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ABSTRACT

The variation of air temperature measurement errors usigifferent radiation shields (DTR502B Vaisala, Finland,
and HYTFZ01, Huayun Tongda Satcom, China) was studied. setgavere collected in the field at the Daxing weather
station in Beijing from June 2011 to May 2012. Most air tengpere values obtained with these two commonly used
radiation shields were lower than the reference recordsirdd with the new Fiber Reinforced Polymers (FRP) Stevenso
screen. In most cases, the air temperature errors when tgrg/o devices were smaller on overcast and rainy days than
on sunny days; and smaller when using the imported ratharttieaChinese shield. The measured errors changed sharply at
sunrise and sunset, and reached maxima at noon. Their buamiation characteristics were, naturally, related targyes in
solar radiation. The relationships between the record®rgiobal radiation, and wind speed were nonlinear. An aved
correction method was proposed based on the approach liEsdry Nakamura and Mahrt (2005) (NMO05), in which the
impact of the solar zenith angle (SZA) on the temperaturer ésrconsidered and extreme errors due to changes in SZA can
be corrected effectively. Measurement errors were redsiggdficantly after correction by either method for bothedtis.

The error reduction rate using the improved correction webfior the Chinese and imported shields were 3.3% and 40.4%
higher than those using the NM05 method, respectively.
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1. Introduction DTR502B (Vaisala, Finland) and the BB-1 FRP Stevenson

Measurement of air temperature is fundamental to me cons (Nanjing Xinhe Xingtai Technology Limited Com-

gagy; China) are the most widely used radiation shields for
teorology. Ideally, temperature measurement sensors use

to measure air temperature should only exchange heat withoouring ar temperature in China. The Stevenson screen

IS considered to be the standard radiation shield for air tem

the surrounding air. However, in reality the heat from di: ) . \
2 o &erature measurement sensors in operational meteoralogic
rect solar radiation, reflected shortwave radiation, and s

and terrestrial longwave radiation also affects air terapee Observation practice (CMA, 2003). Both the Chinese and the

sensors (Nakamura and Mahrt, 2005). To avoid these int|rrr1_ported radiation shields are small and easily mounted|, an

ferences, the World Meteorological Organization provide erefore widely used in automatic weather stations. Early

S . . s?udies (Albrecht, 1927, 1934) found that the differencain
guidelines on air temperature measurement. They stlpulg e

that air temperature should be measured 1.5-2.0 m above ﬁ]mperature measured using the radiation shield and Steven

. X o SOn screen side by side could be as large°&-ZC. This
ground, to avoid the intense variations of temperatureeclos R :
; bservation indicates that measured air temperaturesarer
to the ground, and that air temperature sensors should BeS . .

: I~ . inevitable even if the sensors are well-shielded. These®rr
shielded to avoid direct exposure to radiation. Currerilg, L ; o o
HYTEZO1 (Huayun Tongda Satcom Company, China) thheave primarily been ascribed to the radiation and ventimati

' ’ ~conditions (Fuchs and Tanner, 1965; Gil, 1983; Tanner ¢t al.
1996; Anderson and Baumgartner, 1998; Richardson et al.,

