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Abstract 24 

The Phoenix lander operated on the surface of Mars for circa 5 months in 2008. One of its 25 

scientific instruments is an atmospheric pressure sensor called MET-P. We perform a 26 

comprehensive study to identify all error sources affecting the data measured by MET-P and to 27 

generate methods for compensating these errors. Our results show that MET-P performed much 28 

better than was reported immediately after the mission (Taylor et al., 2010). The error limits of 29 

the original calibrated Phoenix pressure data currently available in NASA’s Planetary Data 30 

System (Dickinson, 2008) are from -5.3 Pa to +3.5 Pa. Further, almost no temperature-dependent 31 

error exists in the original calibrated MET-P data. However, we identify a previously unknown 32 

error source, temperature hysteresis, which causes minor peaks in the measured pressure curve 33 

(< 0.4 Pa). The electronic supplementary material of this article contains a version of the Phoenix 34 

pressure data generated by applying all the error compensations developed in this study (Online 35 

Resource 1). The study is based on the re-analysis of the original test data of MET-P, the 36 

analysis of the engineering data measured during the mission on Mars and during the 37 

interplanetary cruise, and laboratory tests with the Reference Model of the MET-P sensor. 38 

Temperature dependent errors are evaluated by comparing the readings of two sensor heads with 39 

different sensitivities, measuring the same quantity. The principle of this method is applicable 40 

also for other types of instruments.  41 

Keywords 42 

Mars, Phoenix, Atmosphere, Pressure, Calibration, Error compensation 43 
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1 Introduction 44 

NASA’s Mars Phoenix Lander landed on May 25, 2008, on the Martian northern polar 45 

region (latitude 68.22 °N) and operated for 5 months (Goldstein and Shotwell, 2008; Smith et al., 46 

2008; 2009). Meteorological conditions at the landing site were monitored with the MET 47 

experiment provided by the Canadian Space Agency (CSA) (Taylor et al., 2008). The MET 48 

experiment included a pressure sensor (MET-P) provided by the Finnish Meteorological Institute 49 

(FMI). 50 

The first results of the Phoenix pressure measurements were published by Taylor et al. 51 

(2010). They found out that the raw pressure readings calculated onboard the Phoenix Lander 52 

were affected by errors caused by unexpected, rapid variations in the thermal environment. 53 

Taylor et al. (2010) developed a method called PCOR1 for compensating these errors, and it was 54 

applied to generate the calibrated Phoenix pressure data currently available in the Planetary Data 55 

System (PDS) (Dickinson, 2008). However, Taylor et al. (2010) noted that there also existed 56 

another potential error source: the temperature dependences of the three Barocap® pressure 57 

sensor heads of the MET pressure sensor had drifted compared to each other after the calibration 58 

of the sensor. This error source, called PCOR2, could not be compensated at that time. Further, 59 

we acknowledge that there might be small, temperature-dependent errors caused by the limited 60 

number of free parameters in the original calibration equation (Kahanpää, 2011). As the 61 

housekeeping temperature of the MET pressure sensor varied during the landed mission from 62 

about -37 °C in the night to about +25 °C in the afternoon, the potential temperature-dependent 63 

error could have affected the measured diurnal pressure curve. This inaccuracy has partly 64 

inhibited the use of the Phoenix pressure data when studying phenomena occurring in the diurnal 65 

time range, such as thermal tides (Tyler & Barnes, 2014; Martínez et al., 2017). 66 
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The design goal for the absolute accuracy of the Phoenix pressure sensor was <10 Pa 67 

(Taylor et al., 2008). The initial analysis by Taylor et al. (2010) showed that the actual accuracy 68 

on the landing day (sol 0) was <6 Pa at the times when the housekeeping temperature of the 69 

sensor was <0 °C, and <11 Pa at the times when the housekeeping temperature was >0 °C. The 70 

potential drift of the sensor's calibration during the mission could be limited to <8 Pa. These 71 

numbers were considered satisfactory as they were close to the design goal. However, a need for 72 

a more precise accuracy estimate arose when Haberle & Kahre (2010) started to use the 73 

atmospheric pressure measured by Phoenix to study the possible secular climate change on Mars. 74 

Haberle & Kahre (2010) found out that the pressure measured by Phoenix was ~10 Pa higher 75 

than expected based on the Viking lander measurements in the late 1970's. This deviation was 76 

smaller than the error ranges. Interestingly, however, the magnitude of the deviation was of the 77 

same order as could have been caused by the sublimation of carbon dioxide from the South Polar 78 

Residual Cap (Malin et al., 2001). 79 

The aims of this study are to find out the root causes of all the potential error sources 80 

affecting the Phoenix pressure data, to evaluate the effects of these error sources on the data 81 

currently available in the PDS (Dickinson, 2008), and to generate a data set where these errors 82 

are compensated. This final corrected Phoenix pressure data is included in the supplementary 83 

material of this article (Online Resource 1). The applied methods are based on the re-analysis of 84 

the original test data of the MET pressure sensor, the analysis of the engineering data measured 85 

during the mission on Mars and during the interplanetary cruise, and laboratory tests with the 86 

Reference Model of the MET pressure sensor. 87 

The structure of this article is as follows: The technical implementation of the Phoenix 88 

MET pressure sensor is introduced in Section 2, and the error modes possibly affecting the 89 
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sensor are discussed in Section 3. Section 4 describes the original test data of the MET-P 90 

ProtoFlight and Flight Spare models. In Section 5 we calculate new calibration parameters for 91 

MET-P for the purposes of this study. The effects of the different error modes on the data 92 

measured on Mars are analyzed in Sections 6 to 8. These sections contain the descriptions of the 93 

data and the methods used to evaluate the particular error mode, as well as the results of the 94 

analysis. The temperature-dependent errors are evaluated in in Section 6, the temperature 95 

hysteresis in Section 7, and the offset-type errors and the drift in Section 8. In Section 9 we 96 

explain the methods used to generate the final corrected data and we evaluate its accuracy. The 97 

accuracy of the original MET-P data, currently available in the PDS (Dickinson, 2008), is in turn 98 

estimated in Section 10. Section 11 contains the summary of our results and the discussion on 99 

how the uncertainties in the data affect studies on atmospheric phenomena. In Section 11, we 100 

also discuss lessons learned from the Phoenix pressure sensor project, and how these lessons 101 

should be taken into account in future missions. 102 

2 Implementation of the Phoenix MET pressure sensor 103 

The Phoenix MET pressure sensor comprises three Barocap® sensor heads. Barocaps® 104 

are capacitive sensor heads for measuring absolute pressure, developed by Vaisala Company. 105 

They are micro mechanical devices consisting mostly of single crystal silicon (Figure 1a). 106 

Basically, the Barocap® is a plate capacitor where one electrode is stationary and the other 107 

moves with pressure, thus changing the distance between the electrodes and hence the 108 

capacitance of the sensor head. 109 

The Barocaps® used in the Phoenix MET pressure sensor represent two sub-types. The 110 

primary sensor head (B1) that is used to measure the science data is a so-called LL Barocap® 111 

(not an acronym, just a designation). The LL Barocap® sensor head type had a strong heritage in 112 
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space applications already before Phoenix, having been used in four earlier lander missions: 113 

Mars 96 (Harri et al., 1998a), Mars Polar Lander (Paige et al., 1998), Beagle 2 (Towner et al., 114 

2004), and Huygens/Cassini (Harri et al., 1998b; 2006). After Phoenix, LL Barocaps® have been 115 

used in the REMS-P sensor onboard the Mars Science Laboratory (Gómez-Elvira et al., 2012; 116 

Harri et al., 2014). The other two Barocap® sensor heads of the MET pressure sensor (B2 and 117 

B3) are classified as engineering sensors, and their data is not available in the PDS. These 118 

sensors are of sub-type RSP1 (Radiosonde Pressure Sensor Number 1). The RSP1 Barocap® had 119 

been developed for weather balloons, and it had no heritage in space applications before 120 

Phoenix. This sensor type was chosen partly because of its small physical size (the volume 121 

assigned to the MET pressure sensor could not have accommodated three LL Barocaps®), and 122 

partly because LL Barocaps® were no longer manufactured, and they were low in stock. 123 

The housekeeping temperature inside the Phoenix MET pressure sensor is monitored by 124 

two capacitive Vaisala Thermocap® sensor heads. The Barocaps® and Thermocaps® are read in 125 

sequence using the same transducer electronics once in 2 seconds, i.e. with a 0.5 Hz sampling 126 

rate. The MET pressure sensor also comprises three capacitors read as if they were sensor heads, 127 

thus there are all together 8 component channels. The sensor heads and the transducer electronics 128 

are mounted on the same Printed Circuit Board (PCB), as shown in Figure 1b. 129 

The raw data measured by the Phoenix MET pressure sensor is processed onboard the 130 

spacecraft. First, the capacitances of the Barocap® and Thermocap® sensor heads are calculated. 131 

In this process, the raw data of two capacitors (R1 and R2) are used as reference values. Then, 132 

the so-called raw pressure readings are calculated separately for each Barocap® and temperature 133 

readings for each Thermocap®. In the derivation of the raw pressure reading of the primary 134 

Barocap® (B1), the capacitance of TC1 is used for compensating the temperature dependence of 135 
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the Barocap®. Respectively, the capacitance of TC2 is used for compensating the temperature 136 

dependences of B2 and B3. All raw pressure readings of B1 are downlinked to Earth. However, 137 

the data of the other channels is downlinked only once in 512 seconds due to the limited data 138 

transfer volume in the so-called engineering data records. These data records contain the raw 139 

data of all channels, the temperature readings of both Thermocaps® and the raw pressure 140 

readings of all Barocaps®. In this study, the engineering data records are used as source data 141 

instead of the science data records available in the PDS.  142 

Five Phoenix MET pressure sensor units were manufactured by the Finnish 143 

Meteorological Institution (FMI): two Engineering Models (EM), a Protoflight Model (PM), a 144 

Flight Spare Model (FSM), and a Reference Model (RF). These units were delivered to the 145 

company MDA (MacDonald, Dettwiler and Associates), except the Reference Model that was 146 

stored by FMI. MDA integrated the Protoflight Model with the balance of the MET instrument 147 

and delivered it to the Canadian Space Agency (CSA). 148 



Confidential manuscript submitted to Planetary and Space Science 

9 
 

 149 

Figure 1 150 

a) Schematic diagram of Barocap® LL and RSP1 sensor heads. The Barocap® is a plate 151 

capacitor where one electrode is stationary and the other is attached to a membrane made of 152 

single-crystal silicon. When the pressure rises the membrane bends, thus increasing the distance 153 

between thee electrodes. In a LL-type Barocap® the sensor chip is attached to a support plate by 154 

a silicone droplet, in a RSP1-type Barocap® the chip is attached by a drop of epoxy glue. 155 

b) Schematic diagram of the Phoenix MET pressure sensor. Originally published by Taylor et al. 156 

(2010). 157 
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3 Error modes of Barocap®-based pressure sensors 158 

