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Abstract. An upper-air simulator (UAS) has been developed at the Korea Research Institute of Standards and Science (KRISS) 8 

to study the effects of solar irradiation of commercial radiosondes. In this study, the uncertainty of the radiation correction of 9 

a Vaisala RS41 temperature sensor is evaluated using the UAS at KRISS. First, the effects of environmental parameters 10 

including the temperature (T), pressure (P), ventilation speed (v), and irradiance (S) are formulated in the context of the 11 

radiation correction. The considered ranges of T, P, and v are –67 to 20 °C, 5−500 hPa, and 4−7 m·s-1, respectively, with a 12 

fixed S0 = 980 W·m-2. Second, the uncertainties in the environmental parameters determined using the UAS are evaluated to 13 

calculate their contribution to the uncertainty in the radiation correction. In addition, the effects of rotation and tilting of the 14 

sensor boom with respect to the irradiation direction are investigated. The uncertainty in the radiation correction is obtained 15 

by combining the contributions of all uncertainty factors. The expanded uncertainty associated with the radiation correction 16 

for the RS41 temperature sensor is 0.119 °C at the coverage factor k = 2 (approximately 95% confidence level). The findings 17 

obtained by reproducing the environment of the upper air by using the ground-based facility can provide a basis to increase 18 

the measurement accuracy of radiosondes within the framework of traceability to the International System of Units. 19 

  20 
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1 Introduction 21 

The measurement of temperature and humidity in the free atmosphere is of significance for weather prediction, climate 22 

monitoring, and aviation safety assurance. Radiosondes are telemetry devices that include various sensors to measure data that 23 

are transmitted to a ground receiver while the device is carried by a weather balloon to an altitude of approximately 35 km. 24 

Since their development in the 1930s, radiosondes have been widely used to measure various essential climate variables (ECVs) 25 

such as the temperature, water vapour, wind speed, and wind direction in the upper-air atmosphere. Owing to their high 26 

accuracy, radiosonde measurements provide reference for other remote sensing techniques such as those based on satellite and 27 

lidar. Notably, an effective method to evaluate the measurement accuracy specified by manufacturers remains to be specified. 28 

The dependence of accuracy evaluation based only on manufacturer data may lead to inhomogeneity among users, including 29 

upper-air observatories that use different radiosonde models. 30 

To ensure the quality control of measurements in the upper air, the Global Climate Observing System (GCOS) Reference 31 

Upper-Air Network (GRUAN) was founded in 2008. The key objective of the GRUAN is to perform high quality 32 

measurements of the ECVs from the surface to the stratosphere to monitor climate change. To this end, the required temperature 33 

measurement accuracy in the troposphere and stratosphere has been specified as 0.1 K and 0.2 K, respectively (Gcos, 2007). 34 

The main source of error in the temperature measured by radiosondes is solar radiation during sounding in daytime. The 35 

temperature sensors of most commercial radiosondes are exposed to solar radiation, and the radiative heating increases the 36 

temperature to more than the air temperature. Correcting the radiation effect is challenging because the temperature of sensors 37 

is also affected by other thermal exchange processes such as conduction from the sensor boom, convective cooling by air 38 

ventilation, and long-wave radiation from sensors. To minimize the effect of radiative heating of radiosonde temperature 39 

sensors, the size of sensors has been reduced. Moreover, the sensor boom has been redesigned to reduce the thermal conduction 40 

to sensors. However, it is not possible to eliminate the combined effect of solar irradiation. 41 

Many researchers have attempted to correct the radiation effect on radiosonde temperature sensors through theoretical and 42 

experimental techniques. The early theoretical approaches were based on heat transfer equations governing the thermal 43 

exchange between the sensor and surrounding media (Luers, 1990; Mcmillin et al., 1992). However, the application of these 44 

approaches requires complete knowledge regarding the material properties of the sensor and sensor boom and air 45 

characteristics in a wide range of temperatures, and the aerodynamic characteristics for a specific sensor geometry must be 46 

determined. 47 

A few researchers performed in-flight experiments to derive a formula to correct the radiation effect (Schmidlin et al., 1986). 48 

A correction formula was derived by establishing the relationship between the irradiance and increase in the temperature via 49 

radiative heating during daytime sounding (Philipona et al., 2013). Two identical thermocouples were used to measure the 50 

temperature difference when only one sensor was exposed to solar radiation and the other was shielded. However, the effect 51 

of the shield could not be eliminated. 52 
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Other groups adopted a chamber system for radiation correction by simulating the upper-air environments including the solar 53 

radiation. The GRUAN conducted experiments by using a chamber that could imitate the pressure, air ventilation, and solar 54 

irradiance by using a vacuum pump, fan, and lamp or sunlight, respectively (Dirksen et al., 2014). Recently, the same group 55 

conducted experiments by using a new laboratory setup including a wind tunnel with various functionalities and improved 56 

uncertainties in processing the GRUAN data for the Vaisala RS41 sensors (personal correspondence). However, these 57 

experiments were conducted at room temperature, and thus, the temperature effect on the sensors was not considered. Notably, 58 

the existing studies based on other chamber systems reported that the solar-irradiation-induced temperature rise of sensors 59 

increases as the air temperature is decreased (Lee et al., 2018a; Lee et al., 2020). 60 