Email: cxingh@cma.gov.cn and Kaser, 2002; Lundquist and Huggett, 2008).
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Richardson et al. (1999) designed a part-time aspirateith radiation shields have certain measurement errors, to
multi-plate radiation shield in which a small DC axialvanwhich global solar radiation is the leading contributor.nd/i
Micronel V301M, is inserted into the central opening of thepeed and SZA also contribute. Although radiation errors
shield, in order to minimize the impact of radiant exchangmuld be mitigated by proper construction of a solar radrati
on the air temperature sensor. Mechanical ventilationsg-de shield, e.g., by adding mechanical ventilation, it is uteiar
able in a radiation shield, although this results in highmaihow much this could help. On the other hand, reconstruct-
tenance costs for long-term operation. Nakamura and Maling solar radiation shields cannot help to improve hisadric
(2005, hereafter referred to as NM05) developed an empibservations. Therefore, it is important to further inigestie
ical model to correct the radiation-induced temperature er correction method to take into account the effects of SZA.
ror for a naturally ventilated multiplate radiation shiblaised This study analyzes a field observations to develop an im-
on observations of wind speed and global solar radiation, pnoved air temperature correction method based on the NM05
which a data logger (HOBOware Pro manufactured by Oapproach, with the intention that the improved method could
set Computer Corporation, USA) and its external thermistbe applied to historical observation data.
were enclosed (Whiteman et al., 2000). However, this cerrec
tion method was not good enough to determine the sensiEIe
heat flux, and extreme errors could not be corrected effec-
tively, as the impact of the diurnal variation of solar zanit  The Beijing Meteorological Bureau (BMB) has estab-
angle (SZA) on temperature errors was not considered. lished over 200 automatic weather stations, where two kinds

Radiation-induced temperature errors from a cubef frequently-used radiation shields have been installed:
shaped HOBO radiation shield were considered by Maudgéhinese-made HYTFZ01 and the imported DTR502B mod-
et al. (2008) using the approach of Anderson and Baumgaats, as listed in Table 1. To characterize the measurement
ner (1998). This correction method is better than the NM@3rors from these two shields, parallel observations wene ¢
method because it considers the shield’s geometric shage, ducted using these two devices and a reference Stevenson
takes into account the shield’s area normal to the sun in agdreen from June 2011 to May 2012 at the Daxing station in
dition to solar radiation and wind speed. Previous studiijing. All three shields were used in combination with the
(Richardson et al., 1999; Erell et al., 2005) have suggestaime temperature sensor (HMP45D, Vaisala, Finland).The
that temperature accuracy can be improved by decreasiaghnical specification is given as following: nominal aac-
sensor size. It has been found that smaller sensors, such agracy, type of construction, measurement range and uncer-
thermocouple constructed of very fine wire, may have an éainty are respectively-0.2°C, Pt 100 IEC 751 1/3 Class B,
ror of only 0.3-0.5" even when exposed to relatively intense-40°C to +60°C and+0.13°C. The accuracy of the three
solar radiation. Huwald et al. (2009) found that in addition sensors was tested-aR(°C, —10°C, °C, 10°C, 2C0°C, 3C0°C
natural ventilation, surface-reflected shortwave radiathay and 40C in a temperature controlled experiment. The tem-
be a primary source of error. Robert (2010) assessed and parature readings from the three sensors was withifd0.3
proved the accuracy of air temperature measurements usifighe true value, and met the precision requirements for air
a Gill radiation shield, without mechanical aspirationndii temperature measurement (CMA, 2003).
speed, or radiation measurements. Instead, he determined @ he field experiment and instrument layout is shown in
correction based on the difference between the thermoeouipig. 1. The three instruments were installed 1.5 m above
wire and interior plate temperatures, and reduced the rogteund level. To prevent interference among the devices,
mean-square error to 0.16ver a 7 day observation period they were set separately from each other. The distance be-

Wang and Han (2008) analyzed the impact of ventilatidween the reference Stevenson screen and the Chinese radia-
on reducing radiation-caused air temperature errors byexaion shield was 5.6 m and the distance between the Chinese
ining two different kinds of devices. They compared a natand imported radiation shields was 0.4 m. The air tempera-
rally ventilated radiation shield and a positive ventithtadi- ture was measured every five minutes. These data were stored
ation shield, with a wooden Stevenson screen under clgar-ski a memory card, and regularly submitted to the BMB for
conditions in Changchun in July 2007. Their results showeshalysis. The data were quality controlled, using physical
that appropriate ventilation very effectively reducedatidn and historical extreme value checks, and also internal; tem
errors. poral, and spatial homogeneity checks. Error analyses used

In summary, air temperature sensors used in conjunctiguality-controlled hourly-averaged datasets.