In this section, we evaluate potential error sources that could affect a Barocap®-based 159 

pressure sensor using theoretical analysis and earlier research. First, we acknowledge that errors 160 

could be caused either by the Barocap® and Thermocap® sensor heads themselves or by the 161 

read-out electronics. However, errors caused by the read-out electronics can be ruled out in the 162 

case of the Phoenix pressure sensor, as explained in Appendix A (Online Resource 2). Thus, we 163 

concentrate on errors originating from the sensor heads in this section. 164 

As explained in Section 2, the Barocap® is a plate capacitor where the distance between 165 

the capacitor plates depends on the atmospheric pressure. In addition, the thermal expansion of 166 

the sensor head has a direct effect on the distance between the capacitor plates. The calibration 167 

equations fp of Barocap®-based pressure sensors used in space applications are based on the 168 

postulate that these two, the pressure p and the temperature of the Barocap® TB, are the only 169 

variable parameters affecting the capacitance of the Barocap® C: 170 

� = ����, �	
.          (1) 171 

In other words, all other variable factors affecting the capacitance of the Barocap® are 172 

considered as error sources. These error sources are discussed at the end of this section. The 173 

calibration equation (eq. 1) can also be presented in inverted form:  174 

�	 = ����, �	
         (2) 175 

where pB is the pressure reading of the Barocap® and �� is the inverse of the calibration function 176 

fp with respect to pressure p. 177 

Actually, the calibration equation describes the behavior of the Barocap® only when 178 

measurements are performed under static conditions, i.e. when pressure and temperature remain 179 
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stable during the measurement. Errors that appear under such static measurements are called 180 

static errors, and they arise if the calibration equation does not describe the sensor perfectly. The 181 

root cause of a static error can be either the primal inaccuracy of the calibration function fp, e.g. 182 

modeling error, or the effects of the above-mentioned error sources, i.e. the variable factors 183 

affecting the sensor other than only pressure and temperature. The calibration equation fp is 184 

differentiable and can thus be locally approximated as 185 

� ≈ ��
� ���, �	�
 ∗ �� − ��
 + ��

�� ���, �	�
 ∗ ��	 − �	�
 + �����, �	�
  (3) 186 

around the pressure/temperature point (p0,TB0). Here ∂fp/∂p is the pressure dependence of the 187 

sensor, ∂fp/∂TB is its temperature dependence, and fp(p0,TB0) is its offset parameter in the 188 

pressure/temperature point (p0,TB0). Static errors can be classified as pressure-dependent, 189 

temperature-dependent or offset-type, depending on which addend of equation 3 they affect. 190 

In addition to the static errors, a second class of error modes are the dynamic errors 191 

caused by conditions changing during the measurement. Under rapidly changing pressure, the 192 

pressure sensed by the Barocap® differs from the pressure outside the sensor due to the time-lag 193 

caused by the measurement tube and dust filers. This leads to the response time error discussed 194 

in detail by Ellehøj et al. (2010). Similarly, under rapidly changing temperature, the temperature 195 

of the Barocap® differs from the temperature of the Thermocap® whose capacitance is used to 196 

compensate the Barocap's® temperature dependence. This causes the thermal lag error 197 

discussed by Taylor et al. (2010). 198 

The third class of error modes are the hysteresis effects caused by changes in the 199 

measurements conditions before the measurement. The postulate that the capacitance of a 200 

Barocap® would depend only on its temperature during the measurement is a simplification. 201 
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Actually, the capacitance also depends on how the temperature has evolved during the hours 202 

preceding the measurement. The effect of this temperature hysteresis or slow hysteresis on the 203 

data of the REMS-P sensor has been discussed by Gómez-Elvira et al. (2012) and Harri et al. 204 

(2014), however, its effect on the Phoenix pressure data has not been studied before. 205 

We have now identified seven error modes, listed in Table 1. One of these, hysteresis 206 

with respect to variations in pressure, is insignificant according to previous studies (Harri et al., 207 

1995). The two dynamic error modes have been discussed thoroughly by Ellehøj et al. (2010) 208 

and by Taylor et al. (2010), and compensation methods for them exist, thus there is no need to 209 

discuss them in this study. This leaves us with four error modes requiring further investigation: 210 

static temperature-dependent errors, temperature hysteresis, static pressure-dependent errors and 211 

static offset-type errors. The effects of these error modes on the Phoenix pressure data are 212 

analyzed in Sections 6, 7, and 8 and in Appendix C (Online Resource 4). In the remainder of this 213 

section, we discuss potential error sources, i.e. physical factors that could cause these error 214 

modes. 215 
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Table 1 216 

Error modes potentially affecting the Phoenix pressure data 217 

Error mode Previous studies Is potentially 
significant 
for the 
Phoenix 
data? 

Has a 
compensation 
method been 
presented in 
previous 
studies? 

Discussed 
in Section 

Static errors 
Pressure-dependent  Harri et al., 1995 Yes No Appendix C 
Temperature-dependent Taylor et al., 2010; 

Gómez-Elvira et 
al., 2012; 
Harri et al., 2014 

Yes No 6 

Offset-type Harri et al., 1995; 
Gómez-Elvira et 
al., 2012; 
Harri et al., 2014 

Yes No 8 

Dynamic errors 
Response time error Ellehøj et al., 2010 Yes Yes - 
Thermal lag error Taylor et al., 2010; 

Gómez-Elvira et 
al., 2012 

Yes Yes - 

Hysteresis 
Pressure hysteresis Harri et al., 1995 No - - 
Temperature hysteresis Gómez-Elvira et 

al., 2012; 
Harri et al., 2014 

Yes No 7 

As it is well known, the capacitance of a plate capacitor depends on the dielectric 218 

constants of the materials and on the geometry of the capacitor. Changes in either of these, 219 

compared to the situation during calibration, thus cause errors in the readings of a Barocap®-220 

based sensor. 221 

The only process that could actually change the dielectric properties of a Barocap® is 222 

changes in the amount of water adsorbed into the structure of the sensor. Before their final 223 

calibration, the Protoflight Model and the Flight Spare Model of MET-P were completely dried 224 
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by baking them for 24 h in +125 °C (Section 4.1). In-gassing of moisture during pre-launch 225 

storage was anticipated, however, the expectation was that this moisture would outgas during the 226 

interplanetary cruise. Nevertheless, the Barocaps® worked on Mars in an unexpected way 227 

(Taylor et al., 2010), showing that all expectations were not correct. Hence, we do not exclude 228 

the possibility that in-gassed humidity might have affected the data measured on Mars. 229 

The effect of the adsorbed humidity on the capacitance of a plate capacitor ∆C can be 230 

calculated from elementary physics (Hill et al., 1969): 231 

∆� = � ∗ �� ���∗�
�          (4) 232 

where B is a parameter that depends on the dimensions of the capacitor, on the properties of the 233 

materials, and on the concentration of the adsorbed humidity; R is the universal gas constant; T is 234 

temperature in Kelvins; and Ea is the molar activation energy, i.e. the energy needed by a mole of 235 

water molecules to be able to orient parallel to the external electric field. As can be seen from eq. 236 

4, the effect of adsorbed water on the dielectric properties of a Barocap® is strongly 237 

temperature-dependent. Thus, this effect is a potential root cause for temperature-dependent 238 

errors. However, as explained in Appendix B (Online Resource 3), test results suggest that 239 

adsorbed humidity, or other gasses, affect also the offset-level, and that the changes in the offset 240 

do not correlate with the changes in the temperature dependence. Hence, it is evident that 241 

adsorbed gasses affect the sensor through several independent mechanisms. For example, 242 

adsorbed gasses could affect the instrument by changing the mechanical properties of the single 243 

crystal silicon (Wang et al., 2004), or by changing the stray capacitances sensed by the sensor 244 

head. 245 
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Actually, the distance between the capacitor plates of a Barocap® does not depend only 246 

on the outer pressure. To be exact, it depends on the difference between the outer pressure and 247 

the pressure inside the vacuum chamber (Figure 1a). Thus, changes in the vacuum chamber 248 

pressure cause offset-type errors. Such changes could be caused by gas molecules adsorbed into 249 

the inner walls of the vacuum chamber. 250 

As the Barocap® is a single crystal silicon device, its geometry is very stable (Harri et al., 251 

1995). Test data have shown that mechanical stresses do not affect the calibration of a Barocap® 252 

(Harri et al., 1995; Gómez-Elvira et al., 2012). However, heating a Barocap® to high 253 

temperature (> 100 °C) may cause mechanical tensions affecting the temperature dependence of 254 

the sensor (Taylor et al., 2010; Gómez-Elvira et al., 2012). This effect may slowly recover by the 255 

relaxation of the tensions. As all Barocaps® are subjected to high temperature during 256 

manufacture, relaxation may occur in any Barocap®, also in those not having been subjected to 257 

high temperature during tests. Microscopic differences in the structures of Barocaps® affect the 258 

magnitude of this phenomenon, thus the effect is different for each individual. 259 

So far, we have considered only changes in the Barocap® sensor heads. We 260 

acknowledge, however, that also changes in the calibration of the Thermocap® sensor heads 261 

could affect the readings of the Phoenix MET pressure sensor. When the Thermocap® sensor 262 

heads of MET-P were calibrated, the reference temperature was measured by a pt-100 thermistor 263 

attached to the instrument by kapton tape. Such a test was performed only once for each MET-P 264 

unit, thus the stability of the Thermocaps® of MET-P cannot be directly assessed. Nevertheless, 265 

our experience from other projects shows that the Thermocaps® are very stable. For example, 266 

the temperature readings of the 4 Thermocaps® of the REMS-P Qualification Model 2 (Gómez-267 

Elvira et al., 2012) varied by less than 0.06 °C compared to the reference pt-100 thermistor 268 
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during a 3-month test campaign including e.g. qualification level Thermal Vacuum and Random 269 

Vibration tests. These environmental stress are harder than those encountered by the Phoenix 270 

pressure sensor between its calibration and the landing on Mars. As the temperature dependence 271 

of the primary Barocap® of MET-P is circa 5.34 Pa/°C (Taylor et al., 2010), a deviation of 0.06 272 

°C in the Thermocap® temperature would cause a deviation of only 0.3 Pa in the science data. 273 

For the secondary Barocaps® the effect would be even smaller because of their lower 274 

temperature dependences. The minor changes in the Thermocap® calibration detected in the test 275 

campaigns of the other instruments are offset-type, hence their impact on the pressure readings 276 

would also be offset-type.  277 

4 Test campaign of the MET-P Protoflight and Flight Spare Models 278 

Re-analyzing the original test data of the MET-P Protoflight and Flight Spare Models is 279 

used in the analyses of the different error modes, presented in Sections 6 to 8 and in Appendix C 280 

(Online Resource 4). These original tests are introduced in this section. 281 

4.1 Qualification and Calibration tests at FMI 282 

The Protoflight Model (PM) and the Flight Spare Model (FSM) of MET-P were qualified 283 

for flight and calibrated in a test campaign performed at the Finnish Meteorological Institute 284 

(FMI) from January to March 2006 (Kahanpää, 2011). The most important tests of this campaign 285 

are listed in chronological order in Table 2. Reference pressure was measured during these tests 286 

with a sensor whose accuracy was ± 1 Pa. The tests in Martian pressure were performed in dried 287 

air. 288 
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Table 2 289 

Test flow of the MET-P PM and FSM test campaign at FMI 290 

Test name Description 
Preliminary 
Calibration 

• Temperature points: +55, +25, -5, -35, -65 °C 
• Pressure points: 1400, 1200, 1000, 800, 600, 400, 200, 0 Pa 

Bakeout 24 h in +125 °C. Room pressure. The test served two purposes: 
• Burn-in after manufacture to provoke early failures before the instrument is 

taken into use. 
• Outgassing of H2O and other gasses. 