Recently, the Korea Research Institute of Standards and Science (KRISS) developed an upper-air simulator (UAS) that can 61 

simultaneously control the temperature, pressure, air ventilation, and irradiation (Lee et al., 2020). This UAS has been also 62 

used to calibrate the relative humidity sensors of commercial radiosondes at low temperatures (down to −67 °C) (Lee et al., 63 

2021). 64 

In this study, the uncertainty in the radiation correction of a Vaisala RS41 temperature sensor is evaluated using the UAS at 65 

KRISS. The layout of the UAS is described in Section 2, along with the addition of new functions to consider the effect of the 66 

rotation and tilting of the sensor. As described in Section 3, a radiation correction formula for the RS41 sensor is derived 67 

through a series of experiments involving varying temperature (T), pressure (P), and ventilation speed (v) values in the 68 

following ranges: –67 to 20 °C, 5−500 hPa, and 4−7 m·s-1, respectively, with a fixed irradiance S0 = 980 W·m-2. The effects 69 

of sensor rotation and tilting with respect to the incident irradiation are also investigated. Section 4 describes the evaluation of 70 

the uncertainties associated with the environmental parameters and sensor motions/positions controlled in the UAS to calculate 71 

the contribution of these factors to the uncertainty in the radiation correction. This study can help enhance the measurement 72 

accuracy of radiosondes within the framework of traceability to the International System of Units (SI) by providing a 73 

methodology for radiation correction in an environment similar to that which may be encountered by radiosondes. 74 

2 Layout of the UAS 75 

2.1 Temperature control of the radiosonde test chamber by using a climate chamber 76 

Figure 1(a) shows the test chamber of the UAS with an installed radiosonde for the radiation correction. The test chamber is 77 

inside a climate chamber (Tenney environmental, Model: C64RC) to control the temperature. The working space of the climate 78 

chamber is sized 1219 mm × 1219 mm × 1219 mm. The radiosonde is installed upside-down, as shown in Fig. 1(b), and the 79 

air flows into the test chamber from the bottom. The air is precooled before being supplied to the test chamber by passing it 80 

through a heat exchanger submerged in a thermostatic bath (Kambic metrology, Model: OB-50/2 ULT). The temperature of 81 

the test chamber is measured using a calibrated platinum resistance thermometer (PRT). 82 
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2.2 Pressure and ventilation speed control through sonic nozzles and a vacuum pump 83 

 84 

To control the air ventilation speed at low pressures, sonic nozzles, also known as critical flow Venturi, are used. The sonic 85 

nozzles are fabricated as toroidal-throat Venturi nozzles to comply with the ISO 9300 standard (Iso, 2005) and calibrated using 86 

low-pressure gas flow standard system at KRISS (Choi et al., 2010). Sonic nozzles can be used to achieve a specific maximum 87 

constant flow when the ratio of the downstream pressure (Pe) to the upstream pressure (Po) is smaller than a certain critical 88 

point (Pe/Po < Pc/Po). The test chamber lies in the downstream region of the sonic nozzles, in which the pressure is lowered 89 

using a vacuum pump (WONVAC, Model: WOVP-0600) to attain the critical condition. Six sonic nozzles with different throat 90 

diameters are used to generate air ventilation speeds ranging from 4 m·s-1 to 7 m·s-1 in the pressure range of 5–500 hPa. The 91 

generated air flow is measured through laser Doppler velocimetry to investigate the spatial gradient in the test chamber. 92 

2.3 Irradiation control by using a solar simulator 93 

Solar irradiation is imitated by using a solar simulator with a xenon DC arc lamp (Newport, Model: 66926-1000XF-R07). The 94 

virtual sunlight is irradiated onto the radiosonde temperature sensor and the sensor boom through quartz windows of the test 95 

chamber. A constant irradiance of 980 W·m-2 is adopted throughout this study. The two-dimensional distribution of the 96 

irradiance is recorded at the radiosonde sensor location by using a calibrated Si photodiode (Thorlabs, Model: SM05PD2A). 97 

The spatial uniformity of the irradiance around the sensor position is within ±5%. In addition, the irradiance is monitored to 98 

check its drift during the experiments by using a photodiode-based pyranometer (Apogee, Model: SP-110-SS) installed behind 99 

the test chamber. The pyranometer is calibrated at KRISS. 100 

2.4 Installation of RS41 101 

As a proof of concept, the uncertainty associated with the radiation correction for a commercial radiosonde (Vaisala, RS41) is 102 

evaluated using the UAS. A complete RS41 unit including the sensor boom, antenna, and main body is installed upside-down 103 

in the test chamber, as shown in Figs. 1(a) and (b). The sensor boom is placed parallel to the air flow (blue dashed arrows). 104 

The sensor boom is irradiated (red dotted arrows) by the solar simulator in a perpendicular manner through quartz windows 105 

(50 mm × 70 mm). The temperature recorded by the RS41 is collected through remote data transmission as in the case of 106 

soundings by the Vaisala sounding system MW41. It seems that the radiation correction by the manufacturer is applied only 107 

during the sounding state. The RS41 unit remains at the pre-sounding state in the manual sounding mode throughout the data 108 

acquisition, and thus, raw temperature with no radiation correction is obtained. 109 