Field experiment, instruments, and data

Table 1. Radiation shield descriptions.

Thermometric device Type Sensors
Reference Stevenson screen  New FRP Stevenson screen HMP45D
Imported radiation shield DTR502B radiation shield madEimand, with 9 plates, 20 cm in height, and 5.25 cm distHMP45D

radius

Chinese radiation shield Radiation shield made in Chinthy &8 plates, 23.3 cm in height and 7.05 cm dish radius HMP45D




1462 IMPROVED CORRECTION METHOD FOR AIR TEMPERATURE MEASUREMENERROR VOLUME 31

Cross-section of
two radiation shields

The Chinese
radiation shields

The imported

radiation shields

The reference
Stevenson screen

Fig. 1. Layout of the field experiment.

To study the impact of ventilation on temperature e8. Error characteristics
rors, W'nd speed was also observeq durmg_ the experiment. Figure 2 shows the temporal characteristics of the air
The wind speed was measured using a wind speed SR perature measured by the sensor used with the reference
(EL15-1C manufactured by Tianjin Zhonghuan Tianyi Lim: P y

ited Company, China) and the data acquired using a DT§ venson screen for the 62 clear days. The air temperature

data acquisition unit manufactured in Australia, as per tﬁréeasured was in the rangd 5°C to 35C and showed diur-

work of Wu et al. (2011). There was no solar radiation ok?—al and seasonal variations. The temperature errors betwee

: . : L he reference Stevenson screen and the other two devices
servation at Daxing station, so hourly global radiationada; : ; .
measured at the nearby Beijing Observatory Station (W e mvestlggte_d by analyzm_g t he measurement datasets.
station No. 54511) were used for correction of temperaturee characteristics of error variations are presentedibelo
errors. The d.istance between_t_he two statiqn; was 10 km ang.  Clear-sky conditions
thel_r underlying surface conditions were S|m|lar_. Glokal r 1.1, Probability distribution
diation datasets were tested and processed with the quality”” L .
control method of Long and Shi (2008). To understand the Figure 3 shows the probability distribution of air tem-
variation of temperature errors under different weather-coPerature errors from the two devices for 62 clear days. The
ditions, the weather conditions from 1 June 2011 to 31 M&jrors measured with both the Chinese and imported radia-
2012 were classified into two types: clear days (62 days), ai#fe] ihlelds ha\:e a qua5|-noormal d'Sto”bUt'O”a with ranges
overcast and rainy days (21 days). Clear days had total clou§-6°C t0 —0.1°C and—0.5°C to +0.1°C. The correspcznd-
cover less than 2%, and 0% low cloud cover. Overcast alid €rmors of the hlgr:est probab:llty were betwee.4°C
rainy days had 100% middle and low cloud cover, or mod—0.2°C, and—0.3°C and—0.1°C. This means that tem-
than five hours precipitation. peratures measured with the two devices on clear days were

Temperature/ C
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Fig. 2. Temporal variation of the air temperature measured by tlegerce Stevenson screen from
June 2011 to May 2012.
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0.2 root-mean-square error (RMSE) using the Chinese radiation
| @ shield was smaller than that measured with the imported ra-
diation shield, while the reverse was true for the absolute a
erage error (AAE). The maximum and minimum errors of
the two instruments were all beyond the ranges of allowable
error for temperature measurement, indicating that it &s ne
essary to correct the air temperatures measured using these
two shields.

