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a  b  s  t  r  a  c  t

The  outdoor  design  conditions  should  not  only  regularly  update,  but also  reflect  the effects  of  climate
change.  In  this  study,  a  new  method  of  calculating  the  optimal  period  of record  (POR)  for  air-conditioning
outdoor  design  conditions  was  put  forward.  Firstly,  the  M–K test  was  used  to  prove  the  significantly
change  of outdoor  temperatures  in  air-conditioning  season.  Secondly,  the  generalized  Pareto  distribution
(GPD)  model  was  adopted  to fit the  distribution  of the  high  temperature  and  the  model  was verified  by
the  P–P and  Q–Q  plot.  Empirical  distribution  functions  with  different  PORs  were calculated  by  defining
the  meteorological  impact  factor.  Finally,  the  optimal  POR  was  determined  by  comparing  the  empirical
distribution  functions  with  the  GPD  model.  The  new  method  for determining  the optimal  POR  of  outdoor
design  conditions  was  examined  and  the  case  for  Tianjin  was  studied.  The  result  shows  that  the  optimal
POR  for  Tianjin  is  17  years.

©  2014  Published  by  Elsevier  B.V.

1. Introduction

Outdoor design conditions are weather information for design
purposes showing characteristic features of the climate at a par-
ticular location. They are basic data for the load calculation and
equipment selection of HVAC systems. The researches of outdoor
design conditions are mainly focused on the method or updating
data, rarely on the period of record (POR) [1–3]. However, a funda-
mental premise of outdoor design conditions is an appropriate POR.
Generally speaking, the period of record (POR) refers to the years
of meteorological data. In order to get appropriate outdoor design
conditions, the POR should not only reflect the local climatic nor-
mal  but also the trend of climate change [4]. The climatic normal is
defined by the World Meteorological Organization as “period aver-
ages of a climatic element computed for a uniform and relatively
long period comprising at least three consecutive ten-year periods”
[5,6]. It is considered all the time that the outdoor design conditions
can more accurately reflect the climatic normal with longer POR.

But in recent years, more and more scholars believe that the
concept of 30-year climate normal may  no longer be suitable due
to the influence of climate change. Livezey et al. [7] found that the
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30-year POR only applied to a relatively stable climate sequence by
analyzing prediction errors of four climate prediction models. So
the 30-year POR was  no longer applicable to engineering design as
recent temperatures showed a rapid changing trend. Huang et al.
[8] indicated that it was more accurate to predict the climate with
shorter POR compare with 30 years. Kunkel et al. [9] also analyzed
the optimal climate normal and their research pointed out it would
improve the prediction with shorter POR. Snelling et al. [10] cal-
culated the outdoor design conditions respectively with 15-year
POR and the maximum possible POR. Then, they compared the
“not-guaranteed” hours and maximum “not-guaranteed” duration.
Their research also indicated that it was more suitable to calculate
the outdoor design conditions with shorter POR. The above studies
showed that the 30-year POR was  too long to reflect the trend of
climate change.

The POR of meteorological data cannot be too short, or it is
impossible to filter out the fluctuation of the climate system. Hub-
bard and Kunkel [11] used meteorological data over 33 years to
calculate the outdoor design conditions with POR = 1, 2,. . .,  33.
Then, they discussed the minimum POR by using standard devi-
ation of 1 ◦C. Colliver and Gates [12] also used the deviation and
standard deviation to study the minimum POR of dry-bulb temper-
ature, wet-bulb temperature and dew-point temperature.

Regulations including ASHRAE [13] and the Chinese specifica-
tion [14] recommend the POR of outdoor design conditions to be
30-year because of the climate normal. But in CIBSE [15], the POR is
recommended to be 20-year. The difference between ASHRAE and
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CIBSE indicates that further studies are needed to get an appro-
priate POR which can not only filter out the fluctuation of climate
system, but also reflect the trend of climate change. The purpose of
this study is to get a method of the optimal POR for air-conditioning
outdoor design conditions on the background of climate change.
In the first procedure, M–K  test was adopted to verify the signif-
icant change of outdoor temperatures in air-conditioning season.
Then, the generalized Pareto distribution (GPD) model was adopted
to fit the distribution of high temperature. The empirical distribu-
tion functions with different PORs were determined by defining
meteorological impact factor. Finally, the optimal POR consider-
ing climate change was determined by comparing the empirical
distribution functions with the GPD model. The influence of cli-
mate change is mainly focus on the dry bulb temperature, rarely
to the humidity [16]. So the change of dry-bulb temperatures was
only analyzed in this research to determine the optimal POR with
the climate change. Hourly dry-bulb temperatures of Tianjin from
1961 to 2010 were used in this study to analyze the optimal POR
for air-conditioning outdoor design conditions in Tianjin.

