlstance weighted least squares 

quadratic approxlmatlon. The interpolation parameters for  the various flelds are 

summarlsed In table 1. 

The lnterpolatlon gave some spurlous results near the coast and in data vold 

areas when It was applied In i t s  orlglnal form. These problems were overcome 

by the lntroductlon o f  dummy values in such reglons and a method was 

developed for calculating such values automatically based on nearby observatlons 

and varlous climatological normals. 

The method has been in operstlonal use slnce February 1985 and the results are 

of quality comparable to  the manual method which thls computer method has 

replaced. 
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