2.5 Rotation and tilting of the sensor boom 110 

A radiosonde exhibits continuous movements such as pendulum and rotational motions during sounding. Thus, the angle of 111 

the sensor boom with respect to the radiation direction or air flow may constantly vary. To consider this aspect, the UAS is 112 
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modified to be able to simulate these situations through rotating and tilting of the sensor boom in the test chamber. Figures 113 

1(c)–(e) illustrate the mechanisms in the test chamber that enable the (d) rotation of the radiosonde around the vertical axis 114 

and (e) tilting of the sensor boom from the (c) normal position. The rotation cycle and tilt are controlled using stepper motors. 115 

Rotation cycles of 5 s, 10 s, and 15 s are considered. The maximum tilt is 27° with respect to the vertical axis. Effects of the 116 

rotation and incident angle of irradiation are studied and incorporated in the uncertainty evaluation of the radiation correction 117 

of the sensor. 118 

2 Experiment Details 119 

3.1 Effect of pressure 120 

The temperature rise due to irradiation (ΔTrad) is defined as the difference in the temperatures with irradiation (Ton) and without 121 

irradiation (Toff); ΔTrad = Ton − Toff. It has been reported that ΔTrad significantly increases as the pressure (P) decreases from 122 

100 hPa to 7 hPa in the UAS (Lee et al., 2020). This phenomenon occurs because the convective cooling process is weakened 123 

as the air density decreases at low pressures. In this study, the pressure range is extended (5−500 hPa) to formulate the 124 

corresponding effect at a more practical scale. Figures 2(a) and (b) show ΔTrad as a function of pressure from 5 hPa to 50 hPa 125 

and from 50 hPa to 500 hPa, respectively. The pressure effect is demonstrated in two ranges because the effect of T is well 126 

distinguished at the low-pressure range, as shown in Fig. 2(a), whereas it is not clearly observable in the high pressure range, 127 

as shown in Fig. 2(b). This phenomenon can be attributed to the relatively larger uncertainties in ΔTrad at high pressures in the 128 

UAS. Therefore, ΔTrad at each temperature is fitted individually by using an empirical exponential function, indicated by 129 

dashed lines in Fig. 2(a). The mean of ΔTrad for the considered temperature range (−67 °C to 20 °C) is fitted using a single 130 

exponential function, indicated by a dashed line in Fig. 2(b). The fitting equations represented in Fig. 2(a) are exponential 131 

functions: 132 

ΔTrad = T0(T) + A0(T)·exp(−P/P0(T))   for 5 hPa ≤ P ≤ 50 hPa, S0 = 980 W·m-2  ,                          (1) 133 

where T0(T), A0(T), and P0(T) are fitting coefficients with functions of T, having units of °C, °C, and hPa, respectively. The 134 

irradiation intensity S0 is set as 980 W·m-2 throughout this study. 135 

In addition, the fitting equation represented in Fig. 2(b) is an exponential function: 136 

ΔTrad = T1 + A1·exp(−P/P1)          for 50 hPa < P < 500 hPa, S0 = 980 W·m-2  ,                              (2) 137 

where T1, A1, and P1 are fitting constants having units of °C, °C, and hPa, respectively. Information on these coefficients is 138 

presented in Table 1. 139 

Table 1. Coefficients in Eq. (2). 140 

Coefficient Unit Value 

T1 °C 0.27 

A1 °C 0.37 
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P1 hPa 102.7 

 141 

3.2 Effect of temperature 142 

The following T values are used in the test chamber: −67 °C, −55 °C, −40 °C, −20 °C, 0 °C, and 20 °C. As shown in Fig. 2(a), 143 

ΔTrad gradually increases as the temperature reduces in the pressure range of 5−50 hPa. This phenomenon likely occurs because 144 

the long-wave radiation from the temperature sensor reduces as the absolute temperature decreases. In addition, the cooling of 145 

the sensor may become less effective as the thermal conductivity of air decreases at low temperatures. 146 

To incorporate the temperature effect in Eq. (1), the coefficients are fitted with empirical linear functions, as follows: 147 

T0(T) = a0·T + a1 ,                                                                              (3) 148 

A0(T) = b0·T + b1 ,                                                                             (4) 149 

P0(T) = c0·T + c1 ,                                                                             (5) 150 

where a0, a1, b0, b1, c0, and c1 are fitting coefficients. Information regarding these coefficients is summarized in Table 2. 151 

Table 2. Coefficients in Eqs. (3), (4), and (5). 152 

Coefficient Unit Value 

a0  −3.64 × 10-4 

a1 °C 4.81 × 10-1 

b0  –1.76 × 10-3 

b1 °C 5.92 × 10-1 

c0 hPa·°C -1 –1.56 × 10-2 

c1 hPa 1.31 × 101 

 153 

The residuals obtained using Eqs. (1) and (2) and the associated fitting coefficients listed in Table 1 and 2 are presented in Fig. 154 

2(c). The fitted values agree with the measurement data within ±0.04 °C. 155 

3.3 Estimation of the low temperature effect 156 

The effect of low temperature on ΔTrad is represented by the ratio (%) of ΔTrad to the corresponding value at 20 °C (ΔTrad_20), 157 

as shown in Fig. 3(a). The temperature effect (ΔTrad/ΔTrad_20) gradually increases as the temperature and pressure decrease. 158 