Other 
environmental tests 

Thermal Vacuum, Random Vibrations etc. Calibration checks were performed 
between the environmental tests. 

Final Calibration • Temperature points: +55, +40, +25, +10, -5, -20, -35, -50, -65 °C 
• Pressure points: 1400, 1200, 1100, 1000, 900, 800, 700, 600, 500, 400, 

200, 0 Pa 
The values of the calibration parameters were determined using the data of this 
test. 

Temperature 
Gradient Test 

• Temperature: Ramp from -45°C to +30°C with 10 °C/h rate, 
then from +30°C to -45°C and back with 5 °C/h rate  

• Pressure: Kept constant in 800 Pa 
The sensor was read at 1 to 2 min. intervals during the whole test. The data of 
this test was used to determine the value of the lambda-parameter used in 
PCOR1 (Taylor et al., 2010). 

4.2 Calibration Check performed by MDA 291 

Four months after the Final Calibration test, in July 2006, the company MDA 292 

(MacDonald, Dettwiler and Associates) checked the calibration of the MET-P Protoflight Model. 293 

Measurements were performed in the pressure range from 400 to 1200 Pa with 100 Pa intervals 294 

in temperatures -55 °C, +5 °C, and +55 °C. The test was performed in CO2. Readings of 295 

Barocap® B1 and a reference pressure sensor were logged, however, the readings of Barocaps® 296 

B2 and B3 were not read. The calibration of the reference pressure sensor used in this test was 297 

obviously offset by about 28 Pa. Because of this offset, the data of the calibration check 298 

performed by MDA cannot be used for studying absolute accuracy. Nevertheless, it can be used 299 

for studying temperature dependence. 300 
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4.3 Calibration Check of the Flight Spare Model in November 2006 301 

The Flight Spare Model (FSM) was shipped from MDA to FMI in November 2006 and 302 

its calibration was checked. The test was performed in dried air and the procedure was similar to 303 

that used in the Preliminary Calibration test (Table 2), except that measurements were performed 304 

in the temperatures +55 °C, +25 °C, +10 °C, -20 °C, and -55 °C; and only in the pressure points 305 

0 Pa, 600 Pa, and 1200 Pa. After the test, the FSM was returned to MDA. Then a similar 306 

calibration check was performed in CO2, using FMI's sensor for measuring the reference 307 

pressure (accuracy ± 1 Pa).  308 

4.4 System Thermal Test (STT) 309 

The System Thermal Test of the Phoenix lander (also called "surface TVAC test") was 310 

performed in Feb–Mar 2007 as part of the Assembly, Test, and Launch Operations (ATLO) 311 

(Goldstein and Shotwell, 2008). The lander was tested in landed configuration in N2, in Martian 312 

pressure (~8 Torr) and temperature (-65 °C to +20 °C). The data of all three Barocaps® of MET-313 

P were logged at 2 s intervals. Unfortunately, we are not allowed to show the data of this test in 314 

graphs or tables due to the International Traffic in Arms Regulations (ITAR) of the USA. 315 

Reference pressure data were probably measured during STT. However, the data were not 316 

delivered to us because of the ITAR restrictions. 317 

4.5 Cruise Check-Out measurements 318 

The Phoenix pressure sensor was turned on twice during the interplanetary cruise - 211 319 

and 88 days before landing. Pressure data were collected for 120 seconds at 2 s intervals during 320 

these Check-Outs. The data of all Barocaps® were recorded. 321 
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5 The new calibration parameters 322 

The calibration equation that is used for calculating raw pressure readings onboard the 323 

Phoenix lander is adopted from the HASI/PPI pressure instrument of the Cassini/Huygens lander 324 

(Harri et al., 1998b; 2006). However, when calculating the values of the calibration parameters, 325 

it appeared that the equation had not enough free parameters due to individual differences 326 

between the Barocap® sensor heads and the wider temperature range of the Phoenix pressure 327 

sensor (Kahanpää, 2011). At that time the onboard software had already been implemented, and 328 

it could no longer be changed, thus it was impossible to add the missing parameters to the 329 

calibration equation. This issue was overcome by restricting the validity range of the calibration 330 

to the pressure range expected during the mission (500 ... 1200 Pa), leaving vacuum (0 Pa) and 331 

room pressure outside the validity range. By this means, the modeling error could be squeezed to 332 

less than ± 1 Pa (Kahanpää, 2011). However, the residual modeling error is temperature-333 

dependent, enabling artificial variation in the scientific pressure readings (measured by B1) due 334 

to the diurnal variation in the sensor's housekeeping temperature. We return to the actual effect 335 

of this potential error source in Section 10. 336 

For the purposes of this study, we calculate new calibration parameters for all three 337 

Barocap® sensor heads of MET-P. This time we use a calibration equation adopted from the 338 

REMS-P sensor onboard Mars Science Laboratory (Gómez-Elvira et al., 2012; Harri et al., 339 

2014). The data of the Final Calibration Test (Table 1) is used for determining the values of the 340 

calibration parameters. The REMS-P calibration equation has a sufficient number of free 341 

parameters, thus there is virtually no modeling error in the pressure readings calculated with the 342 

new calibration. The new calibration is valid from vacuum to the Martian pressure range (0 ... 343 

1150 Pa). 344 
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In addition to the calibration equation, we also incorporate another change to the 345 

calibration procedure. In the new procedure, the PCOR1 correction of the Thermocap® 346 

temperatures (Taylor et al., 2010) is performed before calculating the pressure readings. Thus, 347 

the pressure readings are PCOR1 correction ab initio and need not be compensated later. 348 

Unless otherwise stated, all pressure readings used in this study are calculated using the 349 

new calibration. The supplementary material of this article (Online Resource 1) includes the 350 

pressure data measured by MET-P during the mission on Mars, as calculated with the new 351 

calibration and compensated for errors, as described in Section 9. 352 

6 Analysis of temperature-dependent errors 353 

6.1 Observations 354 

Taylor et al. (2010) found out that the difference between the pressure readings of the 355 

primary Barocap® (B1) and the secondary Barocaps® (B2 and B3) was temperature-dependent 356 

in the data measured on Mars. This observation, called the PCOR2 issue by Taylor et al. (2010), 357 

is illustrated in Figure 2, showing the difference between the readings of B1 and B2 during sols 358 

48–50 of the Phoenix mission. The PCOR2 issue indicates that the temperature dependence of 359 

the primary or the secondary Barocaps®, or both, has changed between the Final Calibration 360 

Test and the landing on Mars.  361 

We study the original test data of the MET-P PM and FSM to find out if similar changes 362 

in temperature dependence had occurred during the qualification and calibration tests (Section 363 

4.1). It appears that Bakeout (Table 2) was the only environmental stress that caused notable 364 

changes in the temperature dependences of the Barocaps®. Thus, in the data of the Preliminary 365 

Calibration Test, performed before Bakeout, all Barocaps® show clear temperature dependence 366 
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(Figures 3 and 4). Note that the calibration parameters are calculated using the data of the Final 367 

Calibration Test, performed after Bakeout. 368 

The calibration check of the FSM in November 2006 (Section 4.3) reveals that the RSP1 369 

Barocaps® of the FSM almost recovered to the state prior to Bakeout during the 7-month storage 370 

following the Final Calibration Test (Figure 4b). We call this phenomenon "recovery drift". 371 

During the storage the FSM was kept under moist cleanroom conditions (55 ± 10 %RH and 372 

temperature about 25 °C). The temperature dependence of the FSM's LL Barocap® virtually did 373 

not change during the storage, even though a level shift of about 5 Pa occurred (Figure 4a). 374 

These results were similar in the measurements performed in dried air in FMI's laboratory and in 375 

CO2 in MDA's laboratory. 376 
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 377 

Figure 2 378 

Differences between pressure readings derived from the Barocaps® B1 and B2 as a function of 379 

MET-P housekeeping temperature measured by Thermocap® TC1. This figure is analogous to 380 

Figure 4 in Taylor et al. (2010), except that the pressure readings are calculated using the new 381 

calibration (Section 5). The compensations of offset and temperature dependence, presented in 382 

this study, are not applied. 383 
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 384 

Figure 3 385 

Deviations between the pressure readings of the MET-P Protoflight Model's Barocap® sensor 386 

heads and the reference pressure in the data of tests performed at FMI (Section 4.1). The data 387 

measured in the pressure point 800 Pa (in dried air) is shown as a function of MET-P 388 

housekeeping temperature (Thermocap® TC1). This pressure point is representative to the range 389 

encountered during the mission on Mars, i.e. about 720 Pa to about 860 Pa (Taylor et al., 2010). 390 

a) The deviation of the LL-type Barocap® B1 with respect to the reference sensor. 391 

b) The deviation of the RSP1-type Barocap® B2 with respect to the reference sensor. 392 
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c) The deviation of the RSP1-type Barocap® B3 with respect to the reference sensor. 393 

d) The difference between the readings of Barocaps® B1 and B2. 394 

 395 

Figure 4 396 

Deviations between the pressure readings of the MET-P Flight Spare Model's Barocap® sensor 397 

heads and the reference pressure in the data of tests performed at FMI (Section 4.1). The data 398 

measured in the pressure point 600 Pa (in dried air) is shown as a function of MET-P 399 

housekeeping temperature (Thermocap® TC1). In the last test (after 7 months in storage) 400 

measurements were performed only in the pressure points 0 Pa, 600 Pa, and 1200 Pa (Section 401 

4.3). 402 

a) The deviation of the LL-type Barocap® B1 with respect to the reference sensor. 403 

b) The deviation of the RSP1-type Barocap® B3 with respect to the reference sensor. 404 

6.2 Investigation on the root cause 405 

To be able to compensate the PCOR2 issue we need to understand the root causes of the 406 

changes in temperature dependence discussed in the section 6.1. In Section 3 we identified two 407 
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error sources that could cause temperature-dependent errors: the effect of adsorbed humidity, and 408 

mechanical tensions caused by heating. We perform a thorough investigation to find out which 409 

of these caused the detected changes in the temperature dependences of the Barocaps®. A 410 

detailed description of this investigation is given Appendix B in the electronic supplementary 411 

material (Online Resource 3). Here, we present a summary of the analysis. 412 

First we study the test data of other Barocap®-based instruments. Then we perform a test 413 

campaign with the MET-P Reference Model (RM) where the RM is alternately dried in warm 414 

vacuum (+55 °C) and soaked in humid conditions (85%RH, +55 °C, room pressure). Based on 415 

these data we conclude that the effect of humidity is the dominant cause for the temperature 416 

dependence changes of the RSP1 Barocaps®. The effect of Bakeout on these sensor heads is 417 

caused by drying and the recovery drift during storage in the moist conditions is caused by in-418 

gassing of moisture. In the case of the LL Barocaps® we conclude that both the effects of 419 

humidity and the mechanical deformation impact the temperature dependence, and that the effect 420 

of mechanical deformation is usually stronger. The Bakeout tests affect also the temperature 421 

dependences of the LL Barocaps®, however, although recovery drift is often detected, the LL 422 

