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Abstract. In this paper we present new calibration measure-
ments that have been performed with the ground reference
models of the relative humidity instruments of the Mars Sci-
ence Laboratory (MSL), Mars 2020 and ExoMars missions.
All instruments are based on capacitive sensor head tech-
nology, and they are developed, manufactured and tested
by the Finnish Meteorological Institute (FMI). Calibration
of capacitive humidity sensors for the Martian environment
has been a challenging task and special facilities are needed
in order to create Martian conditions including all relevant
environmental parameters that can be accurately controlled
and measured: low pressure, low temperature, carbon dioxide
environment and especially humidity. A measurement cam-
paign was performed at the German Aerospace Center (DLR)
PASLAB (Planetary Analog Simulation Laboratory) to de-
termine relative humidity calibration datasets for REMS-
H, MEDA HS and METEO-H instruments in temperatures
from −30 °C down to −70 °C in low-pressure CO2. In addi-
tion to the stable point humidity calibration measurements in
CO2, the instrument performance was tested with the actual
Martian atmosphere composition and during long continuous
measurements. The new calibration dataset has already been
used in the flight calibration of the MEDA HS instrument, re-
sulting in successful calibration and excellent accuracy. The
results from this campaign will further improve relative hu-
midity measurements on Mars by providing the means to re-
analyze the current calibration of the REMS-H flight model

and by allowing more accurate comparison between the two
instruments currently on the Martian surface.

1 Introduction

The Finnish Meteorological Institute (FMI) has provided at-
mospheric relative humidity (RH) instruments based on ca-
pacitive sensor heads for several Mars missions, the first op-
erational one being REMS-H on board the Curiosity rover
(Fig. 1), which landed on Mars in 2012. REMS-H was fol-
lowed by MEDA HS on board the Perseverance rover in
2021. Both instruments are still active and producing daily
readings of relative humidity. Relative humidity instruments
have also been delivered for Mars-96 penetrators and small
stations (Harri et al., 1998), for DREAMS on board the Exo-
Mars 2016 Schiaparelli Entry, Descent and Landing Demon-
strator Module (EDM) (Esposito et al., 2018), and for ME-
TEO on the ExoMars 2020 surface platform Kazachok (Ze-
lenyi et al., 2015). The Mars-96 mission experienced a failure
during launch, resulting in the loss of the mission; the landing
of Schiaparelli EDM was not successful, and the ExoMars
2020 mission was suspended in March 2022. The ExoMars
rover mission has been restarted but the landing platform will
be a new development. In addition to the FMI instruments,
only the Phoenix lander has measured relative humidity di-
rectly on the Martian surface (Zent et al., 2009).
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Figure 1. REMS-H attached to the mast of the Curiosity rover.
Credits: NASA/JPL-Caltech/MSSS.

Calibration of capacitive humidity sensors for the Martian
environment has proven to be a challenging task. The capac-
itive sensors, which have been used in all in situ measure-
ments so far, are sensitive not only to relative humidity but
also other variables like temperature, low pressure and car-
bon dioxide (CO2) (Harri et al., 2014; Lorek and Majewski,
2018; Tabandeh and Högström, 2021). Special facilities are
needed in order to create Martian conditions including all
relevant environmental parameters, especially to control and
measure the humidity inside the measurement chamber with
sufficient accuracy, limiting the existing test facilities. In ad-
dition, measurements at low temperatures take time because
the stabilization of the measurement system can be slow.
Typically, the calibration campaign for the flight model needs
to find a balance between the schedule, test scope and limi-
tations such as cleanliness requirements, which can restrict
the extent of any campaign. In fact, previous missions have
encountered diverse challenges during the calibration pro-
cess. The original calibration range of the Phoenix thermal
and electrical conductivity probe (TECP) only partially over-
lapped with the actual operating conditions and the TECP
was later recalibrated using an engineering model by Fischer
et al. (2019). Curiosity’s REMS-H returned relative humid-
ity readings that were too low due to an unknown transducer
electronics artifact, and a calibration compensation was de-
veloped (Harri et al., 2014) but without new calibration mea-
surements in a relevant environment. The original REMS-H
calibration data were measured in ambient pressure air and
not in low-pressure CO2.

