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PREFACE

This report documents the results of USAFETAC interbranLhi tasking 6075007, 'Fill in of Hourly Temperatures [or
Long-Term Missing Data". It dIcsLribes the development of ai method for filling in missing hourly tempcraturL -,for
I(KdtiOilS that report only dlaily maximum aind minimum temperatures. The analyst xas Mr William R Sthauh. Jr
USAFETAC/DNO.

The original support assistance request (USAFETAC Project 60750, "Request for Engineering 'Wcathecr Data,
Support') was directed to USAFETAC/ECE from HQ USAF/LEEEU for the cah-ulation Of ioolIng dIcgrce hours
(CDH). Since many locations, that require CDH calculations have incomrplete temperature records, ECE askcd DNO
to provide a way to "fill in" missing hourly temperatures.

This study is an extension of original work done by Maj W.F. Miller (1990). Miller de'~eloped ai mcihod for
interpolating hourly temperatures %klicn less than 6 conscutive hours of dlata arc. missing. The :.anc Leiilperature
dlata was used in both studics.
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. 1. INTRODUCTION

1.1 Purpose of the Study. USAFETAC's Engineering Mct'-,rology Scction (USAFETAC/ECE) a~ked

USAFETAC/DNO to develop a method for estimating missing houiy icr iperatures for loc.at~ons that report only
maximum andl minimum temrperatures, such as those in thc NOAA Climatological Data (CD). USAFETAC.'EC'E
required such a temperature estimation technique before they cOuld calculate cooling degree hours (CDH) for
stations at which only mnaximumn and minimum temperatures were reported.

1.2 Previous Work. This study is an c-x.-nsion of work documented by USAFETAC/PR-90/006, S/urt-Termn
Hourl 'y Iernpcrature Interlyolaion, by Mal Wvalter F. Miller, December 1990. In his study, Miller described a
method for interpolating hourly tcmrpcratures whcn less than 6 consccutivc hours of data were missing Input
temperature data, the same for both studies, was taken from stations in different Llimates to test the temperatlure
filling methods adequately. Those tests are desc~ribed in Section 3. Test results and a description (if the tmo

computer programs developed for ECE are in Section 4.



2. TEMPERATURE DATA USED

2.1 Database. Hourly surlate temperature dat,i a. obtincd h~orn DB2 table.%. Thc laa is stored in tenths of
degrees V"for worldwidc nmilitary ,nd tivilian rcporii.z- .itions. Typital period of r Lord (POR) was from 1959 to
1988, with the exieption of Stott AFB, whiih only hd hoturl) temperature remords from 1962 to 1985.

2.2 Test Stations. As USAF[.I'AC/EC[ rcoinmended, 'he stations listed below w.rc selected to test the
Ivnillraturc filling iht Ilimlu. as.s luii, lict are rk.prk .cnimct,c ii otincnital, LOXStl, desert, subtropiual, and tropiLal
regions.

STATION BLKSTN LAT LON ELEV (Meters) REGION

Sct'oi AFB, It. 724338 38" 33'N 89" 33'W 138 Continental
Pease kFB, N I I 726(055 43" 05'N 70" 49'W 31 Continental/Coastal
McChord AFB, WA 742060 47" 09'N 22" 29'W 98 Subtropical

Luke AFB, AZ 722785 330 32'N 112" 23'W 332 Desert
I loinestead AFB, FL 722026 25" 29'N 90" 23'W 2 Subtropical/Coastal
Mildenhall AB, UK 035773 52" 22'N 0" 29'W 10 Continental
Rainstein AB, GE 106140 49" 26'N 7" 36'E 238 Continental

Ihlonolulh, EIl 911820 21"21 'N 157" 56'W 5 Tropical

PERIODS OF RECORD
Scott AFB Jan 1962 to Aug 1985
I'cage AFB Jan 1959 to Dec 1988
Mc(hord APB Jan 1959 to Dec 1970; Jan 1973 to May 1988
Luke APB Jan 1958 to Dec 1970; Jail 1973 to May 1986
Sloniesead APB Jan 1959 to Dec 1970; Jan 1973 to Dec 1988
Mildenhall AB Jan 1959 to Dec 1970; Jan 1973 to May 1988
Ransiein AB Jan 1959 to Dec 1970; Jan 1973 to May 1988
Ihonolulu Jan 1959 to Jun 1988
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. 3. METHODOLOGY

3.1 Previous Models. The diurnal variation of temperature has been modeled previously in many ways
Reico.ky, ct al., k1989) used random obrvations of hourly temperature data taken from o%cr a period of 4 )car,
Reicosky independently tested and evaluated five different methods that use daily maximum and minimum
temperatures as input to generate temperatures for the missing hours and concluded that the best model %as one
developed by Hoogenboom and [luck (1986). The Hoogcnboom/Huck model uses a cosine curve (with %ariable
sunrise) connecting maximum and minimum temperatures to fit the diurnal temperature curve. The lowest root
mean square error (RMSE) achieved by this model was 1.5 for one particular day when the diurnal trend %a% smooth
throughout the 24-hour period.