2. Mathematical methods

2.1. GPD model

Mathematical model can be established to describe the dis-
tribution of temperatures as meteorology research has proved
that the temperatures in a region are stable time series [17,18].
Generally speaking, outdoor design conditions are used for the
design load calculation, and the design load reflects the risk deci-
sion of HVAC system. That means more attention should be paid
to the extreme temperature rather than normal temperature for
the air-conditioning outdoor design conditions. So the generalized
Pareto distribution (GPD) model in the extreme value statistics
was introduced in this paper. The GPD model is usually used to
describe the distribution of values which exceed a certain number.
The model has been widely used in the field of climate diagnostics,
reliability research and financial risk management [19,20].

Let Xi (i = 1, 2,.  . .,  n) be independent and identically distributed
random variables. For the natural number n, let Mn = max  {X1, X2,
. . .,  Xn}. If there are constant columns {an > 0} and {bn} meet

lim
n→∞
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For sufficiently large threshold value �, X − � would approximately
obey GPD model, i.e.

G(y; �̃, �) = 1 −
(

1 + �y

�̃

)−1/�

, y > 0, 1 + �y

�̃
> 0 (2)

With �̃ = � + �(u − �), �, �, � are the parameters of the distribu-
tion.

2.2. P–P plot and Q–Q plot

To verify the accuracy of GPD model for high temperature,
P–P plot and Q–Q plot were used in this study. P–P plot is the
abbreviation of probability plot and Q–Q plot is the abbreviation
of quantile–quantile plot. These plots can be used to determine
whether the sample data obey a certain distribution. The P–P plot
compares an empirical cumulative distribution function of a vari-
able with a specific theoretical cumulative distribution function.
Similarly, the Q–Q plot compares ordered values of a variable with

quantiles of a specific theoretical distribution. They are both theory-
driven graphical methods for model test and the sample can satisfy
the distribution if most points of the P–P and Q–Q plot are on the
diagonal [21]. In this paper, P–P plot and Q–Q plot were drawn by
the SPSS software.

2.3. Empirical distribution function

To get the approximate distribution of high temperature with
different PORs, the empirical distribution function was used in this
study. Empirical distribution function is a method to estimate the
probability of sample by the frequency. Let x be a continuous ran-
dom variable with empirical distribution function Fn(x) and x(1),. . .,
x(n) be the order statistics from x. The empirical distribution func-
tion Fn(x) can be calculated from the sample as

Fn(x) =

⎧⎪⎪⎨
⎪⎪⎩

0, x ≤ x(1)

k

n
, x(k) < x ≤ x(k+1), k = 1, . . .,  n − 1

1, x > x(n)

(3)

where x(1) is the minimum of the sample, x(n) is the maximum of
the sample, x(k) is the kth order statistics of the sample, n is the total
number of the sample.

According to the Glivenko–Cantelli theorem [22], for any real
x, empirical distribution function Fn(x) and common distribution
function F(x) will almost have no differences when n is sufficiently
large. Therefore, the empirical distribution function of the sample
approximately equals to the common distribution function when
the number of the sample is sufficiently large.

2.4. M–K test

The fact of climate change has been proved by many meteorolo-
gists [23,24]. However, further studies are still needed to study the
influence of climate change on the distribution of outdoor tem-
peratures in air-conditioning season. To analyze the significant
influence on outdoor temperatures, the M–K  test was  used in this
study. The rank-based non-parametric Mann–Kendall (M–K) sta-
tistical test (Mann, 1945 and Kendall, 1975) has been commonly
used to assess the significance of trends in hydro-meteorological
time series such as water quality, temperature, and precipitation
[25,26]. The M–K  test is based on the correlation between the ranks
of a time series and their time order. For a time series X = {x1, x2,
. . .,  xn}, the test statistic is given by

S =
n−1∑
i=1

n∑
j=i+1

sgn(xj − xi) (4)

where n is the number of data points, xi and xj are the data values
in time series i and j (j > i) and sgn(xj − xi) is the sign function as

sgn(xj − xi) =

⎧⎪⎨
⎪⎩

1 xi < xj

0 xi = xj

1 xi < xj

(5)

The variance is computed as

Var(S) = n(n − 1)(2n + 5) −
∑m

i=1ti(ti − 1)(2ti + 5)

18
(6)
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