Building upon the experience from previous missions, a
test program was planned for the humidity sensors from Mars
2020 and ExoMars 2020 using extensive ground reference
model measurements to supplement the flight model cali-
bration (Hieta et al., 2022). The actual flight models would
go through only a simplified two-point calibration in Mar-
tian conditions. An appropriate facility for the supplementary
ground reference measurements was identified as the Ger-
man Aerospace Center (DLR) PASLAB (Planetary Analog
Simulation Laboratory). This facility is used for habitability-

related experiments under Martian conditions and for humid-
ity sensor studies, for example by Lorek (2014) and Lorek
and Majewski (2018).

In this work, we present the measurement campaign at
the DLR PASLAB and its results, encompassing calibration
measurements of three relative humidity instruments. The
main motivation for the campaign was supplementing the
flight calibration of the MEDA HS instrument on the Per-
severance rover, while simultaneously gaining information
and knowledge on the behavior of the older sensor type of
the REMS-H instrument. The results of the measurement
campaign presented in this paper regarding the MEDA HS
have already been summarized in Hieta et al. (2022) and the
dataset has been used in formulating the flight calibration
for MEDA HS. This paper will provide a more thorough de-
scription of the tests, provide equivalent results for REMS-H
and METEO-H, and provide new results of measurements in
an accurate Martian gas mixture as well as characterization
of MEDA HS self-heating during continuous measurements.
The implications of these results concerning current REMS-
H flight calibration are beyond the scope of this paper but
will be a topic of future work.

1.1 Scientific background

Despite the atmosphere of Mars being extremely dry, water
vapor still holds significant importance as one of the three
main cycles that define the present climate of the planet,
along with the cycles of CO2 and dust. Understanding the
Martian water cycle is of high scientific importance as it can
provide insight into the history and evolution of the planet’s
climate, geology and potential for habitability. Furthermore,
accurate measurements of water vapor in the Martian atmo-
sphere can inform future missions to the planet, including the
search for signs of past or present microbial life (e.g., Kap-
pen et al., 1996; de Vera et al., 2014; Stevenson et al., 2014).

Over a span of more than 50 years the combined observa-
tions from ground-based, satellite and in situ measurements
have provided us with a solid understanding of the current
climate on Mars. Most of the water today exists as ice in
the polar caps and within the soil, providing reservoirs for a
planetary-scale water cycle between the atmosphere and the
polar cap areas. Strong seasonal variability is driven by wa-
ter sublimating off of the north residual cap, producing the
annual local maximum in atmospheric water vapor at high
northern latitudes during summertime. The southern sum-
mer produces the opposite effect but with a significantly
lower amplitude. This seasonal and latitudinal dependence
has been known since the Viking era (e.g., Jakosky, 1985),
and our understanding of the details of Martian water has in-
evitably advanced over time due to more observations.

In situ observations have been reviewed by Martínez et
al. (2017). They can provide detailed information about lo-
cal conditions, atmospheric properties and surface interac-
tions, and they can support orbital observations by providing
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the ground truth. Near-surface humidity measurements have
been used in particular for studying the exchange processes
between the atmosphere and the regolith (e.g., Jakosky et al.,
1997; Savijärvi et al., 2016) and for studying the potential for
brine or ice formation (e.g., Fischer et al., 2016; Martínez et
al., 2016). Furthermore, in situ atmospheric humidity mea-
surements have been expanded through modeling activities
conducted by, e.g., Savijärvi et al. (2019) and Savijärvi et al.
(2020).

This paper is structured as follows. Section 2 introduces
the experimental method, related equations, the FMI’s rel-
ative humidity instruments and the experimental setup. The
campaign results are presented in Sect. 3. Section 4 explains
how the data have been used to formulate the calibration
equations for MEDA HS and how the calibrated readings in
this paper have been obtained. Section 5 provides conclu-
sions and a discussion of the results presented.

2 Experimental method

2.1 Humidity equations

The HUMICAP sensor heads measure relative humidity
(RH). The relative humidity is normally expressed as a per-
centage, representing the amount of water vapor in the air
compared to the to the equilibrium amount (saturation) at that
temperature:

RH=
e

es
· 100%, (1)

where e is the water vapor partial pressure (hPa) and es is the
saturation vapor pressure over ice (hPa). Relative humidity
in this paper is calculated with respect to ice.

In order to calculate the water vapor volume mixing ra-
tio (VMR), an equation for saturated water vapor pressure es
over ice is needed. Several different equations exist for this
purpose and we used the 1996 revision of the Buck equation
(Buck, 1981):

es = 6.1115exp
((

23.036−
T

333.7

)(
T

279.82+ T

))
,

over ice, T < 0°C
(2)

where T is the air temperature in degrees Celsius (°C). The
VMR (ppm) in pressure p (hPa) is then obtained with the
equation

vmr= e · 106/(p− e). (3)

The reference dew point hygrometer measures the dew or
frost point of the gas, which can be converted to relative hu-
midity using Eq. (2).