3.2 The USAFETAC Model. In USAFETAC's stud), the input temperature data dec. ribcd in Section 2 was ucd
to evaluate three different methods for fitting a temperature curve given only maximum and minimum temperatures"

* simple cosine fit

- hyperbolic tangent fit

- cosine fit with variable sunrise

To test each method, the observed hourly temperatures were compared to values calculated by each method over a
24-hour interval. The results are discussed in Section 4.

3.3 Determination of Maximum and Minimum Temperatures. Maximum and minimum tcmpera ures
were determined for each station as follows: hourly temperature data for the station %%as obtained Iromn
USAFETAC s on-line relational datal-.ase (DIB2). text. highest and lowest temperatures for each day were
determined and stored in a separate dataiset. The dat.,ct with the daily maximum and minimum temperature wa,
then used to model hourly temperature data as explained in the following paragraphs.

3.4 Simple Cosine Fit. In die first method, a simplt; tosine curve fitting algorithm is applied to the data As
shown in Figure 1. the algorithm uses maximum and minimum temperatures (MAX I and MINI) for a given day and
the minimum temperature (MIN2) for the next day.

B
0

In the simple cosine fit method. the mninimium tempevrature is MAXi
assumed to occur at 0500 local standard time (LST) and the
maximum at 14(X) LST. For convenience in calculations. "
the stait time is set to zero. Therefore. the rise in
temperature from (15(X) to 1400 [is'r (hours 0 to 9)
is described by the portion of die cosine
function 

from A to B in Figure I. The fall from i

14(X) to 050 )[ST the next day (hours
10 to 2.) i; described by the portion A C
of the cosine function from B to C. MIN1 MIN2

- hours0to9 - + hours 10 to 23 - -

-If 24 hours

Figure 1. Illustration of simple cosine fit to maximum and minimum
temperatures (MAiX) and MINI) of one day and minimum
temperature (MIN2) of the n,'xt day.
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The simple -osine fit method fits a o --term cosine Fourier series to ea:h half of the diunal curse. To better
understand this method as well as the one discussed in the next section, it is described in terms of a linear
transformation. An independent -variable (x) can be defined in terms of the time (hr) sut-h that temperature beoime,,
a linear function ofx where

x=CO(hr. ) (1

for the hours (hr) from 0 to 9, and

x= Cos [Or- 1O). (2)

for the hours from 10 to 23. Using the equation for a line,

y =Ir + (3)

where

y = dependent variable (temperature)
m = slope of the line
x = independent variable (a function of time)
b = ordinate (y - intercept),

and referring to Figure 1, the slope for segment AB is given by

_(MAXI "MINI)

and for segment BC by

MAX ! - MIN2
2

It was assumed that the y - intercept value for both segments %zL, given by half the value of the amplitude or
MAX I + MINI MAX I + MIN2

anti - , respectively. By combining terms, the equations to CalktulaIC houIrly

temperatures for a day become

T (hr) (MAX -MINI) cos (hr. + 4-P (4)

where T (hr) is the hourly temperature for hours from 0 to 9. and

"'(hr)= MAX -MIN2 ( 0) i'f'MX I MIN2
T2 (h)cos [(hlr- 10) + 25

where I (hr) is the hourly temperature for hours from 10 to 23. AFter -Illulations were madc. time kaa tonvertcd

back to local standard time (LST) by adding 5 hours.
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3.5 Hyperbolic Tangent Fit. In an attempt to iiprue Lure [ittling, the anilyst tried the hypILrbolii tarl.i11t
funtction. The ad'.antagc: of this function IN that it approaches thc. maxiniini and minimum xL%)il)IILJII I' that
plateaus, instead of peaks, arc reached. Like thle cosine, the maximum and minimum '.aucN arc both 1. Using tilt
same procedures to dc'.elop equations as in the cosine fit method. the temperature %&as transfunitd to a 11if~a
function of x, such that