Barocaps® usually do not recover completely back to the state preceding Bakeout. This recovery 423 

is apparently caused by partial relaxation of the mechanical tensions induced by Bakeout. 424 

6.3 Compensation method 425 

In Appendix B (Online Resource 3) we show that the effect of adsorbed humidity on the 426 

capacitance of a Barocap®, as a function of temperature, can be fitted with a function having the 427 

form of eq. 4. We have also experimentally shown that functions with the form of eq. 4 do fit the 428 

temperature dependence of the capacitance deviation caused by Bakeout heating of LL 429 

Barocaps®, even if we conclude in Appendix B that these changes are not caused primarily by 430 
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humidity. We acknowledge, however, that the number of temperature points measured in the 431 

check-out tests before and after Bakeout is small and that many other functions might also fit this 432 

sparse data. 433 

As the effects of the temperature-dependent errors of all Barocaps® can be modelled by 434 

eq. 4, they can be compensated by performing the following correction to the capacitance C of a 435 

Barocap®: 436 

���  = � − ∆���,!, ", #
        (5) 437 

where  438 

∆���,!, ", #
 = ! ∗ # ∗ ��$/�
� .       (6) 439 

In eq. 6, T is the temperature of the Barocap® in Kelvins, and H, τ, and β are calibration 440 

parameters. The compensated pressure readings of the Barocap® are then calculated using the 441 

corrected capacitance Ccorr. 442 

Comparing eq. 6 to eq. 4 reveals that if the change in capacitance is caused by adsorbed 443 

humidity, then the parameter τ has a physical meaning: τ = Ea/R. Hence τ stays constant 444 

regardless of the amount of adsorbed humidity. We have experimentally seen that τ can be 445 

assumed to be constant also in the case of the LL Barocaps®, even if the parameter τ does not 446 

have a physical meaning when changes in temperature dependence are not primarily caused by 447 

adsorbed humidity. 448 

The product H *β in eq. 6 corresponds to the parameter B in eq. 4. The parameter β is set 449 

to be constant while H is a dimensionless scaling factor. The temperature dependence state of a 450 

Barocap® can thus be parameterized using only the H-parameter once the values of the constants 451 

τ and β have been determined. The scale of the H-parameter can be chosen arbitrarily when 452 
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determining the value of the β-parameter. According to the humidity theory, the B parameter 453 

depends on factors that should be almost identical for all sensor heads of the same type and 454 

sharing a common history (Section 3). Hence, all Barocaps® of the same type and history should 455 

have almost the same H and β values when changes in temperature dependence are caused 456 

primarily by adsorbed humidity. 457 

6.4 Determining the values of the τ and β parameters 458 

We use the data of the Preliminary Calibration Test, performed before Bakeout (Table 2), 459 

to determine the values of the τ and β parameters of the Barocaps® of the Phoenix MET-P PM. 460 

If not compensated, the pressure readings of the Barocaps® have clear temperature dependence 461 

in the data of the Preliminary Calibration Test (Figure 3). We set the H-parameters to have the 462 

value 1.0 in the Preliminary Calibration data. The τ and β parameters of each Barocap® are then 463 

determined using least squares fitting, the fit criterion being that the pressure readings should 464 

have no temperature-dependent errors when the capacitances are compensated using eq. 5. 465 

Because the τ and β parameters are determined as described above, the H-values are scaled so 466 

that 1.0 represents the state during the Preliminary Calibration Test and 0 represents the state 467 

during the Final Calibration Test. 468 

The resulting values of the τ parameters of Barocaps® B1, B2, and B3 are 6.48*103 K, 469 

4.30*103 K, and 4.02*103 K, respectively, corresponding to activation energies 53.9 kJ mol-1, 470 

35.7 kJ mol-1, and 33.4 kJ mol-1. These values are inside the typical ranges of the dielectric 471 

activation energies of water molecules adsorbed to surfaces (Jones, 1977). The values of the τ 472 

and β parameters of the two RSP1 Barocaps® are close to each other's, in agreement with the 473 

humidity theory (Section 6.3). The RSP1 Barocaps® of the Reference Model are also from the 474 

same manufacturing lot. The activation energy (41.5 kJ mol-1) of the RM's B3, calculated from 475 
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the data of the drying/soaking test (Appendix B, Online Resource 3), is slightly higher than that 476 

of the PM's B2 and B3. Nevertheless, this is probably a defect caused by the strong outgassing 477 

during the test after soaking (Table B.1 in Appendix B). The activation energy derived for the 478 

PM's LL-type Barocap® B1 differ considerably from those of the RSP1 Barocaps®, implying 479 

that Bakeout affected the temperature dependences of the PM's LL and RSP1 Barocaps® by 480 

different mechanisms. In contrast, the activation energy derived for the RM's LL-Barocap® 481 

(34.8 kJ mol-1) is close to those of the RSP1 Barocaps®, however, this value is determined based 482 

on a drying/soaking test, not a Bakeout test. 483 

6.5 Evaluating the values of the H parameters 484 

6.5.1 Methods 485 

The compensation for temperature-dependent errors in the flight data requires that we 486 

know the values of the H parameters of all Barocaps® during the mission. We denote the H-487 

parameters of the Barocaps® B1, B2 and B3 with the symbols H1, H2 and, H3 respectively. The 488 

values of the H parameters can of course not be evaluated directly as we have no reference 489 

pressure sensor on Mars. However, we have developed two indirect methods for this purpose. 490 

In Method 1 (Section 6.5.2), initial values of the H parameters are evaluated by using the 491 

pre-launch test data. When calculating these initial values, the reference pressure data measured 492 

during the tests are used as reference. Changes in the temperature dependences of the Barocaps® 493 

during launch, interplanetary cruise, and landing are then investigated by comparing the readings 494 

of the RSP1 Barocaps® to the readings of the LL Barocap®. New values of H2 and H3 are 495 

calculated by using Barocap® B1 as reference, utilizing first the pre-launch data and then the 496 
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data measured on Mars. The values evaluated from the pre-launch data and from the Mars data 497 

are compared to assess how the temperature dependences of the Barocaps® have changed. 498 

Method 2 (Section 6.5.3) is based on the facts that the two RSP1 Barocaps® are of the 499 

same manufacturing lot, and that they share a common history. Thus, we can assume that the 500 

concentration of adsorbed humidity is always the same for both of them. This assumption leads 501 

to the postulate that the value of the H parameter should always be the same for both RSP1 502 

Barocaps® (Section 6.3). The effect of humidity on the pressure readings is still not the same for 503 

the two RSP1 Barocaps® since the sensitivities of these sensor heads are different. On the other 504 

hand, we know that both RSP1 Barocaps® measure the same environment. Hence, we can 505 

evaluate the value of the parameter H2 = H3 by using the requirement that the compensated 506 

pressure readings of the two RSP1 Barocaps® should be the same in all temperatures. 507 

Interference compensation based on measuring the same environment by several sensors 508 

having different responses to the measurand and/or the interference source has been previously 509 

applied to a wide variety of instruments (e.g. McGrath et al., 1995; Gallardo et al., 2004; 510 

Zimmerschied & Isermann, 2010). The dependence of instrument readings on an environmental 511 

interference source may be compensated using the principle of Method 2, presented below, if the 512 

instrument fulfills the following criteria: (1) There are two sensor heads measuring the same 513 

measurand (in our case pressure p), (2) the effect of the environmental variable on the sensor 514 

output (in our case capacitance C) can be modelled by using a single factor (in our case H2), (3) 515 

the relations between the measurand and the outputs of the two sensor heads are not equal (i.e. 516 

the sensor heads have different sensitivities), and (4) the readings of the sensor heads are allowed 517 

to be affected by unknown level offsets. 518 
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Method 2 can be utilized if we have a set of n measured values of the sensor outputs C2 519 

and C3 (in our case the capacitances of B2 and B3) collected over a wide range of the 520 

environmental variable T (in our case temperature). In measurement i, the compensated readings 521 

of the two sensor heads (B2 and B3) can be presented as 522 

�	&' = ��&��&' − ∆�&��', !&
, �'
  523 

�	(' = ��(��(' − ∆�(��', !&
, �'
       (7) 524 

where ��&	and ��(	are the inverse calibration functions (eq. 2) of the sensor heads, and ∆C2 and 525 

∆C3 are the functions modelling the relations between the environmental variable T and the 526 

errors in the sensor outputs (in our case eq. 6 with the subscript denoting which values of τ and β 527 

are used). The requirement that the compensated readings of the two sensor heads should be 528 

about the same regardless of the environmental variable T is fulfilled by selecting the value of 529 

the interference factor H2 by using the criterion that the sum of squared differences pB2 - pB3 over 530 

all measurement points i is minimized. Taking into account that the compensated readings pB2 531 

and pB3 are allowed to deviate by a constant level shift due to the not equal offsets of the two 532 

sensor heads, this sum of squared differences (SSD) becomes 533 

**+�!&, ∆,��-./
 = ∑ 1�	&,' − �	(,' + ∆,��-./2&3'45   534 

= ∑ 1��&��&' − ∆�&��', !&
, �'
 − ��(��(' − ∆�(��', !&
, �'
 + ∆,��-./2&3'45  535 

 (8) 536 

where ∆Offset is the difference between the offsets of the sensor heads. Further, ∆Offset can be 537 

approximated by the mean difference between pB2 and pB3. This mean difference ∆�	is calculated 538 

using 539 
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3
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 − ��(��(' − ∆�(��' , !&
, �'
93'45 /7   (9) 540 

Eq. 9 shows that ∆� is a function of H2. Hence, the SSD (eq.8) becomes a function of H2 only 541 

when ∆Offset is substituted by ∆�	(eq. 9). Method 2 can thus be used to evaluate the values of 542 

the H parameters of the RSP1 Barocaps® without reference pressure, however, it cannot be used 543 

to evaluate the H parameter of the LL Barocap® B1.  544 

6.5.2 Results: Method 1 545 

In the data of the calibration check performed by MDA (Section 4.2), the deviations of 546 

the readings of the LL Barocap® B1 with respect to the reference sensor are slightly higher in 547 

higher temperatures. This small temperature dependence can be compensated by setting the 548 

value of H1 to 0.30. The error margins of this result are large because the reference pressure 549 

sensor was rather inaccurate and had relatively poor repeatability. Thus, we estimate that the 550 

value of H1 was 0.30 +/- 0.30. In other words, of the shift in the temperature dependence of B1 551 

caused by Bakeout, about 30 % had recovered at the time of the MDA calibration check. In that 552 

test, the data of Barocaps® B2 and B3 were not logged. 553 

All three Barocaps® were read in the System Thermal Test (STT) of the Phoenix lander 554 

performed in Feb–Mar 2007 (Section 4.4). Even if we do not have access to the reference 555 

pressure data of this test, we are able to calculate the pressure variations in the test chamber 556 

based on our information about the test setup. The test was performed in a hermetically closed 557 

chamber and the pressure inside the chamber was not actively regulated during the test 558 

