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SELECTINGREPRESENTATIVECLIMATESTATIONS
FORUSE IN A BUILDING ENERGYMODEL

Donald L. Hadley
Senior Research Scientist

Pacific Northwest Laboratory
Richland, Washington 99352 U.S.A.

An energy impacts model is being refined to support ongoing development of

major energy conservation standards for U.S. commercial buildings. When

completed, the model will be used to evaluate potential impacts (energy

savings and associated costs) of implementing the proposed standards. To work

as intended, the model must contain a set of climate stations to represent the

wide range of climatic conditions that occur across the United States.

Researchers developed a procedure that employs a user-selectable climate

database I) to objectively identify, using a clustering technique, a unique

set of climate zones for a specified geographical area, and 2) to specify the

single most representative station for each climate zone. The process

provides a more objective, technically sound basis for selecting climate zones

and stations, thereby minimizing researcher bias. The procedure and its

application to U.S. energy conservation standards development activities are

described in this paper.

La S61ection des Stations Climatiques Representatives en Construisant une

Representation de l'Utilisation d'Energie

Afin d'6tablir des 6talons de conservation d'6nergie pour des bAtiments

commerciaux aux Etats Unis, des savants utilisent une representation pour

rechercher leurs effets sur la consommation d'6nergie. Cette representation
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doit comprendre des stations climatiques qui representent la grande diversitee

des conditions climatiques aux Etats Unis.

Des savants developerent une m_thode par laquelle on pourrait organizer

l'information au sujet d'un climat particulier. En utilisant cette

information, on pourrait I) identifier les zones climatiques uniques pour une

region geographique, et 2) preciser la station la plus representative de

chaque zone climatique. En utilisant cette methode, des recherches

climatiques deviendront plus objectives et scientifiquement bien fond_es.

Cette methode, et son application au d_velopment des etalons de conservation

d'_nergie, sont les sujets de ce bulletin.

Auswahl Repr_sentativer Klimastationen zum Gebrauch

in einem Energieeinwirkungsmodell fur Geb_ude

Ein Einwirkungsmodellder Energiewird raffiniert,um die laufende Entwicklung

bedeutenderEnergiesparungsnormenfur Handelsgeb_udein den Vereinigten

Staaten zu unterstUtzen. Wenn das Modell fertiggestelltist, wird es

gebraucht, um m_gliche Einwirkungen(Energiesparungund damit verbundene

Kosten) bei der Ausf_hrungder vorgeschlagenenNormen auszuwerten. Soll das

Modell wie vorgesehenarbeiten,muss es eine Reihe yon Klimastationen

einschliessen,damit der grosse Bereichyon klimatischenBedingungen,die in

den VereinigtenStaatenvorkommen,dargestelltist.

Forscher entwickelten ein Verfahren, mit dem der Verbraucher die

Klimadatenbasis ausw_hlt, um I) objektiv, unter Benutzung einer

Gruppierungstechnik, eine kennzeichnende Reihe von Klimazonen f_ir ein
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bestimmtes geographisches Gebiet zu identifizieren, Jnd 2) die

repr_sentativste Station f_r jede Klimazone zu spezifizieren. Das Verfahren

bietet eine objektivere, technisch einwandfreie Basis, um Klimazonen und

Stationen zu w_hlen, und damit Vorurteile der Forscher zu reduzieren. Das

Verfahren und dessen Anwendung fur die Entwicklung der Energiesparungsnormen

in den Vereinigten Staaten werden hier beschrieben.
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1.0 INTRODUCTION

The U.S. Department of Energy (DOE) and the American Society of Heating,

Refrigerating and Air-Conditioning Engineers, Inc. (ASHRAE)are in a continual

cycle of revising and updating their respective commercial building energy

standards. These standards [1,2] specify energy-efficiency measures (EEMs)

that are technologically feasible and economically justifiable (i.e., that are

cost-effective over a building's life cycle). To help DOEand ASHRAEassess

the impacts on energy consumption and energy costs, the Pacific Northwest

Laboratory is refining a model that estimates changes in nationally aggregated

building _nergy-use intensities (EUIs) resulting from proposed changes to the

energy standards. One prerequisite for this model is the identification of a

set of climate zones and representative climate stations covering the full

range of unique climatic conditions occurring over the contiguous United

States.

The impact model is based on parametric computer analyses of the hourly

simulation of prototypical building performance for one or more climates.

Regional EUIs generated from the model are then aggregated, with appropriate

weighting for population, bui_ding growth, and other factors, to a single

national EUI. For the results of the model to be applicable at the national

level, however, the initial choice of climate characteristics for each region

must cover all of the representative climates.

