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PREFACE

This report documents the results of USAFETAC nterbranch tasking 6075007, "Fill in of Howly Temperatures for
Long-Term Missig Data”. 1t desuribes the development of a method for filling in missing hourly teimperature - for

locations that report only daily maximum and mmimum temperatures. The analyst was Mr William R Schaub, Jr
USAFETAC/DNO.

The original support assistance request (USAFETAC Project 60750, "Request for Engincering Weather Data
Support”) was dirceted to USAFETAC/ECE from HQ USAF/LEEEU for the caleulation of cooling degree hours
(CDH). Since many locauons that require CDH calculations have incomplete temperature records, ECE asked DNO
1o provide a way to "fill in” missing hourly temperaturecs.

This study is an extension of onginal work done by May W.F. Miller (1990). Miller developed o method for

mtcrpolaung hourly temperatures when Iess than 6 consccutive hours of data are missing. The same tcmperature
data was uscd in both studics.
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1. INTRODUCTION

1.1 Purpose of the Study. USAFETAC's Engmcering Mct-arology Scction (USAFETAC/ECE) asked
USAFETAC/DNO to develop a method for cstimating missing houriy teriperatures for locations that report only
maximum and mmimum tcmperaturcs, such as those in the NOAA Climatological Datu (CD). USAFETAC/ECE
required such a temperature cstimation technique before they could calculate cuoling degree hours (CDH) for
stations at which only maximum and minimum tempcratures were reported.

1.2 Previous Work. This study 1s an cx.:nsion of work documented by USAFETAC/PR-90/006, Short-Termn
Hourly lemperawure Interpolation, by Maj Walter F. Miller, December 1990. In his study, Miller described a
mcthod for interpolaung hourly tcmperatures when Iess than 6 consecutive hours of data were missing  Input
tcmperature data, the same for both studics, was taken from stations in different cdimates to test the temperature
(illng mcthods adcquatcly. Thosc tests are described in Scetion 3. Test results and a description of the two
computer programs developed for ECE are in Scetion 4.




2. TEMPERATURE DATA USED

2.1 Database. Hourly surface temperiture data was obtamed fiom DB2 tables. The Jata is stored 1 tenths of
degrees T or worldwide military and avilian reportie g siations. Typreal period of record (POR) was from 1959 o

1988, with the exceeption of Scott AFB, which only had hourly temperature records from 1962 to 1985.

2.2 Test Stations. As USAFETAC/ECE recommended, the stations listed below were sclected 1o test the
temperature filling acthod, as shown, they are repreentatve or continental, coastal, desert, subtropical, and ropical

regions,
STATION BLKSTN LAT LON ELEV (Meters) REGION
Scott AFB, 1L 724338 383N 89°33'W 138 Contincntal
Pease AFB, NH 726055 43" 05'N 70" 49'W 31 Continental/Coasial
McChord AFB, WA 742060 47°(9’N 22°29'W 98 Subtropical
Luke AFB, AZ 722785 33732N 112°23'W 332 Deseri
Homestead AFB,FL. - 722026 25" 29°N 90°23'W 2 Subtropical/Coastal
Mildenhall AB, UK 035773 52°22’N 0°29'W 10 Contincnial
Ramsicin AB, GE 106140 49°26'N 7°36’E 238 Continental
Honoluly, HI 911820 21°2P°N 157" S6'W 5 Tropical
PERIODS OF RECORD
Scott AFB Jan 1962 10 Aug 1985
Pease AFB Jan 1959 1o Dec 1988
McChord AFB Jan 1959 1o Dee 1970; Jan 1973 0 May 1988
‘ Luke AFB Jan 1958 1o Dec 1970; Jan 1973 10 May 1986
Homestead AFB Jan 1959 to Dec 1970; Jan 1973 1o Dec 1988
Mildenhall AB Jan 1959 10 Dec 1970; Jan 1973 10 May 1988
Ramsicin AB Jan 1959 10 Dec 19705 Jan 1973 10 May 1988
Honolulu Jan 1959 10 Jun 1988
)