(Goldstein and Shotwell, 2008; personal communications with test engineers from Jet Propulsion 559 
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Laboratory, March 2011). Thus, the molar volume of the gas remained constant. Changes in 560 

pressure were hence caused by changes in the gas temperature only. Therefore, the reference 561 

pressure pref can be calculated from the temperature TTC1 measured by the top mast thermocouple 562 

of the MET instrument (Taylor et al., 2008; Davy et al., 2010) by using the ideal gas law 563 

� �� = :∗��;<
=>           (10) 564 

where Vm is the molar volume of the gas in the test chamber and R is the universal gas constant. 565 

We determine the molar volume by using the pressure readings of MET-P. Evaluating the total 566 

accuracy of the Barocaps® by using this data would thus lead to circular reasoning, however, the 567 

data can still be used to study temperature-dependent errors. The top mast thermocouple is 568 

relatively unaffected by heating of the lander (Davy et al., 2010), and thus its reading can be used 569 

as a proxy of the gas temperature. 570 

The values of the H parameters of all Barocaps® are evaluated from the STT data by 571 

using the criterion that there should be no temperature dependence in the deviation of Barocap® 572 

pressure readings with respect to the reference pressure pref, calculated using the ideal gas law 573 

(eq. 10). The obtained values are H1 = 0.30, H2 = 0.85, and H3 = 0.87. The values of the H 574 

parameters of the two RSP1 Barocaps® are close to each other, in agreement with the prediction 575 

of the humidity theory (Section 6.3). This result justifies the assumption that Method 2 is based 576 

on, namely that H2 ≈ H3. 577 

As explained in Section 6.5.1, separate values of the H parameters of the RSP1 578 

Barocaps® are also evaluated from the STT data by using readings of B1 as reference pressure. 579 

These B1 readings are calculated using 0.30±0.30 as the value of H1. As expected, the resulting 580 
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H values are close to those obtained using pref as reference pressure: H2 = 0.85±0.02 and H3 = 581 

0.87±0.02. 582 

Calculating the values of the H parameters from the Mars data requires a set of raw data 583 

measured over a temperature range as wide as possible (Section 6.5.1). The data should be 584 

measured during a short period of time to avoid effects caused by the offset drift of the RSP1 585 

Barocaps® (Section 8.2). We examined the data of the whole landed mission and found out that 586 

the strongest variations in the sensor's temperature occurred during sol 48 and sols 54–55. 587 

During these time intervals the Thermocap® temperature exceeds +20 °C for at least 30 min. in 588 

the afternoon and go below -31 °C for at least one hour in the night. 589 

We utilize the data of sol 48 and of sols 54–55 to evaluate the H parameters of the RSP1 590 

Barocaps® using B1 as reference pressure. To make the results comparable with those of the 591 

STT, the B1 readings are calculated using 0.30±0.30 as the value of H1. The results for 592 

Barocap® B2 are H2 = 0.88±0.03 (sol 48) and H2= 0.82±0.03 (sols 54–55). The results for 593 

Barocap® B3 are H3 = 0.88±0.03 (sol 48) and H3= 0.84±0.03 (sols 54–55). Figure 5 shows how 594 

the difference between the readings of B2 and B1 measured on sol 48 changes when the data of 595 

B2 are compensated using H2 = 0.88. 596 

6.5.3 Results: Method 2 597 

We utilize the data of sol 48 and of sols 54–55 to evaluate the value of H2 using Method 598 

2 (Section 6.5.1). We use only the data measured in the temperature intervals < -30 °C, -7.4 to 0 599 

°C and > +20 °C since the values of the τ and β parameters have been determined using the data 600 

of the Preliminary Calibration Test where measurements were performed in temperatures -35 °C, 601 

-5 °C, +25 °C (and +55 °C). Weighting factors are applied to the data to make the statistical 602 



Confidential manuscript submitted to Planetary and Space Science 

34 
 

weights of all three temperature intervals equal despite the different numbers of measurements. 603 

When Method 2 is applied to the data of sol 48, the SSD (eq. 8) is minimized with H2 = 0.97. 604 

When using the data of sols 54–55, the result is H2 = 0.95. Figure 6 shows how the difference 605 

between the readings of the two RSP1 Barocaps®, measured on sols 54–55, changes when 606 

temperature-dependent errors are compensated using H2 = 0.95. 607 

 608 

Figure 5 609 

The difference between the readings of Barocaps® B2 and B1 in the data measured on sol 48 as 610 

a function of MET-P housekeeping temperature. Red crosses: the data of Barocap® B2 have not 611 

been compensated. Blue crosses: the data of Barocap® B2 have been compensated using H2 = 612 

0.88. The readings of Barocap® B1 have been compensated using H1 = 0.30 in both cases. 613 
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 614 

Figure 6 615 

The difference between the readings of Barocaps® B3 and B2 in the data measured on sols 54–616 

55 as a function of MET-P housekeeping temperature. The data measured on the temperature 617 

intervals used to evaluate the value of H2 are shown. Red crosses: the temperature dependence 618 

compensation has not been applied. Blue crosses: the data of both Barocaps® have been 619 

compensated using H2 = 0.95. 620 

6.6 Conclusions on temperature-dependent errors 621 

The data of the System Thermal Test (STT) show that the values of the parameters H2 622 

and H3 were about 0.86 at the time of the test (Section 6.5.2), indicating that the RSP1 623 

Barocaps® had recovered almost to the state before Bakeout during the first 11 months of the 624 

pre-launch storage. Furthermore, the H2 and H3 values calculated from the data of sol 48 using 625 

readings of B1 as reference are almost identical to those obtained by applying the same method 626 

to the STT data. In other words, the temperature dependences of the RSP1 Barocaps® did not 627 

change virtually at all compared to Barocap® B1 between the STT and sol 48. The natural 628 

explanation for this is that the temperature dependences of all Barocaps® were the same during 629 
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the STT and during sol 48. The only other possibility is that the temperature dependences of all 630 

Barocaps® had changed so that the change could not be detected by comparing the Barocaps® to 631 

each other. However, Method 2, where the data of Barocap® B1 is not used, yields H2 = H3 ~ 632 

0.97 on sol 48 (Section 6.5.3). The estimate that H2 ≈ 0.9 on sol 48 is hence true not only relative 633 

to Barocap® B1 but also in the absolute sense. This result excludes the possibility of any 634 

significant changes in the temperature dependences of any of the Barocaps® during launch, 635 

cruise, landing, and the first ~50 sols of the landed mission. 636 

The LL-type Barocap® B1 had partly recovered from the effect of Bakeout at the time of 637 

the calibration check performed by MDA, 4 months after the Final Calibration Test (Section 638 

6.5.2). Moreover, the STT reveal that no change in the temperature dependence of Barocap® B1 639 

had occurred during the following 7 months (Section 6.5.2). These results indicate that the 640 

recovery drift of Barocap® B1 had ended at the time of the MDA calibration check. 641 

Furthermore, exposure to high temperature (≳ 100 °C) is the only environmental stress that is 642 

known to cause notable changes in the temperature dependence of a LL Barocap® (Appendix B, 643 

Online Resource 3). The MET-P PM was not subjected to such heating after the test campaign at 644 

FMI. Heating to high temperatures was also not encountered after the integration to the Phoenix 645 

spacecraft as only the parts of the lander that touched the sub-surface were sterilized (Smith et 646 

al., 2008). These facts provide a second, independent proof for the statement that the temperature 647 

dependence of Barocap® B1 did not change during launch, cruise, landing, and the first ~50 sols 648 

of the landed mission. Hence, we conclude that the H1 value evaluated from the pre-launch test 649 

data, i.e. 0.30 ± 0.30, is valid during the mission on Mars. Changing the value of H1 from 0 to 650 

0.30 affects the readings of B1 only by about 0.2 Pa on the temperature range encountered during 651 

the mission. Thus, the uncertainty of the H1 value (±0.3) causes only a ±0.2 Pa uncertainty in the 652 
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science data. The accuracy of the final corrected data and the original MET-P science data 653 

(Dickinson, 2008) are discussed in more detail in Sections 9 and 10, respectively. 654 

7 Analysis of temperature hysteresis 655 

In Section 3 we state that one of the error modes affecting Barocap® -based pressure 656 

sensors is hysteresis with respect to changes in the sensor's temperature. Gómez-Elvira et al. 657 

(2012) and Harri et al., (2014) studied the impact of this error mode on the REMS-P sensor 658 

onboard Mars Science Laboratory. They called this phenomenon slow hysteresis as its time scale 659 

is of the order of hours, in contrast to the thermal lag effect whose response time is of the order 660 

of one minute (Taylor et al., 2010). 661 

We use the data of the Temperature Gradient Test (Table 2) to study the effect of 662 

temperature hysteresis on the MET-P PM. Figure 7a shows the deviation of the PCOR1 663 

corrected Barocap® B1 readings with respect to the reference pressure in the Temperature 664 

Gradient Test (red line) as well as the temperature measured by Thermocap® TC1 (blue line). 665 

The deviation of the Barocap® B1 reading increases almost linearly during periods of rising 666 

temperature and falls during periods of stable or falling temperature. Hence, the reading of 667 

Barocap® B1 is high after fast rises in the sensors temperature. 668 

Both the first and the second rising temperature ramp of the Temperature Gradient Test 669 

cause deviations whose magnitudes are about 0.8 Pa even if the temperature rises during the first 670 

ramp two times faster than during the second one (Figure 7a). We conclude that immediately 671 

after a fast temperature rise, the magnitude of the deviation depends primarily on how many 672 

degrees the temperature increased and not so much on the duration of the rise. An increase in 673 
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temperature with magnitude ∆T thus causes in the reading of the Barocap® B1 a hysteresis 674 

deviation ∆physt whose magnitude can roughly be estimated using 675 

∆�@ABC ≈ D ∗ ∆�,         (11) 676 

where Q is a constant. The temperature increases by 75 °C (from -45 °C to +30 °C) in both rising 677 

temperature ramps of the test, thus Q ≈ 0.8 Pa / 75 °C = 0.011 Pa/°C. A similar analysis based on 678 

the data of the Thermal Vacuum Test shows that in vacuum Q ≈ 0.016 Pa/°C, i.e. the effect of 679 

slow hysteresis is about 1.5 times stronger than in Martian pressure. 680 

Figure 7b shows Barocap® B1 pressure, MET-P housekeeping temperature (measured by 681 

Thermocap® TC1) and air temperature (measured by the top mast thermocouple) measured 682 

during sols 70 and 71. The end points of rapid increases in Thermocap® temperature (mean 683 

temperature change rate of the preceding 20 min. > 5 °C/h) are marked with yellow vertical 684 

lines. Almost all of these instances coincide with minor peaks in the pressure curve. Obviously, 685 

these peaks are caused by temperature hysteresis. Nevertheless, the magnitudes of the peaks are 686 

always small. During the whole mission on Mars, the Thermocap® temperature never rose 687 

continuously by more than 40 °C. Thus, we estimate based on eq. 11 that the deviations caused 688 

by temperature hysteresis are smaller than 0.011 Pa/°C * 40 °C = 0.4 Pa. 689 
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 690 

Figure 7 691 

a) Data of the Temperature Gradient Test (Table 2). Red line: Difference between the pressure 692 

readings of the Barocap® B1 and the reference pressure sensor (scale on left axis). Blue line: 693 

MET-P housekeeping temperature measured by the Thermocap® TC1 (scale on right axis). 694 