(hr - 4.5\x = tan/i 2T (6)

for the hours from 010o 9, and

x= anz (hr -16.5) 7

for the hours% from 10 to 23. Since the signs of the slopesarc opposite those in the cosine fit, thle totld equationl for
tile hours from 0 to 9 becomes

1 h)=MAX I - MIN I (hr - 4.5 M AX I + MfIN I
Th)tazn/ih~ -- +

anti for the hours from 10 to 23,

MAX I - MIN2 (hr - 16.5 MAX I+ MIN 2

Again, time is converted back to LST by adding 5 hours.

3.6 Cosine Fit with Variable Sunrise. In the temperature filling mnethod that ReicO~k). Ct. a1-l I ")
determined it) be the best. sunrise '.'as c.alculated to thll nearest whole hour and that time '.sa%'.in-_tl to flit.
mimnintn temperature. The miaximum temperature was asSUMed to ULcur at 140'0 LST. To deterinn if lurth.r
tePmpaure cUr'.e fitting inprosements were possible in thi'. %tud), the ;.osint fit mecthod %%.i timd m ill %tinri'..
kRlSEj calculated ito thle nearest whole hour. Sunrli calculation i% show n in the Appendix. Ill mnimumitl

tempe~rature was assumecd to occur at RISE, the maximum at 14WK LST. Thle lincar transformatmon of 1%nipt-raturk tol
a function of x was

x = COS[hr.~~ (10)

for the hour.- fromn 0 to( 14 - RISE), and

x =Cos Jh -1(14 -RISE) + I III

for the hours from 14 - RI.SC) + I to 24. Hour 24 was c-,ilcula.(t daLOUnt for %when suarise for lotorruts uasan
hfour later than todaY. An) duplicate tibsersationS %%ere rNuio'.ed when all tcniperaturt.. had been clutL[ThL.
equations to calculate hourly temperatures for a clay were

-MAX I - MIN I MAX 1 . MINI1
t 4 - ~ - i



for the hours from 0 to (14 - RISE) where x was obtained from Equation 10. and

MAXI -MIN2 MAXI + MIN2 (13)

for ihc hours from (14 - RISE) + I to 24, where x was obtained from Equation 11.
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. 4. TEST RESULTS AND PROGRAM.

4.1 Test Procedures. Ea.h of the three temperature filling methods destribed in Scaton 3 were testcd using
daily temperatures for the stations listed in Section 2. The obServed hourly temperatures %cre compared to the filled
temperatures obtained from each method. To me.,ure the act-urac-) of fit, the bias and RNISE were determined.

'The bias, or mean of the error estimate, was determined from the following equation:

- 7))
BIAS = 1 N", f (14)

where the difference between the observed hourly temperature k, ) and the filled hourly temperature J ,) is the crr

of est;matc and N is the total number of observations. A positie bias indilates that on the acragc. the filled
temperatures were lower than the observed, whilt a negative bias indicates filled temperatures werc higher than the
observed.

The RMSE was c'dculated from

RMSE = V TC' ( f ' - I '/ 'r 2  (15)

The RMSE gives a measure of the size of the differences )ctwcn the observed and filled temperature Nalues. Sinc
RMSE calculation is heavily influenced by a few large errors of estimate, RMSE may be larger than the mrror for
most of the data points. To clarify this point, let's suppose a hypotheti al (lay has an error of cstimatc of 1.0 for cah.Il
hour except one, which has an error of estimate of 8.0. The calculated RMSE is about 2.0. One large diffcrcnc'
between observed and filled temperature made the other 23 filled temperatures appear to be more in error than thce
actually were.

4.2 Results. The results of hourly temperature filling atura y for all three methods ai. ,ho&n in Figure , units
are degrees F.

Hyperbolic Cosine with
Cosine Tangent Sunrise

Station BIAS RMSE BIAS RMSE BIAS RMSE
Scott AFB, IL -0.07 4.23 -0.07 4.20 -0.46 4.26
Pease AFB, Ni -0.15 4.14 -0.15 4.10 -0.50 4.13
McChord AFB, WA -0.15 3.10 -0.15 3.06 -0.50 3.19
Luke AFB, AZ 0.05 3.48 0.06 3.45 -0.43 3.45
Homestead AFB, FL -0.23 2.92 -0.23 2.90 -0.50 3.04
Mildenhall AB, UK 0.01 3.16 0.01 3.13 -0.27 3.6
Ramstein AB, GE 0.09 3.36 0.09 3.32 -0.26 3.34
Honolulu, HI -0.6's 2.16 -0.66 2.14 -0.92 2.26

Figure 2. Test results for three temperature filling methods. Unit, are F.