Unfortunately, there is no consensus as to the correct number of climates or

the delineation of climate zones. The identification of the specific climate

zones and/or the selection of representative climate stations are frequently
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without solid technicaljustificationand arbitrary,based on the researcher's

previous experience,and, all too often, limited by availabilityof data. For

example, a recent evaluation [3] of the effectivenessof the DOE commercial

building energy standardwas based on 10 commercialbuilding types in six U.S.

locations (Seattle,Washington;Los Angeles, California;El Paso, Texas; Lake

Charles, Louisiana;Washington,D.C.; and Madison,Wisconsin). These six were

a subset of the eight stationsoriginallyidentifiedby Bowen et al. [4] as

encompassingthe full range of climatevariationsfound in the contiguous

United States. Howeve._, other researchers have used different stations as

being "representative."

Andersson et al. [5] described a methodology by which relatively homogeneous

climate regions appropriate to a specific application -- in this case,

building energy -- could be generated. The basic premise of the work is that

it is possible to objectively aggregate specific U.S. population centers into

commongroups based on climate elements that most directly influence building

energy consumption. The three elements selected were temperature, humidity,

and solar radiation, represented as four variables -- heating degree-days

(base 65°F), cooling degree-days (base 65°F), latent enthalpy hours (base 61°F

dew-point temperature and 75°F dry-bulb temperature), and an annual average

clearness index. The authors presented the results of a number of

aggregations ranging from 5 to 24 regions. Clearly, 5 regions were too few,

as many dissimilar sites were forced into the same climate region designation.

A more reasonable number of climate regions appeared to be in the range of 11

to 15. Twenty-four climate centers produced a number of single-station

climate regions. A limitation of this methodology is that the user selects an

initial set of climate centers around which all other stations are aggregated.

l



The specific sites and the number of climate centers are arbitrary and user-

specified. Effective user specification requires a priori knowledge of

relevant climate regions.

This paper presents a procedure referred to as synoptic climatology indexing

for I) objectively defining a unique set of climate zones for a specified

geographical area, and 2) identifying the single most representative climate

station for each zone, with the underlying climate database defined by the

user. The procedure provides a sound technical basis for the selection

process and does not require previous knowledge of the climate classification.

2.0 METHODOLOGY

The synoptic climatology indexing procedure uses a hierarchical clustering

technique to group climate stations into climatologically homogeneous groups.

A group, or cluster, of stations is considered homogeneous if its members are

more similar, on average, to others in the cluster than to those in other

clusters. This methodology is similar to that used by Andersson et al. [5] to

aggregate U.S. population centers, except that it is not necessary to

initially specify a climate center around which other sites are aggregated.

This methodology is based on the objective synoptic climatology classification

methodology first introduced by Kalkstein and Corrigan [6] and since used

widely in a number of diverse applications. Hadley [7] applied the procedure

to identify homogeneousweather day-types in an analysis of daily variation in

heating and air-conditioning energy use. Kalkstein et al. [8] used the

............. ................... ................. .,,,_ .................. _._,..................
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approach to show signs of climaticchange in the western North American

Arctic.

Synoptic ClimatoloqyIndexinq

This methodologyuses a hierarchicalclusteringtechniquewith a distance

metric computed using an "averagelinkage." This techniquecomparesthe

average squared Euclideandistance [9] between all possible pairs of

observationsbetweenall combinationsof stations/clusters.The clustering

process is iterative; two stations/clusterswith the minimum averagedistance

are merged to form a singlenew clusterat each iteration. The merging

continues until the final two are combined in the final iteration. The

average linkagecomputationis designedto minimizewithin-clustervariance

and maximize between-clustervariance.

A number of techniquesare availableto rigorouslydeterminethe number of

clusters naturallyoccurringin the data set [6,9]. In theory, there is an

identifiablebreakpointat which dissimilar (unlike)clusters begin to be

merged and the within-clustervarianceincreasessharply. The "correct"

number of natural clustersoccurs just prior to this point. If more than the

"correct"number of clustersare generated,the naturalclusters will be

artificiallysplit into two or more similarclusters. If the number of

clusters decreases below the "correct"number,two or more dissimilarclusters

are forced together. In practice,this point is not easily identified.

Consequently,the final numberof climatezones may be selectedon the basis

of other factors (e.g.,populationdensity, constructionactivity).



The clusters containstationsthat are climatologicallysimilar and that

constitute a unique climatezone.