’ 3. METHODOLOGY

3.1 Previous Models. The drnal variation of temperature has becn modeled previously in many ways
Reicosky, ct al., (1989) uscd random obscrvations of hourly temperature data taken from over a period of 4 years
Reicosky ndependently tested and evaluated five different mcthods that use daily maximum and minimum
tcmperatares as nput to generate temperatures for the missing hours and concluded that the best model was one
developed by Hoogenboom and Huck (1986). The Hoogenboom/Huck model uses a cosine curve (with rariable
sunrise) connceling maximum and minimum temperatures to fit the diurnal temperature curve. The lowest ront
mcan squarc crror (RMSE) achieved by this model was 1.5 for one particular day when the diumal rend was smooth
throughout the 24-hour period.

3.2 The USAFETAC Model. In USAFETAC's study, the iput tcmperature data described in Scction 2 was used
1o evaluate three different methods for fitting a tcmperature curve given only maximum and minimum temperatures:

+ simplc cosine fit
« hyperbolic tangent fit
« cosinc fit with variable sunrisc

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

3.3 Determination of Maximum and Minlmum Temperatures. Maximum and mimimum tcmperatures
were determined for cach station as follows: hourly temperature data for the sution was obwincd from
USAFETAC s on-hine rclational datatasc (DB2).  Mext, highest and lowest temperatures for cach day were

‘ determined and stored in a scparate dataset.  Thie dat'set with the daily maximum and minimum temperature was
then uscd to model hourly tcmperature data as explained in the following paragraphs.

3.4 Simple Cosine Fit. In the first method, a simple cosine curve fitting algorithm 1 applicd to the data - A<
shown 1n Figurc 1. the algonthm uscs maximum and minimum temperatures (MAX T and MIN1) for a given day and
the minimum temperature (MIN2) for the next day.

In the simple cosine fit method. the minimum temperature is MAX1
assumed to occur at 0500 local standard time (LST) and the
maximum at 1400 LST. For convenicnce in calculations,
the stait time is set to zero.  Therefore, the rise in
tcmperature from 0500 o 1400 LST (hours 0 10 9)
is described by the portion of the cosine
function from A (o B in Figure 1. The fall from
1400 10 0500 LST the next day (hours

10 to 23) is described by the poriion A C
of the cosine function from B to C. MINT MAIND

-«— hours0to9

+-— hours 10 to 23 —~————>

-

- 24 hours >

Figure 1. Ilustration of simple cosine fit to maximum and minimum
temperatures (MaAX1! and MIN1) of onc day and minimum
. temperature (MIN2) of the ncxt day.




The sumple cosme fit method fits a ¢ 2-lerm cosine Fouricr series to cach hall of the diumal curve. To better
understand this method as well as the one discussed in the next section, it is described in terms of a lincar
transformation. An independent variable (x) can be defined in terms of the time (hr) such that temperature becomes
a lincar function of x where

X = COS (hr-g) (1)

for the hours (hr) from 0 10 9, and

X =¢os [(hr— 10) - %] )

for the houss from 10 to 23. Using the cquation for a line,
y=mx+h 3)
wherc

y = dependent variable (temperature)

m = slope of the line

x = independent variable (a function of time)
b = ordinate (y - intercept),

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

MAX1 -MIN|
-\

and for scgment BC by

MAX1 - MIN2
—

It was assumed that the y - ntercept value for both scginents was given by half the value of the amplitude or

Mﬁ%—ﬁ—@—[ and ML;——M respectively. By combining terms, the cquations o caleulate  hourly

temperatures for a day become

T (hr) =-(M—“—'5—M’ﬂ)' cos (;,, LI o MAXLL MIN) -

4

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

. — I3 ’)
T (hr)= (M—A-X—‘-IMN—Z) * cos [(hr - - %} + M (5)

A

where 1 (hr) 1s the hourly temperature for hours from 10 to 23, After calculations were made, time was converied
back to local standard time (LST) by adding 5 hours.