Yellow vertical lines: end points of rapid increases in temperature (mean temperature change rate 695 

of the preceding 20 min. > 5 °C/h). 696 
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b) Data of sols 70 and 71. Red line: Pressure readings of the Barocap® B1 compensated using H1 697 

= 0.30 (scale on left axis). Blue line: MET-P housekeeping temperature measured by the 698 

Thermocap® TC1 (scale on right axis). Green line: Air temperature measured by the top mast 699 

thermocouple of the MET instrument (scale on right axis). Yellow vertical lines: as in a). 700 

Figure 7b also demonstrates that the temperature measured by the top mast thermocouple 701 

varies milder than the Thermocap® temperature in the timescale of a few hours. This indicates 702 

that the fast rises in Thermocap® temperature are caused by heat released from lander systems 703 

rather than from changes in the temperature outside the lander. The operation times of the lander 704 

systems change more or less randomly from sol to sol, thus the timing of the error peaks caused 705 

by temperature hysteresis is also random. 706 

So far we have discussed only Barocap® B1. We also perform similar analyses as 707 

presented above on the RSP1 Barocaps® and find that temperature hysteresis also affects them, 708 

however, the magnitude of the effect is difficult to estimate as the noise level of the RSP1 709 

Barocaps® is higher. 710 

Consequently, temperature hysteresis is a mostly harmless error source. Its effect on the 711 

science data is below the 0.5 Pa resolution requirement (Taylor et al., 2008). Developing a 712 

correction procedure is thus not worth the effort. However, one should keep in mind that in the 713 

time scale of hours everything smaller than 0.5 Pa might be artificial. It is always possible to 714 

check if a small pressure variation is artificial by checking if the peak of the variation coincides 715 

with the end of a fast rise in Thermocap® temperature. The impact of temperature hysteresis on 716 

spectral analysis of the pressure data is discussed in Section 11. 717 
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8 Analysis of offset-type errors and drift 718 

8.1 Offset at the beginning of the mission 719 

Studying how the offsets of the Barocaps® of the MET-P PM evolved since the test 720 

campaign at FMI requires data measured against reliable pressure references. We have data of 721 

only two such measurements: the Check-Outs performed during the interplanetary cruise 722 

(Section 4.5). During these measurements, the environment sensed by MET-P was the vacuum of 723 

interplanetary space, thus the reference pressure was 0 Pa with < 10-8 Pa accuracy. 724 

Pressure readings of all Barocaps® measured during the cruise are shown in Figure 8. 725 

The effects of thermal lag (Taylor et al., 2010) and changes in temperature dependence (Section 726 

6) are compensated as explained in the caption of Figure 8. In both cruise measurements the 727 

compensated reading of Barocap® B1 is 3.5 Pa, rather than 0 Pa. This deviation cannot be a 728 

modeling error as the new calibration (Section 5) is valid in vacuum, unlike the original one. In 729 

the Final Calibration Test, the accuracy of the readings calculated with the new calibration is 730 

better than 0.2 Pa in vacuum. Thus, we conclude that the offset of Barocap® B1 must have 731 

drifted since the Final Calibration test. Also the offsets of the RSP1 Barocaps® must have drifted 732 

as their readings measured during the cruise are clearly off in the negative direction (Figure 8). 733 

The offsets of the Barocaps® at the beginning of the mission do not exactly equal the 734 

readings measured during the cruise since the cruise measurements are affected by the 735 

temperature hysteresis (Section 7), the offsets in Martian pressure might differ from those in 736 

vacuum (Appendix C, Online Resource 4), and the Barocaps® might have drifted between the 737 

Second Cruise Check-Out and the landing on Mars. In Appendix D (Online Resource 5) we 738 

assess the impacts of these uncertainty sources to evaluate how much the offsets of the 739 
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Barocaps® had drifted between the calibration and the landing. The result is that the offset of B1 740 

had drifted by +2.3 ± 1.2 Pa, the offset of B2 by +2.1 ± 2.5 Pa, and the offset of B3 by -18.9 ± 741 

1.4 Pa. The initial uncertainty of the new calibration of B1 is ± 1 Pa, limited by the accuracy of 742 

the reference sensor used in the Final Calibration test (Section 4.1). Taking this into account, the 743 

offset of B1 at the beginning of the mission is +2.3 ± 2.2 Pa. 744 

  745 

Figure 8 746 

Pressure readings of all Barocaps® during the interplanetary cruise. The last readings recorded in 747 

both 120 second long Cruise Check-Out sessions are shown. The thermal lag effect has been 748 

compensated by the PCOR1 procedure (Taylor et al., 2010). Temperature-dependent errors have 749 

been compensated using the method presented in Section 6.3 by applying the parameter values 750 

inferred in Section 6.6, i.e. H1 = 0.30 and H2 = H3 = 0.86.  751 

Figure 9 shows offset-corrected pressure readings of all Barocaps® during the first sol of 752 

the landed mission. The offset-correction is performed by substituting the offsets derived in 753 

Appendix D from readings calculated using the new calibration (Section 5) and applying the 754 

compensation of temperature-dependent errors (Section 6.3). The error limits of the offset drifts 755 

of all Barocaps® are also shown in Figure 9. During the first hour of measurements, the 756 
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compensated readings of all three Barocaps® differ from each other by less than 0.5 Pa on 757 

average, and the error limits of B1 and B3 match almost perfectly. Thus, the data of the RSP1 758 

Barocaps® support the statement that the offset of B1 is +2.3 ± 2.2 Pa at the beginning of the 759 

mission. After the first hour, the readings of B2 and B3 decrease with time compared to B1. This 760 

is a consequence of the strong drift of the RSP1 Barocaps® during the first sols, to be discussed 761 

in the following section. 762 

 763 

Figure 9 764 

Pressure readings of all Barocaps® during sol 0 with error ranges of offset drift. Temperature-765 

dependent errors have been compensated using the method presented in Section 6.3 by applying 766 

the parameter values inferred in Section 6.6, i.e. H1 = 0.30 and H2 = H3 = 0.86. Offset errors have 767 

been compensated by substituting the offsets derived in Appendix D from the readings of the 768 

Barocaps®, i.e. +2.3 Pa for B1, +2.1 Pa for B2, and -18.9 Pa for B3. 769 

8.2 Offset drift during the mission 770 

The mean drift rate of Barocap® B1 prior to landing can be calculated by dividing the 771 

offset in Martian pressure derived from the Cruise Check data (+2.3 Pa) by the time between the 772 
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Final Calibration Test and the Second Cruise Check (almost exactly 2 years). The result is +1.1 773 

Pa/year. This drift has the same direction and the same order of magnitude as that of the LL 774 

Barocap® of the REMS-P sensor onboard Mars Science Laboratory (+0.5 Pa/year according to 775 

Harri et al. (2014)). Further, the drift is clearly slower than the 2 Pa / 5 months rate determined 776 

by Harri et al. (1995) based on component screening tests. Thus, prior to landing the drift rate of 777 

B1 is inside the typical range of the LL Barocaps®. 778 

Figure 10 shows how the readings of the Barocaps® drifted relative to each other during 779 

the landed mission. Figure 10a presents the deviations of the (temperature dependence 780 

compensated) readings of B2 and B3 with respect to B1 during the whole mission. The offsets at 781 

the beginning of the mission have been compensated as described in the figure caption. MET-P 782 

housekeeping temperature (Thermocap® TC1) is also shown in the figure. Close-ups showing 783 

the data of sols 0–1 and of sols 62–66 are presented in Figures 10b and 10c, respectively. 784 

Figure 10a indicates that the readings of B2 and B3 fall rapidly compared to B1 during 785 

the first two sols. Figure 10b reveals that this drift occurs for the most part during the short time 786 

interval when the Thermocap® temperature is > 0 °C. Later in the mission the situation is 787 

somewhat different as can be seen from Figure 10c. When the Thermocap® temperature exceeds 788 

+18 °C on sol 63, the offsets of B2 and B3 compared to Barocap® B1 suddenly fall by 789 

approximately 1 Pa. The temperature where the offset starts to decrease is thus higher than on sol 790 

0. 791 

Next we use the data of the System Thermal Test (Section 4.4) to study the offset drift 792 

after landing. The setup of the STT was designed to correspond to the situation after landing on 793 

Mars (Goldstein and Shotwell, 2008). During phases of the STT when the Thermocap® 794 

temperature is < 0 °C, the temperature dependence compensated readings of B2 and B3 follow 795 
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the reference pressure calculated from the top mast thermocouple data (eq. 10). When the 796 

Thermocap® temperature is > 0 °C, the readings of B2 and B3 drift downward compared to the 797 

reference. The rate of this downward drift is fastest during the first warm period of the test. The 798 

offset of B1 with respect to the reference pressure stays constant in all cases. As a consequence, 799 

the readings of B2 and B3 fall compared to B1 during the time intervals when the Thermocap® 800 

temperature is > 0 °C just as during the first sols. Hence, the data of the STT show that the 801 

relative drift during the first sols is caused mostly by Barocaps® B2 and B3 and not by 802 

Barocap® B1. 803 
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 804 

Figure 10 805 

Deviations of the readings of Barocaps® B2 and B3 with respect to Barocap® B1 during the 806 

landed mission. Also the temperature measured by Thermocap® TC1 is shown. Temperature-807 

dependent errors have been compensated by using the method presented in Section 6.3, applying 808 

the parameter values inferred in Section 6.6, i.e. H1 = 0.30 and H2 = H3 = 0.86. Offset errors have 809 

been compensated by substituting the offsets derived in Appendix D from the readings of the 810 

Barocaps®, i.e. +2.3 Pa for B1, +2.1 Pa for B2, and -18.9 Pa for B3. The pressure readings are 811 

shown only for the sols for which we have the original engineering data records (Section 9). 812 

a) Data of the whole landed mission. 813 



Confidential manuscript submitted to Planetary and Space Science 

47 
 

b) Data of sols 0 and 1. 814 

c) Data of sols 62–66. 815 

The drift of Barocaps® B2 and B3 with respect to Barocap® B1, illustrated in Figure 10, 816 

can be explained by assuming that it is caused by two separate mechanisms. The upward drift 817 

that dominates after sol 40 has the same direction and roughly the same rate as the drift of the 818 

RSP1 Barocaps® during the interplanetary cruise (Figure 8), indicating that it is probably caused 819 

by the same mechanism. The downward drift that dominates until sol 21 is in turn very similar to 820 

the drift of the RSP1 Barocaps® during the STT, as discussed above. This drift might be caused 821 

by outgassing of H2O from the Barocaps®. 822 

At first glance, it is surprising that the Barocaps® would not have dried out during the 823 

interplanetary cruise. However, the temperature of MET-P was all the time between -70 °C and -824 

10 °C during the cruise (Appendix D, Online Resource 5). Further, the Barocaps® adopt to 825 