The final step in the selectionprocess is a ranking of all stations in a

climatezone to determinethe single stationthat best representsthe zone's

mean climatic characteristics. The metric used for this ranking is a

compositeZ-score statistic. A Z-scoreof 0.0 means that the variable for

that station is equal to the averageof that variable;a Z-score of 1.0 means

that it is one standarddeviationfrom the mean.

The composite Z-score (Z) is the average of the absolute value of the

individual Z-scores (Zi) for that station. It is computed as follows"

Zc:sl z_l /n

where Zi : ( Xi - u ) /

Xi : individual climate variable

u : mean

= standard deviation

n : number of variables.

The stationwith the lowestcompositeZ-score is the stationmost

representativeof the climatefor that region.

Climate Characterization



Typical MeteorologicalYear (TMY)data for 209 continentalU.S. stationswere

used in this analysis. Becauseof the restrictionin the impact model to

develop climate zone designationsconsistentwith the regional building

characteristicsdata availableonly for the four major U.S. Census Bureau

regions (West, North Central,Northeast,and South), each TMY stationwas

first assigned to the appropriateregion.

The climate of each stationwas characterizedby those variablesthat were

used to develop the AlternativeComponentPackagetables in the DOE and ASHRAE

commercial building standards[1,2]. The 11 variablescomprisingthe climate

database were

I. heating degree-days,base 18.3:C (65°F,HDD65)

2. heating degree-days,base I0.0°C (50°F,HDDSO)

3. cooling degree-days,base I0.0°C (50°F,CDDSO)

4. coolingdegree-days,base 18.3°C (65:F,CDD65)

5. cooling degree-hours,base 26.7°C (80°F,CDHSO)

6. daily incidentsolar radiationon a north vertical face (VS_I),W/m_

(Btu/ft2/day)

7. daily incidentsolar radiationon an east or west vertical face (VSEW),

W/m2 (Btu/ft2/day)

8. daily incident solar radiationon a south verticalface (VSS),W/m2

(Btu/ft2/day)

9. diurnal range of temperaturein the warmestmonth (DR), °C (°F)

10. number of hours between8:00 a.m. and 4:00 p.m. with

temperature<12.8°C (<55°F,T55)

11. number of hours between8:00 a.m. and 4:00 p.m. with
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temperaturebetween 12.8°C and 20.5°C (55°F and 69oF, T69).

In this analysis, all variableswere equallyweighted.

3.0 RESULTS

The synoptic climatologyindexingtechniquewas appliedto the selected

climatedatabase. This analysiswas performedinitiallyfor the continental

U.S. stations only, so stations in Alaska,Hawaii, and the islands of the

Caribbean and South Pacificwere not included.I In our situation,final

selectionof the number of climatezones used subjectivejudgment,based on an
I

analysis of differentlevels of clustering(rangingfrom 5 to 30 zones) and an

examinationof the averagedistancebetweenclustersmerged at each successive

iteration.

We were constrainedby the need to limit the climate zones to a manageable

number. Subsequentwork in finalizingthe national energy model would require

parametric simulationsof hourly buildingenergy use for up to 10 different

building types for each climatezone and for a varietyof building parameters.

Obviously, the fewer the climate stations,the fewer the simulationsneeded to

complete the model.

ResultantClimate Zones

i Addition of these stationsoutsidethe continentalU.S. to the cluster
analysis is not expectedto significantlyaffect the resultingclusters.
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The synopticclimatologyindexingresultedin the identificationof a unique

set of climate zones for each of the four census regions. The final number of

different climatezones selectedrangedfrom two in the Northeastregion to

six in the West region. The numberof climate zones is dependenton the

climaticdiversityof the region. The extent of each zone is shown in Figure

I. To delineatethe approximategeographicextent of each of the climate

zones, a line has been looselydrawn betweenadjacent stations in different

climate zones. However, extremecare must be taken in the extrapolationof

climate zones in mountainousterrain.

Climate Station Rankinq and Selection

A climatologicallyrepresentativestationfor each of the climate zones was

determined using a compositeZ-score,identifyingthe one stationwhose

climate characteristicsmost closelyfit the averageof all stations in that

climate zone. To illustratethe process,climateparametersand individualZ-

Scores are listed in Tables I and 2 for 15 stations in the South region,

Climate Zone 8. These stationshave been ranked is ascendingorder of

compositeZ-score.

Because the intent of the energy model is to estimate national impacts of

proposed changes to EEMsin commercial buildings, the final climate station

selection also included a consideration of population and new building

construction. Stations in remote, low-population areas with little new

construction activity were not included in the final station selection. For

example, in the West census region, Denver was selected over Cedar City

......
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(ClimateZone 11), and Los Angeleswas selectedover both Sunnyvaleand Santa

Maria (ClimateZone 15).