3.5 Hyperbolic Tangent Fit. In an attempt 0 improve cunve fitung, the analyst tned the hy purbolic angont
function., The advantage of this function is that it approaches the maximum and mmimum asymptotically e that
platcaus, mstcad of peaks, arc reached. Like the cosine, the maximum and minimum vaues arc buth 1. Using the
same procedures to develop cquations as in the cosine fit method, the temperature was ransfonned o a lincar
function of x, such that

x =tanh (!1_%1_5_ 6)

for the hours from 0 109, and
hr - 16.5
x=(anh (_T-SL_) (7)

for the howrs from 1010 23. Since the signs of the slopes are oppusiic thosc in the cosing T, the total eguation {or
the hours from 0 to 9 becomes

. MAXl MINT | hr ~-4.5 MAX1+ MINI
T (hr)=

+ —_—y— (2

and for the hours from 10 10 23,

2. o MIND
T (hry= - MAXL_MIND o (hr m%) L MAX1 £ MIN2 o

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

3.6 Cosine Fit with Varlable Sunrise. In the temperature filing method that Reicosky, ot al (1989,
determuncd to be the best. sunrise was caleelated to the nearest whole hour and that ume was assagnad o the
minuum mperature.  The maximum temperature was assumed o veeur at 1400 LST. To determine of further
temperature curve fiting improrements were possibic m this study, the cosme it method was used with sunrns
(RISE) calculated 1o the ncarest whole hour.  Sunrise caliulation s shown w the Appendhi. The mimnmmum
tcmperature was assumed o oceur at RISE, the maximum at 1400 LST. The hincar ransturmation of tumpurature o
a function of x was

for the hours from 0 to (14 - RISE), and

x = cos ({Ixr ~[(14 = RISE) + 1]} + mm) (n

for the hours from (14 - RISE) + 1 1o 24, Hour 24 was caleulated o aveount for when suitse for tomorron was an
hour later than today. Any duplicate abscrvations were ramoved when afl tcmperatures had been calcufatad. The
cquations to calcuiate hourly temperatures for a day were

MAX1 -MIN1 MAX1 « MINT| "
I'=- > *Y 4 s (1

-~ -

wn




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

_ MAX1-MIN2 . MAX 1+ MIN2 (13

r ) i

for the hours from (14 - RISE) + 1 10 24, where x was obtaincd from Equation 11.




4. TEST RESULTS AND PROGRAM.

4.1 Test Procedures. Each of the three temperature filling methuds desenibed i Section 3 were tested using
daily temperatures for the stations listed in Sccuon 2. The vbscrved houtly temperatures were compared to the filled
tempcratures obtained {rom each method. To mea,ure the accuracy of {it, the bias and RMSE were determincd.

The bias, or mean of the crror cstimate, was determined from the following equation:

X, -1y

BIAS = ——x—— (14)

where the difference between the observed hourly temperature (. ) and the filled hourly tempcerature (7 P the crror

of cstimatc and N 1s the total number of obscrvations. A positive bias indicates that on the average. the filled

temperatures were lower than the observed, while a negative bias indicates filled temperatures were higher than the
observed.

The RMSE was calculated from

(T, - 1)}
RMSE = —NT—]’—) (15)

The RMSE gives a measure of the size of the differences between the observed and filled temperature vatues. Since
RMSE calculation is heavily influcnced by a few large errors of estimate, RMSE may be larger than the crror for
most of the data points. To clarify this point, let's suppose a hyputhetical day has an error of cstimate of 1.0 fur cach
hour cxcept one, which has an crror of estimate of 8.0. The calculated RMSE is about 2.0. Onc large difference
between obscrved and filled temperature made the other 23 filled temperatures appear to be more i crror than they
actually were.

4.2 Resuits. The results of hourly temperature filling accuracy for all three methods are shown in Figure , umits
arc degrees F.