0.16 —

e

=

)
|

3.1.2. Diurnal variations

Figure 4 shows the diurnal variation characteristics of the
monthly average air temperature error using the two devices
under clear-sky conditions. Generally, most of the errors
when using the Chinese radiation shield were negative gurin

the daytime. AAE using the Chinese radiation shield started
l4-12 -1 08-06-04-02 0 0.2 0.4 06 08 to increase at sunrise, reached its maximum at noon, main-
0.4 — Temperature/ C tained a higher value in the afternoon and began to decrease
(b) at sunset. In contrast, the monthly average errors for mea-
. surements conducted with the imported radiation shield dur
ing the daytime were positive, with a range 6f0to 0.6C.
0.3 5 Those at night, however, were negative, freth 0°C to 0°C.
Consequently, air temperatures measured using the intporte
N radiation shield were higher than the reference valuesiduri
most of the daytime and lower at night. Similarly, AAE from
\ the imported radiation shield increased at sunrise, rehahe
\ maximum at noon, maintained a higher value in the after-
'-‘ noon, and began to decrease during 1500 to 1600 LST (Local
0.1 ’ Standard Time), and reached a minimum at sunset. Diurnal
b s variation characteristics of temperature errors from the t
. devices are clearly related to the diurnal variation of sta
' ¥ diation, discussed further below.

Reletive frequency/%

Reletive frequency /%
5
|

-1.6 -1.2 -08 -04 0 04 08 1.2 3.2. Overcast andrai ny days
Temperature deviation / 3.2.1. Probability distribution

Fig. 3. Probability distributions of air temperature errors from  Figure 5 shows the probability distributions of the tem-
the two radiation shields on the 62 clear days from June 2911 t Perature errors from the two devices during the 21 overcast
May 2012: (a) Chinese radiation shield; (b) imported radiat ~ and rainy days. Error distributions from the Chinese and
shield. imported radiation shields on the overcast and rainy days
both follow a quasi-normal pattern, primarily distributied
lower than the reference values in most cases. The restiig ranges-0.6°C to —0.3°C and—0.4°C to —0.1°C. The
are consistent with those of Erell et al. (2005), who foungbrresponding errors of the highest probability fall withi
that nighttime air temperatures measured with Gill radiati —0.5°C to —0.4°C and—0.3°C to —0.2°C. This means that
shields were up to °C lower than if a Stevenson screerhe air temperatures measured by the two devices were lower
was used. The discrepancies in air temperature betweentti@n the reference values in most overcast and rainy cases,
two devices may be attributed to differences in radiative egspecially with the Chinese shield. Errors of measured air
change, and to the extent to which the sensors are expotsadperature using the imported radiation shield on ovércas
to natural ventilation. Errors of air temperature measuredid rainy days were smaller than measurement errors with
with the imported radiation shield were smaller than thoshe Chinese shield in most cases. Air temperature measure-
obtained using the Chinese radiation shield. Table 2 shoment errors using the two devices on overcast and rainy days
the statistical temperature errors from the two devices Tivere smaller than those under clear-sky conditions. This is

Table 2. Temperature error statistics of the two devices beforeection on the 62 clear days between June 2011 and May 2012.

Thermometric devices RMSECQ) AAE (°C) Maximum error {C) Minimum error C)

Chinese radiation shield 0.21 0.53 0.70 —1.20
Imported radiation shield 0.28 0.22 1.30 —0.90
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Fig. 4.Diurnal variation of the monthly average error on the airpenature measurement using
the two radiation shields under clear-sky conditions frameJ2011 to May 2012.
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because global solar radiation on overcast and rainy days is
less intense than under clear-sky conditions.

3.2.2. Diurnal variations

Figure 6 shows the diurnal variation of monthly averaged
air temperature errors from experiments using the twodsiel
on the overcast and rainy days. Monthly averaged errors were
in the range-0.6°C to 0.0°C. Air temperatures measured us-
ing the two radiation shields were lower than the reference
temperature values obtained using the Stevenson screen. Di
urnal variations of the monthly averaged errors from the two
devices were similar to those under clear-sky conditious, b
error distributions on overcast and rainy days were narmrowe
than those on sunny days, especially for the imported shield

4. Primary influencing factors

As mentioned above, the direct shortwave radiation and
ventilation are major factors influencing the accuracy of ai
temperature measurements. The impacts of global solar ra-
diation and wind speed on errors resulting from the two de-
vices are discussed in this section. Figure 7 shows scatter d
agrams of the hourly errors of air temperature measurements
performed with the Chinese and imported radiation shields,
along with global solar radiation [panels (a) and (b)] anddvi
speed [panels (c) and (d)] during the daytime portions of the
62 clear days. Temperature error varies with both the global
solar radiation and wind speed. The correlations betwesn th
errors for the two devices, global radiation, and wind speed
are significant and nonlinear. The correlation coefficiéots
the Chinese radiation shield are slightly higher than tHose
the imported shield.