4.0 CONCLUSION

The synoptic climatologyindexingproceduredescribed in this paper is

successful in objectivelyidentifyingunique climate zones. The procedure

eliminatesmany of the limitationsand personalbiases introducedby the more

common subjectiveapproachesto identifyingclimatezones and selecting

representativeclimatestations. Althoughdevelopedspecificallyfor

applicationto data for the continentalUnited States, the methodologyhas

global applicabilitywhenever it is necessaryto define a set of climate

zones. The techniqueis "data-neutral";that is, it is viable regardlessof

the underlyingclimatevariablesselectedor whether the database is regional,

national,or global. The user is free to select climate variablesappropriate

for the intended application,and can applyweights to the individual

variablesto emphasizea specificclimateelement or elements,dependingon

the goals of the application.
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Table 1. Climate variables for the top 15 cities in Climatu Zone 8, South Census Region

CI imate Parameter I "
................................................................................

CITY |IDDSO IID065 I VSN VSEW VSS CDD50 CDD65 CDIISO DR T55 T69
+ ....... +........ +........ +........ + ........ + ........ + ........ + ........ + ......... +........ +........

Knoxville, TN * lI3 2121 I 59 tO0 118 2475 84] 2133 9.9 1076 703
+ .......................... + ........ . ........ + ........ + ........ + ........ + ........ + ........ + ........ _......... . ........

Richmond, VA 734 2164 57 98 121 2347 735 2234 9.8 996 716
+ .......................... + ......... _........ _......... + ........ + ........ . ........ + ........ . ........ _......... + ........

:Raleigh. NC * 628 1949 58 102 123 2492 772 2054 9.2 918 740
+.......................... +........ +........+........ ......... +........+........_.........+........+........+........

Norfolk. VA * 658 2005 58 104 121 2576 88] 2530 8.3 1014 685
+................... !.......+........ _.........+........ +........+........+........_........+........+........+........

!Greensboro, NC 701 2089 59 106 131 2374 721 2023 9.7 1018 718
+.......................... +........ +........_.........+........+........+........+........+........+........+........

Chattanooga. IN * 684 1997 58 97 114 2584 856 2822 9.8 1050 684
+ .......+........+........+........+........+........+........+........+........+.................

Nashville. TN * 647 2005 58 98 113 2546 862 _821 10.1 897 749
+.......................... +........ +........ +........ +........+........+........+........+........_...................

Roanoke, VA 844 2329 57 100 124 2214 657 1837 10.6 1148 713
+ .......................... + ........ . ........ + ........ + ........ + ........ + ........ + ........ + ........ + ..................

iPatuxent, MD 788 2223 56 100 124 2322 716 1648 7.2 1118 729

i_ + ....... +........ + ........ +........ +........ + ........ + ........ + ........ + ........ + ..................
! Charlotte. NC * 603 1896 60 106 127 2610 861 2388 10.9 892 777

+ .......................... +........ + ........ + ........ +........ + ........ + ........ + ........ _......... _......... +........

i Atlanta, GA * 481 1706 61 106 122 2687 870 2111 9.8 915 749
j_ + ....... + ........ + ........ + ........ + ........ + ........ + ........ + ........ + ........ + ........ + ........

Louisville. KY * 1028 2522 56 96 116 2302 7_4 2620 I 9.8 1192 636
+ .......................... +........ + ......... _........ +........ +........ + ........ + ........ + ........ + ........ + ........

Greenville. SC * 504 1789 60 107 128 2535 778 I941 J 9.8 866 851
+ .......................... + ........ . ........ + ........ + ........ _ ......... + ........ + ........ . ........ + ........ . ........

Washington, DC * 1113 2682 55 J 95 119 2074 602 1996 J 10.3 1205 657
+........... +........ +........ +........ +..................+........_........+........+........+........

Asheville. NC 782 2335 59 I 103 124 1912 424 721 I 11.7 1083 915
=:====: ==::==== :======= ===:===: =:::==:=,.======== =:==:=:= =:====:= ==:==:=: ==:===== ===:::::+ + + . + + + + + +

Average a11 sites 758 2143 58 J 102 123 2466 809 2535 J 9.9 I028 709
+ .......................... + ........ + ........ + ........ _ ......... + ........ + ........ + ........ + ........ + ........ + ........

Std. Deviation 245 386 2 I 7 7 J 330 198 1342 I 1.4 164 87
+................... +.......+........ _........._.........+........+........_........_........._........._........+........

• Indicates a major metropolitan area with total population exceeding 250,000.
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Table 2. Individual and composite Z-scores for the top 15 ranked cities in Climate Zone 8, South Census Region.
(

I Climate Parameter Composite
.... -- ...............................................................