ΔTrad/ΔTrad_20 is 119% at T = –67 °C and P = 5 hPa. To obtain the information required to estimate the low temperature effect 159 

by using only ΔTrad at 20 °C with varied P, (ΔTrad/ΔTrad_20 ×100) is fitted with empirical linear functions: 160 

ΔTrad/ΔTrad_20 ×100 (%) = D(T)·P + E(T)                                                                     (6) 161 
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where D(T), represented in hPa-1, and E(T), which is dimensionless, are fitting coefficients with functions of T. D(T) and E(T) 162 

are fitted by linear functions of T, as follows: 163 

D(T) = d0·T + d1 ,                                                                               (7) 164 

E(T) = e0·T + e1 ,                                                                               (8) 165 

where d0, d1, e0, and e1 are fitting coefficients. The information regarding these coefficients is summarized in Table 3. 166 

Table 3. Coefficients in Eq. (7) and (8). 167 

Coefficient Unit Value 

d0 hPa-1·°C-1 2.74 × 10-3 

d1 hPa-1 -2.69 × 10-2 

e0 °C-1 -0.23 × 100 

e1  1.04 × 102 

 168 

The residuals obtained using Eqs. (6), (7), and (8) are represented in Fig. 3(b). The estimated values agree with the 169 

measurement data within ±1.5% (left y-axis), corresponding to approximately ±0.01 °C (right y-axis). Using Eq. (6), the 170 

radiation correction for low temperatures can be estimated through only the room-temperature measurement. 171 

3.4 Effect of ventilation speed 172 

To investigate the effect of ascending speed of radiosondes, the air ventilation speed (v) in the test chamber is systematically 173 

varied in the range of 4−7 m·s-1. Figure 4(a) shows ΔTrad as a function of the ventilation speed with the temperature varying 174 

from −67 °C to 20 °C. ΔTrad decreases as the ventilation speed increases, primarily owing to the enhancement in the convective 175 

cooling. Because the pressure is fixed at 50 hPa, the temperature effect is clearly visible in Fig. 2(a). The measurement data at 176 

each temperature are fitted using a linear function (dashed lines) to formulate the effect of the ventilation speed. The slope of 177 

the linear functions indicates that an increase of 1 m·s-1 in v induces a decrease of 0.02–0.03 °C in ΔTrad. Figure 4(b) shows 178 

ΔTrad as a function of the ventilation speed with the pressure varying from 5 hPa to 300 hPa. The measurement data at each 179 

pressure are fitted using a linear function (dashed lines). The slopes are distributed from –0.04 °C/(m·s-1) to –0.02 °C/(m·s-1).  180 

Although the effect of the ventilation speed is coupled with the temperature and pressure effects, the coupling represented by 181 

the variation of slopes in Figs. 4(a) and (b) is minor in the range of 4−7 m·s-1. Therefore, the effect of the ventilation speed can 182 

likely be treated as an independent parameter. Thus, the ventilation effect is formulated considering the average slope in Figs. 183 

4(a) and (b), which is –0.027 °C/(m·s-1). This result is incorporated into Eqs. (1) and (2) at v = 5 m·s-1:  184 

ΔTrad = T0(T) + A0(T)·exp(−P/P0(T)) − 0.027·(v-5) for 5 hPa ≤ P ≤ 50 hPa, S0 = 980 W·m-2 ,                     (9) 185 

ΔTrad = T1 + A1·exp(−P/P1) − 0.027·(v-5)    for 50 hPa < P < 500 hPa, S0 = 980 W·m-2 ,                           (10) 186 
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The residuals obtained by applying Eqs. (9) and (10) are shown in Fig. 4(c). The fitted values agree with the measurement data 187 

within ±0.04 °C. 188 

3.5 Effect of irradiation intensity 189 

The linear relationship between ΔTrad and the irradiance (S) is confirmed with reference to the existing studies based on 190 

theoretical and experimental approaches (Luers, 1990; Mcmillin et al., 1992; Lee et al., 2016). S is independent of T, P, and v. 191 

As previously observed, the variation of the other parameters results in a change in only the slope of the linear functions, and 192 

the linearity is not altered (Lee et al., 2018c; Lee et al., 2018b). Because all the experiments performed in this study adopt a 193 

fixed S0 = 980 W·m-2 and the empirical fitting coefficients are accordingly obtained, the effect of the irradiation intensity can 194 

be incorporated into Eqs. (9) and (10) by using the linear relationship between ΔTrad and S, as follows: 195 

ΔTrad = S/S0 ⅹ [T0(T) + A0(T)·exp(−P/P0(T)) − 0.027·(v-5)]    for 5 hPa ≤ P ≤ 50 hPa ,                     (11) 196 

ΔTrad = S/S0 ⅹ [T1 + A1·exp(−P/P1) − 0.027·(v-5)]          for 50 hPa < P < 500 hPa ,                          (12) 197 

Consequently, Eqs. (11) and (12) can consider the radiation correction of the RS41 temperature sensor under simultaneously 198 

varying T, P, v, and S. 199 

3.6 Effect of sensor boom rotation 200 

The spinning motion of radiosondes during sounding is imitated by rotating the radiosonde in the test chamber, as shown in 201 