Hyperbolic Cosine with
Cosine Tangent Sunrise

Station BIAS RMSE BIAS RBMSE BIAS RMSE
Scott AFB, IL 007 423 0.07 4.20 -0.46 4.26
Pcasc AFB, NH -0.15 4.4 -0.15  4.10 -0.50 413
McChord AFB, WA 015 310 -0.15  3.06 -0.50 19
Luke AFB, AZ 0.05 348 0.06 345 -0.43 345
Homestead AFB, FL 023 292 023 290 -0.50 3.04
Mildenhall AB, UK 0.01  3.16 0.01 313 -0.27 36
Ramstein AB, GE 0.09  3.36 0.09 332 -0.26 134
Honolulu, Hi -0.65 216 -0.66 2.14 -0.92 2.26

Figure 2. Test results for three temperature filling methods. Units arc ° F.

As shown by these results for all months and all kours, the hyperbolic tangent filhing method was the bost based on
RMSE. It alsv proved best when only the typical summer peniod, from Junc o Septemiber, was used. This is shown
in Figure 3.




Statlon
Scott AFB, IL
Pease AFB, NH
McChord AFB, WA
Luke AFB, AZ
Homestcad AFB, FL
Mildenhall AB, UK
Ramstein AB, GE
Honolulu, HI

Hyperbolic Cosine with
Cosine Tangent Sunrise
BIAS RMSE BIAS RMSE BIAS RMSE
-0.11 340 011 340 053 341
-0.26  3.61 -0.26  3.60 063 3.63
010 2.70 -0.10 2.60 052 275
0.58 348 0.58 342 0.04 345
030 3.00 -0.30 297 -0.53 3.08
001 297 001 294 0.36 281
0.14  3.10 0.14  3.06 030 3.07
-0.84 206 -0.84 205 -1.07 223

) Figure 3. Same as Figure 2, except for summer months from June to September. Units arc ° F.

4.3 Median RMSE and Absolute Extreme Difference. Another way o evaluate accuracy of fit 15 o
examine the median (50th percentile) RMSE and absolute cxtreme differcnce.  These two statistics are shown an

Figure 4 for each temperature filling method, for each station.

Station
Scott AFB, IL
Peasc AFB, NH
McChord AFB, WA
Luke AFB, AZ
Homestead AFB, FL
Mildenhall AB, UK
Ramstcin AB, GE
Honolulu, HI

Cosine with

Hyperbolic
Cosine Tangent
Medlan Abs Ext Madian Abs Ext
1.81 39.70 1.65 38.76
1.90  38.70 1.76  37.67
1.62 2213 1.51 22.28
201 25.15 1.99 25.97
1.59 2334 1.50 22,57
1.68  22.69 1.51 22.06
1.73 3240 1.55 21.67
1.23 1945 1.17 19.67

Sunrise
Median Abs Ext
1.81 39.70
1.90 38.70
1.65 2041
1.90 26.46
1.67 23.10
i.68 23.24
1.69 33.94
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 ° F.

As beforce, the hyperbolic tangent method achieved the lowest RMSE. The median RMSE values for cach station
show that at the 50th percentile leved, the RMSE ranged from 1,17 Fin the tropies o 1.99° F in the mid latitudes
At the cxtreme cnd, errors i execss of an order of magnitude greater than the median contributed o raising the
overall RMSE, as explaincd carlier. Many of the cxtreme crrors are caused by frontal passages. An csample s
shown in Figurc 5, where the 24-hour period containing the extreme for the hyperbolic tangeat method for Scou
AFB 15 uscd 1o plot the filled and obscrved hourly temperatures for cach hour. The ¢xtreme crror occurred at 15010

LST on 28 January 1977.




Temp (F)
0

0 3 6 9 12 15 18 21 24
Hour (LST)

—— Qbserved Hrly Temps —+ Filled Hrly Temps

Figure 5. Plots of filled hourly temperatures and observed hourly temperatures for Scott AFB, 28 January 1977,

In this example, the maximum temperature for the day actually occurred at midnight and resufted i large crrors ol
estmate (obscrved minus filied temperature values) for that day. Without additional information, a computer
program cannot account for these anomalous cases. The effects of days Iike the one Hlustrated arc more pronounced
during seasons (and at locations) with {requent frontal passages, but they arc mimimized over long peniods of record.
An additional source of vanance will occur when this method 1s applicd 10 the NOAA Climatolugical Data. Ay
explained by McFarland, Miller, and Neale (1990), the reported mimimum temperature often rclates to the provious
day’s minimum when the observation time is 0500 LST.