Martian pressure at least an order of magnitude slower in -5 °C than in +55 °C according to a test 826 

where the MET-P PM was kept in cool (-5 °C) dried air in Martian pressure for 13 h after being 827 

exposed to Earths ambient pressure (Kahanpää, 2011). Longer outgassing tests in cold 828 

temperatures have unfortunately not been performed. Nevertheless, the time needed for drying in 829 

cold conditions can be estimated by applying the Hertz-Knudsen-Langmuir equation, stating that 830 

the evaporation rate φ of gas molecules adsorbed to a surface depends on the absolute 831 

temperature of the surface T, the saturated vapor pressure of the molecule pv, and the partial 832 

pressure of the molecule in the gas surrounding the surface pp: 833 

E~ �GH��
√� .          (12) 834 
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The time needed for drying (td) is proportional to 1/φ. Since pp = 0 Pa in vacuum, the ratio of the 835 

drying times in temperatures T1 and T2 is got by 836 

CJ��<

CJ��K
 =

L��K

L��<
 =

�G��K

�G��<
M

�<
�K.        (13) 837 

By substituting the vapor pressures of H2O in the temperatures +55 °C (328 K) and -30 °C (243 838 

K) into eq.13, we estimate the time needed for drying in -30 °C to be about 357 times longer than 839 

in +55 °C. Our tests with the reference model (Appendix B, Online Resource 3) show that 56 h 840 

in vacuum is not enough for drying a soaked LL or RSP1 Barocap® in +55 °C, hence the time 841 

needed in -30 °C would be more than 800 days. As the interplanetary cruise of Phoenix lasted 842 

only 295 days, it is possible that substantial outgassing of the moisture in-gassed during the pre-843 

launch storage and on the launchpad (in the middle of Florida's marshes) started no earlier than 844 

on sol 0 when the sensor's temperature exceeded 0 °C for the first time. 845 

Figures B.2c and B.2d in Appendix B (Online Resource 3) show that drying changes the 846 

offsets of all Barocaps® in the negative direction and that the offsets of the RSP1 Barocaps® 847 

change much more than those of the LL Barocaps®. Hence, drying should change the difference 848 

between the readings of a RSP1 Barocap® and a LL Barocap® in the negative direction as 849 

happens during the first 21 sols and during the first warm periods of the STT. Furthermore, the 850 

"drying scenario" is supported by the observations that the rate of the downward drift is strongly 851 

temperature-dependent, and that the drift slows down with time. 852 

The analysis presented above indicates that the drift of Barocaps® B2 and B3 compared 853 

to B1 during the mission is caused mostly by B2 and B3. We have no reason to believe that the 854 

LL Barocap® of the Phoenix MET-P sensor would be less stable than the LL Barocaps® in 855 

general. Therefore, we can assume that B1 continued to drift during the mission with the same 856 
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rate as before landing, i.e. about +1.1 Pa/year. The results of the REMS-P sensor onboard Mars 857 

Science Laboratory support this statement. Harri et al. (2014) compared the readings of the LL 858 

Barocap® of REMS-P to the readings of the other pressure sensor heads of REMS-P and 859 

inferred that the LL Barocap® drifted during the first 100 sols after landing with the same rate as 860 

during the cruise. The drift rate +1.1 Pa/year contributes to a drift of +0.5 Pa during the landed 861 

operations of Phoenix that lasted for 151 sols. However, we have to take into account the 862 

possibility that also the LL Barocap® B1 might not have outgassed completely during the cruise. 863 

In that case outgassing of H2O during the landed mission could change the offset of B1. A worst 864 

case estimate for the magnitude of this effect is obtained by assuming that the offset detected in 865 

the Preliminary Calibration test (Figure C.1 in Appendix C) was caused completely by moisture, 866 

and that B1 dried completely during the landed mission. This scenario would lead to a 3.4 Pa 867 

drift in the negative direction between sol 0 and sol 151. Drift in the negative direction causes the 868 

sensor's reading to become lower than the actual value of the measured quantity, hence the drift 869 

affects the upper error range of the reading. Likewise, drift in the positive direction affects the 870 

lower error range. Consequently, we estimate that the level drift of Barocap® B1 during the 871 

landed mission causes errors between -0.5 and +3.4 Pa in the sensors readings. 872 

As the downward drift of the RSP1 Barocaps® during the first 21 sols could be caused by 873 

outgassing of H2O, one could expect that also the temperature dependences of the RSP1 874 

Barocaps® should change during these sols since in-gassed moisture is the root cause of 875 

variation in their temperature dependence (Section 6.2). In contrast, we conclude in Section 6.6 876 

that the temperature dependences of the RSP1 Barocaps® do virtually not change between pre-877 

launch testing and sol 48. Nonetheless, this seeming conflict can be explained by assuming that 878 

the relaxation of the temperature dependence error requires more thermal energy than the 879 
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relaxation of the offset shift. Apparently, the warming of MET-P during the afternoons is not 880 

adequate for relaxing the temperature dependence error of the RSP1 Barocaps®, at least not 881 

before sol 48 when the sensor's temperature exceeds +20 °C for the first time (Figure 10a). 882 

9 The final corrected data 883 

The final corrected data of the Phoenix MET-P instrument are included in the 884 

supplementary material of this article (Online Resource 1). In this section, we explain how this 885 

data are generated. 886 

The engineering data records (Section 2) are used as source data when generating the 887 

final corrected data. Hence, the final data have sample intervals of 512 seconds, unlike the 888 

original scientific pressure data, available in the PDS (Dickinson, 2008), that have 2 s sample 889 

intervals. Unfortunately, we do not have access to the raw data of all engineering data records 890 

measured during the mission. For example, the raw data measured between sol 126 and sol 146 891 

are missing from our data set. Therefore, there are gaps in the time series of B2 and B3 readings 892 

in the final data. Nevertheless, we are able to generate final corrected Barocap® B1 readings for 893 

all engineering data records measured during the mission. First, we calculate the capacitance 894 

readings of B1 from the raw pressure and TC1 temperature data available in the PDS (Dickinson, 895 

2008) by using eq. 1 and applying the original calibration equation and parameters. Then, the 896 

new B1 pressure values are calculated from the capacitance readings and the TC1 temperatures 897 

by using eq. 2 and applying the new calibration equation and parameters (Section 5). These new 898 

B1 readings are verified by comparing them to readings calculated directly from the raw data if 899 

the raw data is available. The result is that the readings calculated by both methods are the same 900 

with 0.01 Pa accuracy in all data points for which we have the raw data. 901 
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Before calculating the Barocap® pressure values, the Thermocap® temperatures are 902 

compensated for the thermal lag effect by the PCOR1 procedure (Taylor et al., 2010). We use the 903 

York University version of PCOR1 instead of the FMI version (Taylor et al., 2010) that was used 904 

when generating the Phoenix pressure data currently available in the PDS (Dickinson, 2008). 905 

The temperature-dependent errors are compensated by the method presented in Section 906 

6.3. We use the H values determined in the System Thermal Test when calculating the final 907 

corrected data, i.e. 0.30 for the parameter H1 and 0.86 for the parameters H2 and H3 (Section 6.6). 908 

Finally, the offsets of all three Barocaps® are compensated by subtracting the "sol 0 offsets" 909 

determined in Appendix D (Online Resource 5) from the data of each Barocap®. 910 

Figure 11 shows the final corrected pressure readings of all Barocaps® during the period 911 

from sol 53.2 till sol 58.4. During this period the temperature of the sensor varied from -34 °C to 912 

+24 °C. The pressure variations detected by all three Barocaps® are almost identical despite the 913 

strong temperature variation. 914 
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 915 

Figure 11 916 

a) The final corrected pressure data from sol 53.2 till sol 58.4, Barocaps® B1, B2, and B3. 917 

b) The data shown in a) normalized by subtracting the first reading of the shown interval from 918 

the readings of each Barocap®. This figure is analogous to Figure 5b in Taylor et al. (2010) 919 

except that the pressure readings are calculated using the new calibration (Section 5) and that the 920 

temperature-dependent errors have been compensated. 921 

The final corrected data contain also upper and lower error ranges of the Barocap® B1 922 

readings. As explained in the Section 8.1, the uncertainty in the offset of B1 at the beginning of 923 
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the mission is ± 2.2 Pa. Therefore, both error ranges have the value ± 2.2 Pa right after landing. 924 

The potential aging drift during the mission (Section 8.2) is modelled by adding to the lower 925 

error range an uncertainty that linearly increases from 0 to 0.5 Pa during the mission. The 926 

uncertainty related to the potential outgassing drift (Section 8.2) is taken into account by adding 927 

3.4 Pa to the upper error range of all data points measured more than 1.6 sols after the start of sol 928 

0. The timing of adding this uncertainty is based on the shifts in the deviations of B2 and B3 with 929 

respect to B1 that occur 1.6 sols after the start of the landing sol (Figure 10b). It is possible that 930 

the "drying drift" of Barocap® B1 occur in its entirety during this event, which raises the 931 

uncertainty of all readings measured after it. Consequently, at the end of the mission the upper 932 

error range is 5.6 Pa and the lower range is 2.7 Pa. 933 

Error ranges for the RSP1 Barocaps® are not given in the final corrected data as B2 and 934 

B3 are classified as engineering sensors. As explained in the end of Section 8.2, the temperature 935 

dependences of the RSP1 Barocaps® could start changing after sol 48 as a consequence of 936 

drying. This causes a rising uncertainty in the data of B2 and B3 measured since sol 49.   937 

10 Analysis of the accuracy of the original MET-P data 938 

As explained in Section 5, the original Phoenix MET-P data, currently available in the 939 

PDS (Dickinson, 2008), consist of Barocap® B1 readings calculated using the old calibration. 940 

On the other hand, the final corrected data (Section 9) are generated using the new calibration, 941 

and therefore these data have virtually no modelling errors (Section 5). The final data are also 942 

compensated for temperature-dependent errors and offset errors (Section 9). Hence, the accuracy 943 

and the modeling errors of the original MET-P data can be studied by comparing B1 readings 944 

calculated using the old calibration to the final corrected data. 945 
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Figure 12 shows deviations of B1 readings calculated using the old calibration with 946 

respect to B1 readings of the final corrected data. The data of sols 6, 35, 60, 92, 119 and 148 are 947 

shown as a function of MET-P housekeeping temperature (TC1). Figure 12 reveals that the 948 

modeling errors, caused by the too simple calibration equation (Section 5), have indeed a very 949 

small effect on the original MET-P data. For most of the time, the readings calculated with the 950 

old calibration have an almost constant offset compared to the final readings. The only exception 951 

are the readings measured in the coldest temperatures. In -37 °C the deviation of the original data 952 

is about 0.5 Pa lower than in -15 °C. Nevertheless, even this temperature-dependent error is 953 

small compared to the about 10 Pa magnitude of the diurnal pressure variations detected by 954 

Phoenix (Taylor et al., 2010). In temperatures higher than 0 °C there is no clear temperature 955 

dependence in the original data, even if the change in the temperature dependence of B1 during 956 

pre-launch storage should affect this temperature range. The reason for this is that the change in 957 

temperature dependence and the modeling error fortunately cancel each other in high 958 

temperatures. 959 

The readings calculated with the old calibration have offsets of +2.1 Pa to +2.6 Pa 960 

compared to the final readings (Figure 12), causing errors with magnitude -2.35 ± 0.25 Pa in the 961 

original data. As the uncertainty of the final data is ± 2.2 Pa right after landing (Section 9), the 962 

error range of the original data at the beginning of the mission is -2.35 ± 2.45 Pa. Likewise, at 963 

the end of the mission the error range of the final data is from -2.7 Pa to +5.6 Pa (Section 9), 964 

hence the error range of the original data over the whole mission is from -5.3 Pa to +3.5 Pa. The 965 

offset correction of the final data is based on the estimate of the offset on the landing day 966 