Fig. 1(d). The amplitude of the temperature oscillation is investigated by varying the rotation cycle (5 s, 10 s, and 15 s) under 202 

irradiation, as shown in Fig. 5(a). The maximum peak (Ton_max) and minimum peak (Ton_mim) appear alternately during the 203 

rotation. The difference between the peaks (Ton_max − Ton_min) increases with the rotation period. Each peak appears twice in a 204 

single cycle, as clearly observed in the 15 s cycle. This phenomenon occurs because the sensor boom undergoes similar 205 

processes in the first 180° and remaining 180° in a 360° rotation. The sensor boom experiences irradiation in the perpendicular 206 

and parallel directions at Ton_max and Ton_min, respectively. This finding suggests that the conductive heat transfer from the boom 207 

to the sensor influences Ton_max. 208 

Figure 5(b) shows (Ton_max − Ton_min) as a function of pressure under different rotation cycles. The pressure effect is clearly 209 

visible when the rotation cycle is 15 s. Because the experiment is conducted at T = 25 °C, the effect of rotation at the lowest 210 

considered temperature (−67 °C) is estimated using Eqs. (6), (7), and (8). At P = 5 hPa, the value of (Ton_max − Ton_min) at −67 °C 211 

is 20% higher than that at 25 °C. 212 

3.7 Effect of solar incident angle 213 

The incident angle of irradiation to sensors primarily depends on the solar elevation angle and, during soundings, may also 214 

vary due to pendulum motion of the radiosonde. To investigate the effect of the solar incident angle, the sensor boom is tilted 215 

by θ with respect to the normal direction in the test chamber, as shown in Fig. 1(e). Figure 6(a) shows ΔTrad as a function of 216 
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pressure when the sensor boom is in the normal and tilted (θ = 27°) positions. ΔTrad in the tilted position (red circle) is lower 217 

than that in the normal position (black square) because the effective irradiance (Seff) is reduced by the tilting (Seff = S×cos 27°). 218 

Because ΔTrad is proportional to Seff, the ratio ΔTrad_tiled/ΔTrad_normal should be cosine 27°. The ratio roughly follows the 219 

theoretical value (blue dotted line). However, this value is slightly higher and lower than cosine 27° at pressure values less and 220 

more than 50 hPa, respectively. At higher pressures, this deviation can be explained by the effect of ventilation, which 221 

intensifies in the case of tilting of the sensor boom. However, the reason for the deviation from the theoretical value at low 222 

pressures remains unclear. In this paper, the effect of solar incident angle (or tilt angle, θ) is considered by using Seff (S×cos θ) 223 

and thus Eqs. (11) and (12) are revised into their final form as follows: 224 

ΔTrad = (Seff/S0) ⅹ [T0(T) + A0(T)·exp(−P/P0(T)) − 0.027·(v-5)]    for 5 hPa ≤ P ≤ 50 hPa ,                     (13) 225 

ΔTrad = (Seff/S0) ⅹ [T1 + A1·exp(−P/P1) − 0.027·(v-5)]          for 50 hPa < P < 500 hPa ,                          (14) 226 

Figure 6(b) shows the difference between ΔTrad_tilted and ΔTrad_normal×cos 27° as a function of the pressure. Because the 227 

experiment is conducted at T = 25 °C, the effect of the solar incident angle at the lowest considered temperature (−67 °C) is 228 

estimated using Eqs. (6), (7), and (8). At P = 5 hPa, (ΔTrad_tilted − ΔTrad_normal×cos 27°) at −67 °C is 20% higher than that at 229 

25 °C. This value is used for the uncertainty due to the tilting of sensor boom in Section 4.7. 230 

4 Uncertainty 231 

4.1 Uncertainty factors 232 

The uncertainty factors that contribute to the uncertainty budget of the radiation correction are summarized in Table 4, in 233 

addition with the experimental ranges considered in this work.  234 

Table 4. Uncertainty factors and experimental ranges considered in this work. 235 

Figure T (°C) P (hPa) v (m·s-1) S (W·m-2) Position/Motion 

2 –67 to 20 5−500 5 980 Normal 

4(a) –67 to 20 50 4−7 980 Normal 

4(b) –40 5−300 4−7 980 Normal 

5 25 5−500 5 980 360° Rotation 

6 25 5−500 5 980 27° Tilted 

4.2 Uncertainty in the temperature, 𝒖 𝑻  236 

The temperature of the test chamber is measured using a PRT installed in a shaded area. The PRT is calibrated at KRISS, and 237 

the calibration uncertainty is 0.025 °C with the coverage factor k = 1. The resistance of the PRT is measured using a digital 238 

multimeter calibrated at KRISS. Moreover, the stability of the temperature measured using the PRT is considered in 239 

determining 𝑢 𝑇 . The uncertainty components and their contributions to 𝑢 𝑇  are listed in Table 5. 240 
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Table 5. Uncertainty budget for the test chamber temperature. 241 

Uncertainty component Contribution (°C) 

Calibration of the PRT 0.025 

Calibration of the multimeter 0.010 

Stability of temperature 
measurement 

0.007 

𝑢 𝑇 , k = 1 0.028 

 242 

4.3 Uncertainty in the pressure, 𝒖 𝑷  243 

The pressure of the test chamber is measured using three pressure gauges for different pressure ranges. The gauges are 244 

calibrated at KRISS, and the calibration uncertainty is considered in determining 𝑢 𝑃 . Moreover, the stability of the pressure 245 

measured using each pressure gauge is considered to determine 𝑢 𝑃 . The uncertainty components and their contributions to 246 