4.4 The Programs. Bascd on the favorable test results for the hyperbolic tangent temperature filling method.
Equations 8 and 9 werc uscd as algorithms 1o write a Staustical Analysis System (SAS) program for use by
USAFETAC/ECE (SAS is the registered trademark of SAS Industrics, Inc, Cary, NC). The program (MXMNFILL)
calculates values for missing hourly temperatures given input of dailly maximum and minimum temperatures. To
account for locauons that cluse on weekends and holidays, another program (WEEKEND) was developed to lincarly
interpolatc daily maximum and mimimum temperatures when less than 3 consceutive days were missing - For the (est
results shown 1n Figure 2, every 6th and 7th day’s maximum and minimum temperaturcs wcrc sct to missing. wwhen
WEEKEND was uscd to replace the temperatures, RMSE was raised by 1° F for the mid-lattudes and subtropics.
but only slightly for the tropics.
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5. SUMMARY.

5.1 Temperature Filling Method. This rcport desenbes the development and testing of a method for fithing in
missing hourly iemperatures at locations where only maximum and mimmum daily temperaturcs are reported. The
method uscs the hyperbolic tangent function with the tempurature transformed to a linear function of the hour. The
advantage in using the hyperbolic ta cent is that temperatures rear the maximum and minmmum are allowad o
approach those points gradually.

5.2 Accuracy. Tests of thc method, using hourly temperature data for all mondhs and all hours for cight
locations in different climatic regions, showed an RMSE from 2° F {or the tropies to 4° F for mid-lattudes. Using
the same data for the typical summer period (Junc to September, when frontal passage s less frequent), RMSE
values were about 10 percent lower.  If this method 15 applicd (0 stations that only report maxmum and minimum
temperatures, accuracy will decrcasc {urther due 10 vanances associated with this type of reporting station.

5.3 The Programs. USAFETAC/DNO uscd the hourly temperature algonthms developed for the hyperbolic
tangent temperature filling method to write two SAS programs for USAFETAC/ECE. One program (MAMNFILL)
generates a datasct of estimated hourly temperatures given mnput of daily maximum and minimum tcmperaturee.,
The other (WEEKEND) accounts for locations that may not be open 7 days a weck oy providing stcrpolated daily
maximum and minimum temperatures for cases in which the data gaps are less than 3 days.

10




APPENDIX O

Sunrise Calculations

The sun’s declination angle, DECLIN, is obtaincd from Cox (1987):
DECLIN = -23.45 cos [((JULSEC + 777,600) (YfRTORAD)|

where JULSEC 1s the number of seconds from 1 January 1960 and 777,600 is the number of scconds from the winter

solstice to 1 January. YRTORAD = 16505+ 24+ 3600 and takes into account the fact that the earth revolves

around the sun (27) in | ycar. The solar zenith angle (Z) can be calculated from:
cos (Z) = sin (LA sin{iDECLIN) + cos(LAT) costDECLIN ) cos(HHRANG )

where LAT 1s the lattude of the site, and HRANG is the hour angle of the sun. Al sunrise, the senith angle is -60°
or cos(Z) = (1. Solving the above equation for HRANG yields

COSHRANG =~ (TANDEC » TANLAT)

where the tangent of the declination angle,
TANDEC = TAN ( DECLIN - Tgﬁ)

and the tangent of the latitude in decimal form (LATDEC) is given by ‘
TANLAT = TAN (LA'I'DEC . T%G)

When COSHRANG 1s greater than -1 and less than or equal to 1, the sun would never rise. For our purposes
however, we assume sunrisc 1s at noon so that a sunrisc to the 1400 LST portion of the curve can be calculated
HRANG = ARCOS (COSHRANG)

Otherwise. /IRANG = (). The sunrise in local time is then obtained from

HRANG
T
(‘mﬁ ) '5)

where the sun is vertical at 1200 LST and 1 hour of time is squivalent to 15" longnude.

RISE=12~
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