(Section 9). However, as mentioned in Section 8.2, it is possible that B1 might not have 967 

outgassed completely during the cruise. In that case the offset could have drifted downward 968 
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during the landed mission as the sensor dried out. Therefore, at the beginning of the mission the 969 

actual pressure is probably closer to the lower error range than at the end. 970 

  971 

Figure 12 972 

The difference between Barocap® B1 readings calculated with the old calibration and Barocap® 973 

B1 readings in the final data as a function of MET-P housekeeping temperature (TC1). 974 

11 Summary and conclusions 975 

The results of this study are summarized in the following list: 976 

‒ The temperature-dependent difference between the original readings of Barocap® B1 and the 977 

RSP1-type Barocaps® B2 and B3, mentioned by Taylor et al. (2010), is caused virtually 978 

completely by the RSP1 Barocaps® (Section 6.6). The root cause for this phenomenon is 979 

humidity adsorbed into the RSP1 Barocaps® during pre-launch storage (Section 6.2). 980 

‒ There is almost no temperature-dependent error in the original calibrated MET-P data 981 

currently available in the PDS (Dickinson, 2008) (Section 10). The only exceptions are 982 

readings measured during intervals when the sensor's housekeeping temperatures is colder 983 
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than -30 °C, however, even in these cases the effect of the temperature dependence is < 0.5 984 

Pa. 985 

‒ The error range of the original MET-P data is from -5.3 Pa to +3.5 Pa for the whole landed 986 

mission (Section 10). At the beginning of the landed mission the actual pressure is probably 987 

closer to the lower error range than at the end. Hence, the accuracy of the MET-P data is 988 

much better than the original estimate given by Taylor et al. (2010). 989 

‒ Hysteresis related to temperature variations affects the scientific MET-P data measured by 990 

Barocap® B1 (Section 7). This effect causes minor peaks in the pressure curve (< 0.4 Pa) at 991 

time points when a rapid increase in the sensor's housekeeping temperature ends. 992 

After the discovery of the impact of temperature hysteresis on the MET-P data (Section 993 

7), one could ask if there could still be error sources that would not have been found yet. In the 994 

case of Barocap® B1, all deviations above noise level in the test and flight data are explained 995 

completely by the effects mentioned in this study. The effect of the temperature hysteresis is only 996 

0.4 Pa and still it was found. Thus, it is difficult to believe that anything larger could still hide in 997 

the data. Further, other error sources that could affect the Phoenix pressure sensor were not 998 

found in the tests of the technically similar REMS-P pressure sensor even though the test 999 

campaign of REMS-P was much more exhaustive than that of Phoenix MET-P (Gómez-Elvira et 1000 

al., 2012; Harri et al., 2014). 1001 

A summary of the uncertainty factors and their impacts on the science data is presented in 1002 

Table 3. In the time scale of minutes to about 1.5 hours there are two error modes that cause 1003 

measurable deviations in the final corrected data: thermal lag and temperature hysteresis. The 1004 

magnitude of these effects is less than 0.4 Pa except the short duration (< 512 s) residual thermal 1005 
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lag errors (Taylor et al., 2010). Fortunately, this time scale is scientifically uninteresting: dust 1006 

devils are faster and semi-diurnal variations are slower. 1007 

Table 3 1008 

Impacts of uncertainty factors on the Phoenix MET-P science data (in order of time scale) 1009 

Factor Time 
scale 

Impact Discussed in 
Original calibrated 
data (PCOR1 
compensated) 

Final 
corrected 
data 

Noise (peak to peak) 2 s 0.1 Pa 0.1 Pa Taylor et al., 
2010 

Response time  ~3 s Not Applicable Not Applicable Ellehøj et al., 
2010 

Thermal lag (residual 
error after PCOR1) 

< 512 s < 1 Pa < 1 Pa Taylor et al., 
2010 

Temperature hysteresis < 1.5 h < 0.4 Pa < 0.4 Pa Section 7 
Modeling error Diurnal < 0.5 Pa 0 Pa Section 10 
Temperature 
dependence of B1 

Diurnal < ± 0.2 Pa < ± 0.2 Pa Section 6.6 

Drift during the landed 
mission 

151 sols -0.5 ... +3.4 Pa -0.5 ... +3.4 Pa Section 8.2 

Offset at the beginning 
of the mission 

Permanent -2.35 ± 2.45 Pa ± 2.2 Pa Sections 8.1 
and 10 

Our results show that the Phoenix MET-P sensor fulfilled all its requirements, most of 1010 

them with a clear margin. The error range of the original MET-P data (from -5.3 Pa to +3.5 Pa) is 1011 

clearly inside the accuracy requirement: ±10 Pa in the beginning of the mission and ±20 Pa in the 1012 

end (Taylor et al., 2010). The noise level was 0.1 Pa while the requirement was 0.5 Pa (Taylor et 1013 

al., 2010). The repeatability in the timescale of hours is limited by the modeling error, the 1014 

temperature hysteresis, and the uncertainty in the temperature dependence of B1, all having 1015 

magnitudes < 0.5 Pa. Oddly enough, there was no requirement for repeatability, however, the 0.5 1016 

Pa resolution requirement can be interpreted to apply also for this parameter. 1017 
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The usability of the Phoenix pressure data for studying diurnal pressure variation has so 1018 

far been limited as the data have been suspected to contain instrument anomalies affecting this 1019 

time scale. Tyler & Barnes (2014) found out that the phase of the diurnal pressure variation 1020 

measured by Phoenix differed by ∼6 h from the results of their mesoscale model. Martínez et al. 1021 

(2017) noted a similar phase shift compared to the measurements of previous landers. However, 1022 

these authors were not able to draw definite conclusions of these observations due to the 1023 

suspected instrument anomalies. 1024 

Diurnal variations in the Martian surface pressure are primarily caused by thermal tides, 1025 

forced by solar heating of the atmosphere (Zurek, 1976; Leovy & Zurek, 1979; Zurek & Leovy, 1026 

1981; Wilson & Hamilton, 1996; Guzewich et al., 2016). This phenomenon has been studied by 1027 

performing spectral analyses of measured pressure time series to find out the amplitudes and 1028 

phases of the different tidal frequencies ("diurnal", "semidiurnal", "terdiurnal", and so on). Based 1029 

on our results, we conclude that the tidal amplitudes and phases would virtually not be affected 1030 

by the potential drift of the Phoenix pressure sensor's temperature dependence (Section 6), nor by 1031 

the modeling errors (Section 10). On the other hand, the error peaks caused by temperature 1032 

hysteresis (Section 7) could potentially affect the higher tidal frequencies. Nevertheless, as these 1033 

error peaks appear at more or less random time points (Section 7), their impact would average 1034 

out in spectral analysis if the applied time series covered several sols. 1035 

In their study on the possible secular climate change on Mars, Haberle & Kahre (2010) 1036 

compared the original Phoenix MET-P pressure readings to Viking lander measurements. They 1037 

found out that the pressure measured by Phoenix was ~10 Pa higher than that measured by the 1038 

Viking landers during the same season, taking into account the hydrostatic pressure difference 1039 

following from the elevation differences of the landing sites. Our results show that the lower 1040 
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error range of the original MET-P data is -5.3 Pa. Hence, the measurement uncertainty of the 1041 

Phoenix pressure data cannot alone explain the ~10 Pa deviation that Haberle & Kahre observed. 1042 

The pressure sensors of the Viking landers were probably even more accurate. According to 1043 

Hess et al. (1977), their accuracy was "much better" than 0.09 mbar = 9 Pa, and according to 1044 

Tillman et al. (1993) it was "around" 0.02 mbar = 2 Pa. However, these authors do not give 1045 

rationales for these accuracy estimates, which casts a small doubt upon their validity. Further, 1046 

according to Haberle & Kahre (2010), the uncertainty of their hydrostatic correction is 4 Pa. 1047 

Therefore, the ~10 Pa deviation that Haberle & Kahre observed could be caused by the combined 1048 

effect of the errors in the Phoenix and Viking pressure measurements and in the hydrostatic 1049 

correction. However, if we believe in Tillman's accuracy estimate for the Viking lander pressure 1050 

data (Tillman et al., 1993), then this would require that all of the errors were in the same 1051 

direction and that all of them had magnitudes close to the upper limits of their ranges which is 1052 

improbable. 1053 

The Phoenix pressure sensor project showed that the RSP1 Barocap® do not fulfill the 1054 

strict stability requirements of planetary atmospheric sensors. Therefore, they have not been used 1055 

in subsequent planetary science instruments (Harri et al., 2014; Kahanpää et al., 2017, Esposito 1056 

et al., 2018). The Vaisala Company has developed a new pressure sensor head for the Martian 1057 

range, called Barocap® NGM (Next Generation for Mars). This sensor head type has been and 1058 

will be used in the pressure instruments of the Exo-Mars Schiaparelli, Mars 2020 and ExoMars 1059 

2020 landers. The qualification tests of the DREAMS-P instrument onboard Exo-Mars 1060 

Schiaparelli (Esposito et al., 2018) have indicated that the temperature dependence of Barocap® 1061 

NGM is extremely stable (Kahanpää et al., 2017). 1062 
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The thermal lag and also the temperature hysteresis errors are caused by the unexpected 1063 

fast variations in the temperature of MET-P (Taylor et al., 2010). These error modes affect also 1064 

the new Barocap® types, such as NGM and RSP2M (Harri et al., 2014; Kahanpää et al., 2017). 1065 

The lesson learned from this is that Barocap®-based pressure sensors require a stable thermal 1066 

environment. This thermal requirement should be taken into account already in the system level 1067 

design so that it could be fulfilled without adding mass and energy consumption. Also, the 1068 

temperature of the sensor during the interplanetary cruise is an important factor as it affects the 1069 

outgassing rate (Appendix D, Online Resource 5). The ideal scenario would be that the 1070 

temperature of the sensor was rather high (>~5 °C) during the interplanetary cruise to allow 1071 

proper outgassing, and rather low (<~-10 °C) during the landed mission to slow down the drift 1072 

rate. 1073 

Finally, this study shows an example of the problems caused by the International Traffic 1074 

in Arms Regulations (ITAR) on international co-operation in space research. The rather high 1075 

uncertainty of the Phoenix pressure data that was reported by Taylor et al. (2010) did not follow 1076 

from the technical limitations of the sensor. Instead, it followed from the lack of information 1077 

caused by the ITAR law of the USA. If the data of the System Thermal Test had initially been 1078 

available to the whole Phoenix MET instrument team, then the changes in the temperature 1079 

dependences of the RSP1 Barocaps® during pre-launch storage would have been detected and 1080 

compensated already before Phoenix landed. Consequently, there would have been no reason to 1081 

doubt the temperature dependence of the LL-type Barocap® B1 that was used to measure the 1082 

science data. 1083 
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• The quality of the atmospheric pressure data of the Mars Phoenix lander is studied 

• The data are more accurate than reported before 

• A corrected version of the data is included in the supplementary material 

• There are almost no temperature-dependent errors 

• Temperature hysteresis causes small deviations 
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