5. Correction methods

In NMO5, the authors proposed a method for correction

June 2011 to May 2012: (a) Chinese radiation shield; (b) im-of air temperature error based on observational data ogjlob

ported radiation shield.

solar radiation,R, wind speedU, and air temperaturel.
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—Temperature error of the Chinese radiation shield
—Temperature error of the imported radiation shield
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Fig. 6. Diurnal variation of the monthly average error on the air penature measurements
using the two radiation shields on the 25 overcast and raagg ffom June 2011 to May 2012.
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Fig. 7. Scatter diagram of correlations between the errors fromirttported and Chinese radiations shield

and global solar radiation and wind speed in the daytime ef6th clear days from June 2011 to May 2012:
(a) errors of the Chinese radiation shield against globdibten; (b) errors of the imported radiation shield

against global radiation; (c) errors of the Chinese ragiashield against wind speed; (d) errors of the imported
radiation shield against wind speed.

They defined a non-dimensional paramedér,in order to on the method of NMO5, the impact of solar zenith angle on

represent the effect of these three variables: air temperature errors was accounted for using
R R Z
X = . 1 Xn=——r77an" 2
pC,TU @) pc,TU 180 2)

Here, p is the density of air, taken to be 1.29 kg fwhen :/vhere)_(&:s anlev_v ndon-dlmenliloknal paramgt;lr ?? t;gos;-t ied
the pressure and temperature is respectively 1013.25 fipa &ﬁf.ztetﬂ' ang ef”: egreets. a zt;\murafan | a r_(” )t ne
25°; cp is the heat capacity of air at constant pressure, tak0 It the error ot temperature in term of polynomial function
1004 J K1 kg 5 RisinWm2, TisinK, andU is i '
as 10 g 5 RisinWm is in K, andU is in AT —a+bX, 3)
ms .
The previous section discussed how air temperature ahereAT is temperature error, arXlis the non-dimensional
rors changed sharply at sunrise, noon, and sunset, an efferameter defined by Eq. (1). The linear correction model
clearly related to the variation of the solar zenith anglas@&l was established using historical data. Since errors fran th
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two radiation shields at night on clear days were smallar theection methods. Thevalues are listed in Table 4, where it
those during the daytime, the above two methods were usedeen that th&® values for the current method were greater
to correct errors of air temperature during the daytime .ontjhan those for NMO5, indicating the current scheme per-
Temperature datasets measured by the two devices on 57 dagmed better. The values for measurements with the im-
from 1 June 2011 to 31 March 2012 were used to establigbrted shield were larger than for measurements with the Chi
linear correction models, while the measurement data framase shield. This is likely because the gap between the two
the other five days in April and May 2012 were applied tplates of the imported radiation shield was larger thandhat
test the corrected results. the Chinese shield, so when the solar zenith angle was large
Table 4 shows correlation coefficients and fitting coeffat sunrise or sunset, more solar radiation passed throegh th
cients for the two methods using 480 samples from 57 clegap and heated the sensor. Thus, the impact of solar zenith
days. For the Chinese radiation shield, the correlatiof-coangle on air temperature errors with the imported radiation
ficient and slope of the fitting model obtained using Eq. (khield was more significant. This demonstrates the negessit
were all smaller than those using Eq. (2). For the imported considering the effect of solar zenith angle on the carrec
shield, the correlation coefficient using Eq. (1) was largéion of measured air temperature.
than that using Eq. (2), while the reverse was true for the
slope of fitting model.
Using the results from the four correction models sun. Conclusions
marized in Table 3, air temperature errors from the two de-