𝑢 𝑃  are listed in Table 6. 247 

Table 6. Uncertainty budget for the test chamber pressure. 248 

Uncertainty component Pressure range (hPa) Contribution (hPa) 

Calibration of the pressure gauge 

0−10 0.007 

10−100 0.08 

100−1000 0.1 

Stability of pressure measurement 

0−10 0.005 

10−100 0.11 

100−1000 0.14 

𝑢 𝑃 , k = 1 

0−10 0.01 

10−100 0.14 

100−1000 0.18 

 249 

4.4 Uncertainty in the ventilation speed, 𝒖 𝒗  250 

The SI traceability of the ventilation speed in the test chamber of the UAS is ensured by calibrating the sonic nozzles at KRISS. 251 

The calibration uncertainty of the sonic nozzles is 0.09 % (k = 1). The stability of the ventilation speed in the test chamber is 252 

considered to determine 𝑢 𝑣 . The spatial gradient of the ventilation speed in the test chamber is measured through laser 253 

Doppler velocimetry at KRISS. The uncertainty components and their contributions to 𝑢 𝑣  are summarized in Table 7. 254 
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Table 7. Uncertainty budget for the ventilation speed in the test chamber. 255 

Uncertainty component Contribution (m·s-1) 

Calibration of sonic nozzles 0.005 

Stability 0.052 

Spatial gradient 0.026 

𝑢 𝑣 , k = 1 0.058 

 256 

4.5 Uncertainty in the irradiance, 𝒖 𝑺  257 

The irradiance in the test chamber is measured using a pyranometer. The pyranometer is calibrated at KRISS, and the 258 

calibration uncertainty is 9.8 W·m-2 at k = 1. The stability of the irradiance measured using the pyranometer is considered to 259 

determine 𝑢 𝑆 . In addition, the two-dimensional spatial uniformity of the irradiance in the test chamber is measured by 260 

moving the pyranometer. The spatial gradient is within ±5%, and a rectangular probability distribution is assumed for the 261 

uncertainty calculation. The uncertainty components and their contributions to 𝑢 𝑆  are summarized in Table 8. 262 

Table 8. Uncertainty budget for the irradiance in the test chamber. 263 

Uncertainty component Contribution (W·m-2) 

Calibration of pyranometer 9.8 

Stability 6.0 

Spatial gradient 28.3 

𝑢 𝑆 , k = 1 30.5 

 264 

4.6 Uncertainty due to sensor rotation 265 

Since the sensor boom position for Ton_max during the rotation corresponds to the normal position, the uncertainty due to sensor 266 

rotation is obtained based on (Ton_max − Ton_min), as shown in Fig. 5(b). The value estimated for T = –67 °C and P = 5 hPa is 267 

used to include sufficient uncertainty. The values are assumed to have a rectangular distribution, and thus, the corresponding 268 

standard uncertainty (k = 1) is obtained considering the maximum value (0.06 °C) divided by √3. Consequently, the uncertainty 269 

due to sensor rotation is 0.035 °C (k = 1). 270 

4.7 Uncertainty due to tilting of the sensor 271 

The uncertainty due to tilting of sensor boom is obtained using (Ton_tilted − Ton_normal·cos 27°) shown in Fig. 6(b). The value 272 

estimated for T = –67 °C and P = 5 hPa is used to include sufficient uncertainty. The values are assumed to have a rectangular 273 
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distribution, and thus, the corresponding standard uncertainty (k = 1) is obtained considering the maximum value (0.045 °C) 274 

divided by √3. Consequently, the uncertainty due to sensor rotation is 0.026 °C (k = 1). 275 

4.8 Uncertainty due to fitting error 276 

Because Eqs. (13) and (14) are used for radiation correction, the residuals shown in Figs. 2(c) and 4(c) must be considered in 277 

determining the uncertainty. The residuals are assumed to have a rectangular distribution, and thus, the corresponding standard 278 

uncertainty (k = 1) is obtained considering the maximum absolute value divided by √3. Consequently, the uncertainty due to 279 

the fitting error is 0.025 °C (k = 1). 280 

4.9 Uncertainty budget for radiation correction 281 

The uncertainties in T, P, v, and S contribute to the uncertainty in the radiation correction by the uncertainty propagation law 282 

based on Eqs. (13) and (14): 283 

∙ 𝑢 𝑇  ,                                                                                (15) 284 

∙ 𝑢 𝑃  ,                                                                                (16) 285 

∙ 𝑢 𝑣  ,                                                                               (17) 286 

∙ 𝑢 𝑆  ,                                                                     (18) 287 

where 𝑢 parameter  represents the standard uncertainty in each parameter at k = 1, and the partial differential terms represent 288 

the sensitivity coefficients. The sensitivity coefficients of the uncertainties due to sensor rotation, tilting of the sensor, and 289 

fitting error are 1 because they directly contribute to the uncertainty in the radiation correction. The uncertainty budget for the 290 

radiation correction (ΔTrad) based on the conducted experiments is presented in Table 9. 291 