As shown by these results for all months and all hours, the hylpcrbhol, tangtnt filling ncthod %Aas the bt St baScd on
RMSE. It also proved best when only the typical summer period, from June to September, was u.,d. This is ,,hown
in Figure 3.
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Hyperbolic Cosine with
Cosine Tangent Sunrise

Station BIAS RMSE BIAS RMSE BIAS RMSE
Scott AFB, IL -0.11 3.40 -0.11 3.40 -0.53 3.41
Pease AFB, NH -0.26 3.61 -0.26 3.60 -0.63 3.63
McChord AFB, WA -0.10 2.70 -0.10 2.60 -0.52 2.75
Luke AFB, AZ 0.58 3.48 0.58 3.42 0.04 3.45
Homestead AFB, FL -0.30 3.00 -0.30 2.97 -0.53 3.08
Mildenhall AB, UK -0.01 2.97 -0.01 2.94 -0.36 2.81
Ramstein AB, GE 0.14 3.10 0.14 3.06 -0.30 3.07
Honolulu, HI -0.84 2.06 -0.84 2.05 -1.07 2.23

Figure 3. Same as Figure 2, except for summer months from June to September. Units are oF.

4.3 Median RMSE and Absolute Extreme Difference. Another %%ay to evaluate aLcurac. of fit Is 10

examine the median (50th percentile) RMSE and absolute extreme different-c. ThxSC two .,tatistNS arc ,ho n in
Figure 4 for each temperature filling method, for each station.

Hyperbolic Cosine with
Cosine Tangent Sunrise

Station Median Abs Ext Median Abs Ext Median Abs Ext
Scott AFB, IL 1.81 39.70 1.65 38.76 1.81 39.70
Pease AFB, NH 1.90 38.70 1.76 37.67 1.90 38.70
McChord AFB, WA 1.62 22.13 1.51 22.28 1.65 20.41
Luke AFB, AZ 2.01 25.15 1.99 25.97 1.90 26.46
Homestead AFB, FL 1.59 23.34 1.50 22.57 1.67 23.10
Mildenhall AB, UK 1.68 22.69 1.51 22.06 1.68 23.24
Ramstein AB, GE 1.73 32.40 1.55 ?1.67 1.69 33.94
Honolulu, HI 1.23 19.45 1.17 19.67 1.25 20.00

Figure 4. Median RMSE and absolute extreme difference (Abs Ext) for three temperature filling
methods. Periods of record are as in Figure 2. Units are o F.

As before, the hyperbolic tangent method aLhieved the lowc.,t RMSE. The inedian RMSE ,,alucs lor CAh Station
show that at the 50th percentiie level, the RMSE ranged Irom 1.17" F in the tropic. to 1.990 F in the mid latitude,
At the extreme end, errors in cxcss of an order of magnitude greater than th, medin .ontrihutcd to raiking 'hc
overall RMSE, as explained earlier. Many of the extreme errors arc caused by frontal pa.ssages. An 'aipie is
shown in Figure 5, where the 24-hour period tontaining the extreme for the h)perbolic tngCnt 9nLOth0d for Sott
AFB is used to plot the filled and observed hourly temperatures for chd1 hour. The extreme error ocLurrL'd at 150(0
LST on 28 January 1977.
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Figur 5. Plots of filled hourly temperatures and obsered hourly temperatures for Scott AFB, 28 January 1977.

In this ex,,mplc, the maximum temperature for the day actually, occurred at midnight and resulted in largc crrors Al
estimate (observed minus filled temperature values) for that day. Without additional information, a L.omputcr
program cannot account for these anomalous cases. The effects of day like the one illustratcd arc more pr.,mnounL d
during seasons (and at locations) with frequent frontal passages, but the) arc minimized over long pcriod, of rcLOrd.
An additional source of variance will occur when this method is applied to the NOAA Climatolgical Data. As
explained by McFarland, Miller, and Neale (1990), the reported minimum temperature ofter, rclatc, to th, prc v hous

day's minimum when the observation time is 0500 LST.