. . . In this paper, the error characteristics of air temperature
vices were corrected for the daytime records for five clear pap P

days in April and May 2012. Figure 8 shows the diumarpeasured using the two kinds of thermometric devices, and

variation of the absolute errors before and after correctioVTV ith two different correction methods applied, were studie

Errors after correction were reduced significantly, esxhci he results showed that most of the air temperatures mea-

: ured using the Chinese and imported radiation shields were

at sunrise, noon, and sunset. For example, errors from fhe .

imported radiation shield. which were areater thar?G.§n ower than the reference measurements using the Stevenson
P ' 9 ' green, most likely due to the difference in radiative excjea

several occasions before the correction, were all reduze etween the two kinds of devices and to the extent to which
less than 0.3C when corrected by the NM0O5 method, an

0.16°C when corrected by the modified method. Figure 8 al oe Sensors are exposgd o natural ventllatlf)n. The e:sor di
. . . riputions of the two devices had ranges-3.6°C to —0.1°C
shows that the correction outcome with the improved methg o o - . -
. and—0.5°C to+0.1°C, respectively. The maximum (positive
was better than that using the NM05 method. Error statis- . . - : ) T
. . : uring daytime) and minimum (negative during nighttime)
tics both before and after correction using the two methods . .
. . ._errors using the two instruments were 0.C0and 1.30C,
are given in Table 4. The mean errors from the two devices )
. oo and —1.20°C and—-0.90°C, respectively. In general, errors
corrected using both methods are decreased significastly, € : . ; .
: g : o ?'associated with the two devices on the overcast and rainy
pecially for the imported shield. Defining an error reduetio .
days were smaller than those under the clear-sky conditions
rater as . . o :
Epe— Eac Temperature errors with the imported radiation shield were
r= CEi % 100%, (4) smaller than those with the Chinese shield in most cases.
be The air temperature errors from both devices changed
whereEy. is error before correction ariglc is error after cor- sharply at sunrise and sunset, and reached maximum values

rection, allows assessment of the performance of the two cat noon. Diurnal variation characteristics of the errorseve

Table 3.Results of fitting models for the two devices for the daytimeing the 57 clear days from June 2011 to March 2012.

NMO05’s method This paper’s method
Thermometric devices Correlation coefficient Fitting foden Correlation coefficient Fitting formula
Chinese radiation shield 0.03 AT =-0.02X —0.49 0.26 AT =0.44X - 0.61
Imported radiation shield 0.48 AT =0.30X —0.32 0.17 AT =0.40X —0.11

Note: AT is error in air temperature, aitlis the non-dimensional quantity.

Table 4. Error statistics before and after correction using the tvedhods for both radiation shields in the daytime of the fieacdays in
April and May 2012.

MEAC by the NM05 MEAC by this paper's r by the NM05’s  r by this paper’s

Thermometric device MEBCC) method {C) method {C) method (%) method (%)
Chinese radiation shield 0.60 0.52 0.49 13.68 16.98
Imported radiation shield 0.21 0.14 0.06 31.83 72.24

Note: MEBC is mean error before correction; MEAC is meanreafter correctionry is reduction rate.
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Fig. 8. Diurnal variation characteristics of the absolute air teragure errors from
the two radiation shields before and after applying the tawwextion methods for
the daytime of the five clear days in April and May 2012: (a) ampd radiation
shield; (b) Chinese radiation shield.
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. . . errors in naturally ventilated air temperature measurésnen
method proposed in this paper improves on the NMOS ap- made from buoys);. Atmos. Oceanic T?echnplS 157-173.

proach. This is largely due to accounting for the solar tenltAer’ M., and D. Scherer, 2001: A physically based method for

angle, which significantly impacts air temperature errdr. | qrrecting temperature data measured by naturally veetila
should be noted that the correction fac@y{80) in the mod- sensors over snow. Glaciol, 47(159), 665-670.
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