Table 9. Uncertainty budget on the radiation correction (ΔTrad). 292 

Uncertainty 
factor 

Condition  Unit Standard uncertainty (k = 1)
Contribution to uncertainty of radiation 

correction (k = 2) 

T -67 °C 0.028 0.000 °C 

P 5 hPa 0.01 0.000 °C 

v 5 m·s-1 0.058 0.004 °C 

S 980 W·m-2 30.5 0.062 °C 

Rotation 24 °·s-1 - 0.070 °C 

Tilting 27 ° - 0.052 °C 

Fitting error -0.036 – 0.042 °C 0.025 0.051 °C 

Expanded uncertainty of radiation correction (k = 2) 0.119 °C 

 293 
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4.10 Uncertainty budget for the corrected temperature, Tcor 294 

The corrected temperature (Tcor) is obtained by subtracting ΔTrad from the raw temperature (Traw), as follows: 295 

Tcor = Traw – ΔTrad  .                                                                            (19) 296 

Thus, the uncertainty in the corrected temperature, u(Tcor) is calculated as follows: 297 

u(Tcor)2 = u(Traw)2 + u(ΔTrad)2 ,                                                                 (20) 298 

where u(Traw) is the standard uncertainty in the raw temperature (k = 1). The uncertainty in ΔTrad, indicated in Table 9, must 299 

be rescaled in proportion to the actual solar irradiance for Eq. (20). Therefore, the uncertainty in ΔTrad is scaled up to a level 300 

of solar constant (~1360 W·m-2) by a factor of (1360/980) based on the linear relationship between ΔTrad and S. 301 

The calibration uncertainty associated with the temperature sensor must be considered to account for the uncertainty in the raw 302 

temperature. Consequently, the expanded uncertainty in the corrected temperature of RS41 is 0.193 °C (k = 2), as indicated in 303 

Table 10. The calibration uncertainty in the RS41 temperature sensor is specified by the manufacturer (Vaisala). 304 

Table 10. Uncertainty budget for the corrected temperature. 305 

Uncertainty factor Uncertainty (k = 2) 

Expanded uncertainty for the radiation correction at 1360 W·m-2 0.165 °C 

Calibration of RS41 temperature sensor 0.100 °C 

Expanded uncertainty in the corrected temperature (k = 2) 0.193 °C 

 306 

4.11 Comparison of RS41 radiation correction specified by Vaisala and that obtained through the UAS 307 

Table 11. Radiation correction of RS41 by the Vaisala (Vaisala) and the UAS using Eq. (13) and (14). 308 

  Radiation correction by Vaisala (v = 6 m·s-1) Radiation correction by the UAS (v = 6 m·s-1, S = 1360 W·m-2) 

Pressure 
(hPa) 

Solar angle  
= 0° 

Solar angle  
= 45° 

Solar angle  
= 90° 

T = 20 °C,  
θ = 45° 

T = -67 °C,  
θ = 45° 

T = -67 °C,  
θ = 27° 

T = -67 °C,  
θ = 0°

1000 0.00 °C 0.10 °C 0.11 °C 0.24 °C 0.24 °C 0.30 °C 0.34 °C 

500 0.03 °C 0.17 °C 0.19 °C 0.24 °C 0.24 °C 0.31 °C 0.34 °C 

200 0.09 °C 0.29 °C 0.32 °C 0.29 °C 0.29 °C 0.37 °C 0.41 °C 

100 0.16 °C 0.42 °C 0.45 °C 0.38 °C 0.38 °C 0.48 °C 0.54 °C 

50 0.24 °C 0.58 °C 0.62 °C 0.45 °C 0.49 °C 0.62 °C 0.69 °C 

20 0.39 °C 0.85 °C 0.90 °C 0.55 °C 0.64 °C 0.81 °C 0.90 °C 

10 0.53 °C 1.10 °C 1.16 °C 0.69 °C 0.81 °C 1.02 °C 1.15 °C 

5 0.68 °C 1.39 °C 1.45 °C 0.81 °C 0.96 °C 1.21 °C 1.36 °C 
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The radiation correction of RS41 by the UAS is based on Eqs. (13) and (14) for different pressure ranges. Although the 309 

conditions for the UAS correction are different from those considered by the manufacturer, a rough comparison of the radiation 310 

corrections is presented in Table 11. For the UAS correction, the solar irradiance is assumed to be S = 1360 W·m-2 at all 311 

pressure values. Depending on the effective irradiance (Seff), the UAS correction value should be revised in a proportional 312 

manner using Eqs. (13) and (14). 313 

5 Conclusions 314 

The UAS developed at KRISS provides a unique opportunity to correct the solar radiation effect on commercial radiosondes 315 

by reproducing the environments that may be encountered by radiosondes by simultaneously controlling T, P, v, and S. The 316 

following ranges of T, P, and v are considered in this study: –67 °C to 20 °C, 5−500 hPa, and 4−7 m·s-1, respectively, with a 317 

fixed S0 = 980 W·m-2. The functionalities of rotating and tilting the sensor boom are added considering the previous report on 318 

the UAS (Lee et al., 2020) to investigate the effect of the radiosonde motions with respect to the solar irradiation direction 319 

during ascent. The correction formula for the radiation effect on a Vaisala RS41 temperature sensor is derived through a series 320 

of experiments with varying environmental parameters and motions/positions of the radiosonde sensor. In addition, an 321 

empirical formula is derived to estimate the low temperature effect by using only the inputs of room-temperature measurements. 322 