........ I cD,8ol oRl TS51 T69 Z-,core
...... 't ......... t ........ "i-........ 4" .........

+ .................... _......... + ........ _ ........ F ........ . ........ . ........ . ......... I....-0261 -0651 0.031 o.IGl-0301 0.021 0.291-0.0710.20Knoxville.IN* I -0.113I-o.oGIo.211 . • _........+........,........._.........+........+........+........
_........+........+........ +........ _........" 0.08i 0.26

+.................... -0.60l -0.211 -0.361 -0.371 -0.221 -O.OGI -o.2ol
Richmond, VA i -0.101 O.osl -0.651 _+.................. +........ +........ _........ +........ .+........

"....................+........;----__ol o,oi -o.o_ioo,i oo_1-o.,_!-o_ol-o,_1-oo,, o_o,o._,
Raleigh, NC " I -0-531 .....i........._........ t........+........ +........
+....................+........+........_.........!.........,,........+........,___
Norfolk. VA * i -0.411 -0.361 0.051 0.351 0.52l 0.331 0.3Gj -O.OOI -1.0131 -0-091 -0.2al 0.35........ t- ........ + ........ -F ........ ! ........ + ........ + ........

+...................._.........+........+........+.........+........+,- -0.061o.lol0.36
Greensboro. NC ! -0.231 -0.141 0.371 0.711 1.o51 -0.2131 -0.451 -0.3_1 -0.14t- _......... + ......... . ........ .# ........ -F ........

+ .................... +........ + ........ + ........ + ........ + ........ + ........ _........ I -0.291 0.36
Chattanooga. IN _ I -0.301 -0.381 0.101 -0.741 -1.171 0.361 0.24l o.zll -o.oGI 0.13• +........ +........ +........ +........ +........ +.......... t......... +......... ' ......... _........ +........
............... ; ..... T.... _.-_, " 361 O 051 -0 52 ! -1-271 0-241 0"271 0.211 0.17 ! _0.801 0.461 0.44
Nashville. TN I -u.4oi -u. I • m - _+ ........ + ........ + ........ _........ + ........ +........ +........ +........

-I- .................... _ ........ + ........ + ......... + .....0 49 -0 24 0 Zol -0 16l -0.171 -0.521 0.491 0.731 0.051 0.46
Roanoke, VA I 0-351 0.481 -- I . I - __i__+ .................. _........ + ........ + ........ + ........

+..............................,......._................i..........._.,uxo,,.,o_ o.,_lo._,-o,,i _o._,o.,_i-o.,_1-o,,i_o.oo-,_,1 o._1o._1o._....... 4- ........ -F ........ + ........

...................... +........+........+........+........+.........+........ ._........_- 0.7131 0.59

........ . ........ _ ......... _ ......... -.l ......... t ......... '4- ........ + ........

+.............:.......: :-:_:.... ....;-]],....]-]i;....o-_-o.o_i o._,i o._,1-o._1-oo_1-o.,_!o.,_!o.oL_
lAtlanta. GA I -1"mJl - " ! " _ " . . ......+........_........._........+................ •.....
+.................... +......... .+.... Z-Z:+,.... i-:: +,.... 7_-_;---_0-92t-- -0 491 -0.2131 0.061 -0.061 1.001 -0.841 0.70

_,-,,,_,:,,ill_ K * I 1 101 O YU,I -u.sol -u-_,.,i - i " ,. , _ ......... _......... + ....
_UUI _#l / / _ 1 _-Y I " . " -- ............... i ........ _ .........

Greenville, SC * i _1.041 -0.92 i 0.91[ 0.791 0.65_ 0.21i-0.161 0.44-0.02l 0-991 1.641 0 71---. ........ _ ........ . ........ 4"........ -F ........ 4- ........ 4-.

+,..--:----:-....:.;-:,, ]-:,_T........ ....]-:,oT----_[-i_i----]:_,H---[o.s_T-,.,,,i_,.o__o.,,o!o._ ,.o,,L__-_o;;o1___o;_?___
|wasnlngton, ub I • _ - . _ __+.........+........_........ t................ . ,

,+:-:--;::---:._.......• o-;o].... ....o-_i...._-_;]---o.,,io._ol-,._1-,._,1-_._! ,-_,! o._! _._,__o_;__,___P,snevl l I e. rl I • t - " ..... , ..........................
. -.-_ ........ -F ........ + ........ 4- ........ ","........ _ .....

+ .................... 4 ........ "r.......

• Indicates a ma3or metropolitan area with total population exceeding 250.000.