4.4 The Programs. Based on the favorable test results for the hypcrbolic tangent temperature filling method.
Equations 8 and 9 were used as algorithms to write a Stitstical Analysis System (SAS) program for use b)
USAFETAC/ECE (SAS is the registered trademark of SAS Industries, Inc, Cary, NC). The program (MXMNFILL)
calculates ,alucs for missing hourly temperatures given input of daily maximum and minimum tcmperature,. To
account for locations that close on weekends and holidays, another program (WEEKEND) Nas de,,cloped to lincarly
interpolate daily maximum and minimum temperatures when less than 3 conscutive days vv crc missing Fur the te t
results shown in Figure 2, every 6th and 7th day's maximum and minimum temperatures .'erc set to missmg. ,hcn
WEEKEND was used to replace the temperatures, RMSE was raised by io F for the mid-latitudes and subtropicS.
but only slightly for the tropics.

9



. 5. SUMMARY.

5.1 Temperature Filling Method. This report decstribcs the decslopinent and testing of a method for filling in
missing hourly einperatures at locations where only maximum and minimum daily temperatures arc rxrtcd. The
method uses the hyperbolic tangent funLtion with the temperature transformed to a linear fuintion of thc hour. The
advantage in using the hyrrbolic ta ..ent is that temperatures near the maximum and minimum ar alho %d t0
approach those points gradually.

5.2 Accuracy. Tests of the method, using hourly temperature data for all mnon~hs and all hours for eight
locations in different climatic regions, shoed an RMSE from 2c F for the tropics to 40 F for mid-latitudes. Usmig
the same data for the typical summer period (June to September, wkhcn frontal pas.sagt. is les frcLulnt, RMSE
values were about 10 percent lower. If this method is applied to slations that only rcport maximum and minimum
temperatures, accuracy will decrease further due to variancs associated with this typc of reporting station.

5.3 The Programs. USAFETAC/DNO used the hourly temperature algorithms deeloped for the hypcrtholic
tangent temperature filling method to write two SAS programs for USAFETAC/ECE. One program (MXNMNFILL)
generates a dataset of estimated hourly temperatures gvcn input of daily mdximuni and minimum cmimpcratur,.
The other (WEEKEND) accounts for locations that may not be open 7 (lays a weck b) pro,, iding interpolated dalyl
maximum and minimum temperatures for cases in which the data gaps are less than 3 (lays.

10



APPENDIX

Sunrise Calculations

The sun's decclination angle, DECLIN, is obtained from Cox (1987):

VECLIN = -23.45 cos I(JULSEC + 777,600) (YR7ORAV)l

where JULSEC is the number Of eConds from I January 1960) and 7'77,6(X) is the number of seconds from the A inter

solstice ~ ~ ~ ~ 2 to I auay. R OA)2 and takes into account the fact that the earth revolves

around the sun (27E) in I year. The solar zenith anglc (Z) can be calculated from:

cos (Z) = sin (LAfl sin(DECLIN) + cos(LAT) cos(L)ECLUN) cos(lIRANG)

wvhere LAT is the latitude of the sitc, and HRANG is the hour angle of the sun. At sunrise, the /enith angle k ()')
or cos(Z) =0. Solving the above equation for HRANG yield,;

COS! fRANc;= (TANDEC - 7ANLA7)

where the tangent of the (declination angle,

7ANDEC = AN (DECLIN - T

and the tangent of the latitude in dlecimnal form (LATDEC) is given by

IANLAT = IAN (LA TDEC .

When COS HRANG is greater than -I and less than or equal to 1. the mun wouldl never rise. For our purposcss
however, wc assume sunrise is at noon so that a sunrise to (the 14(M LST portion of the curve can be calculated

IIRANG = ARCOS (COSlIRANG)

Oihierwise. IIRANG = 0. The sunrise in local timne is then obtained from

RISE =12 - IIRANG

whlere the st is vertical at 1 200) [.ST and I hour of time is e-quivalent to 15" longitude.
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GLOSSARY

Abs Ext. absolute extreme difference
CDH coo~ling degree hours
DB2 USAFETAC's on-line relational database
DNO the Operations Applications Development Section of USAFETAC's AerospaC SLjiinLcs BranL h
ECE the Engineering Meteorology Sction of USAFETAC's Environmental Applications Branch
F Fahrenheit
hr hour
LST local standard time
MAX I maximum temperature of I dlay
MINI minimum temperature of I (lay
MIN2 minimum temperature of the next (lay
POR period of recordl
RISE sunrise
RMSE root mean square error
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