The uncertainty associated with the radiation correction is evaluated by combining the contribution of each uncertainty factor. 323 

The uncertain factors considered for the radiation correction are T, P, v, and S as well as the sensor rotation, sensor tilting, and 324 

data-fitting-induced errors. The uncertainty budget for the radiation correction of RS41 temperature sensor is 0.119 °C at k = 325 

2. When the uncertainty in the absolute temperature measurement (calibration uncertainty) is included, the uncertainty in the 326 

corrected temperature is estimated to be 0.193 °C at k = 2. The radiation correction values by the UAS are provided when the 327 

solar constant (1360 W·m-2) is used for S for the comparison with those by the manufacturer. The radiation correction by the 328 

UAS depends on effective solar irradiance. Thus, the measurement of solar irradiance in situ and the calculation of effective 329 

irradiance are desirable to reflect the conditions such as clouding, solar elevation angle, and radiosonde movement, thereby 330 

obtaining more accurate correction values. To measure the solar irradiance in situ, a radiosonde model using dual temperature 331 

sensors with different emissivity values has been already tested using the UAS. The temperature difference in the two sensors 332 

of the radiosonde is used to measure solar irradiance in situ. 333 

As the UAS can support wired and wireless data acquisition, it can be used for any type of commercial radiosonde to derive 334 

the radiation correction along with the corresponding uncertainty. Therefore, the UAS can help enhance the measurement 335 

accuracy of commercial radiosondes within the framework of the SI traceability. 336 
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Figure captions 389 

Figure 1: Photographs of the (a) upper air simulator (UAS) and (b) test section with a radiosonde (Vaisala, RS41). Schematics 390 

of the radiosonde in the UAS at (a) normal, (b) rotating, and (c) tilted positions. 391 

Figure 2: Temperature rise (△Trad) in a RS41 temperature sensor due to irradiation as a function of the air pressure in the range 392 

of (a) 5–50 hPa and (b) 50–500 hPa. (c) Residuals as a function of air pressure when Eqs. (1) and (2) are used. 393 

Figure 3: (a) Effect of temperature on △Trad normalized by that at 20 °C (△Trad_20 = 100%) and (b) residuals of linear fittings 394 

as a function of the air pressure.  395 

Figure 4: Effect of ventilation speed on △Trad at (a) P = 50 hPa at different temperatures and (b) T = –40 °C at different air 396 

pressure values. (c) Residuals as a function of the ventilation speed when Eqs. (9) and (10) are used. 397 

Figure 5: (a) Effect of sensor rotation with varied cycles (5 s, 10 s, and 15 s) and (b) difference in the maximum and minimum 398 

temperature values (Ton_max – Ton_min) as a function of the air pressure. Ton_max – Ton_min at 100 hPa and 5 hPa at –67 °C are 399 

estimated using Eqs. (6), (7), and (8). 400 

Figure 6. (a) Effect of tilting of the sensor boom showing (left y-axis) △Trad with normal (△Trad_normal) and 27° tilted position 401 

(△Trad_tilted) and the ratio between them (right y-axis). (b) Residual between △Trad_tilted and △Trad_normal×cos 27° at T = 25 °C 402 

and the estimate of the residual at T = -67 °C by using Eqs. (6), (7), and (8). 403 

404 
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 405 
Figure 1. Photographs of the (a) upper air simulator (UAS) and (b) test section with a radiosonde (Vaisala, RS41). Schematics 406 

of the radiosonde in the UAS at (a) normal, (b) rotating, and (c) tilted positions. 407 

  408 
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 409 

Figure 2. Temperature rise (△Trad) in a RS41 temperature sensor due to irradiation as a function of the air pressure in the range 410 

of (a) 5–50 hPa and (b) 50–500 hPa. (c) Residuals as a function of air pressure when Eqs. (1) and (2) are used. 411 

412 
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 413 

Figure 3. (a) Effect of temperature on △Trad normalized by that at 20 °C (△Trad_20 = 100%) and (b) residuals of linear fittings 414 

as a function of the air pressure.  415 
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 416 

Figure 4. Effect of ventilation speed on △Trad at (a) P = 50 hPa at different temperatures and (b) T = –40 °C at different air 417 

pressure values. (c) Residuals as a function of the ventilation speed when Eqs. (9) and (10) are used. 418 
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 419 

Figure 5. (a) Effect of sensor rotation with varied cycles (5 s, 10 s, and 15 s) and (b) difference in the maximum and minimum 420 

temperature values (Ton_max – Ton_min) as a function of the air pressure. Ton_max – Ton_min at 100 hPa and 5 hPa at –67 °C are 421 

estimated using Eqs. (6), (7), and (8). 422 
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 423 

Figure 6. (a) Effect of tilting of the sensor boom showing (left y-axis) △Trad with normal (△Trad_normal) and 27° tilted position 424 

(△Trad_tilted) and the ratio between them (right y-axis). (b) Residual between △Trad_tilted and △Trad_normal×cos 27° at T = 25 °C 425 

and the estimate of the residual at T = -67 °C by using Eqs. (6), (7), and (8). 426 

 427 

 428 
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