2.2 FMI’s relative humidity instruments

All the FMI’s Martian relative humidity instruments are
based on polymeric capacitive humidity sensor head technol-

Figure 2. Schematic view of the HUMICAP sensor head. A thin
film of active polymer is deposited between two conductive elec-
trodes on top of a substrate (Hum, 2020).

ogy, HUMICAP®, developed by a private company, Vaisala
Oyj (Hum, 2020), which makes use of read-out electronics
placed in the vicinity of the humidity sensor heads on the
same printed circuit board (PCB). A schematic view of the
HUMICAP is shown in Fig. 2. The sensor heads have inte-
grated heating resistors that are used periodically to regen-
erate the HUMICAPs, removing possible contaminants that
can affect the capacitance, restoring the sensor head perfor-
mance and correcting for possible long-term drifts. The read-
out electronics are based on an oscillator transducer that con-
verts the output of the capacitive sensors into frequency. The
capacitance of the channel is then obtained using the constant
reference channels. The instruments contain eight measure-
ment channels which can include two or three HUMICAP
sensor heads, capacitive THERMOCAP® temperature sen-
sors, and reference and housekeeping capacitors. The trans-
ducer’s active components and the multiplexer are imple-
mented into a Vaisala proprietary ASIC (application-specific
integrated circuit). The humidity instruments are mounted
outside the lander, providing ventilation with the ambient
atmosphere through a filter protecting the devices from air-
borne dust.

REMS-H (Fig. 3a) represents the first generation of FMI
relative humidity sensors including three earlier-generation
HUMICAP sensor heads. REMS (Rover Environmental
Monitoring Station) is a suit of sensors on board the Curiosity
rover that measures various environmental parameters on the
Martian surface and REMS-H is the sensor measuring rela-
tive humidity (Gomez-Elvira et al., 2012; Harri et al., 2014).
The Curiosity rover landed at Gale Crater in early August
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Figure 3. REMS-H flight model (a) and MEDA HS flight model (b) inside the FMI’s clean room. The white perforated PTFE filter around the
cylindrical Faraday cage protects the instrument from atmospheric dust. MEDA HS is shown in flight configuration with complete mechanics,
but during the DLR test campaign the large housing box for mounting the instrument was not installed on the REF model. METEO-H is
almost identical to MEDA HS, except that the top of the housing box is not slanted.

2012, meaning that it has operated on the Martian surface for
over 10 years, providing valuable long time series of atmo-
spheric measurements including relative humidity data (e.g.,
Savijärvi et al., 2019). DREAMS-H of the DREAMS (Dust
Characterisation, Risk Assessment, and Environment Anal-
yser on the Martian Surface) experiment on board ExoMars
2016 Schiaparelli (Esposito et al., 2018) was an almost ex-
act copy of REMS-H except for some minor details in the
PCB and mechanical design. Before the unsuccessful land-
ing of the Schiaparelli module on Mars, the module’s cen-
tral computer activated the DREAMS instrument and sent
back housekeeping data indicating that the DREAMS sen-
sors were performing nominally.

MEDA HS (Fig. 3b) and the almost identical METEO-
H are the next-generation successors of REMS-H. MEDA
HS is a relative humidity sensor for the Mars 2020 Perse-
verance rover, and it has measured the Martian atmosphere
since landing in February 2021 (Rodriguez-Manfredi et al.,
2021, 2023; Hieta et al., 2022; Polkko et al., 2023). METEO-
H was delivered for the ExoMars 2020 surface platform, but
cooperation with Roscosmos on the ExoMars mission has
since been terminated. Both MEDA HS and METEO-H are
based on next-generation HUMICAP sensor heads. The new
HUMICAP sensor head has the same polymer and operat-
ing principle as the one used in REMS-H but incorporates
several improvements: the sensor heads have a significantly
larger dynamic range and faster response time, and they in-
clude on-chip temperature measurement with Pt1000 plat-
inum resistance temperature sensors. Pt1000 sensors are read
directly by the MEDA Instrument Control Unit (ICU). The

Figure 4. MEDA HS PCB without the mechanics. The HUMICAP
sensor heads are facing downwards through a hole in the PCB.

integrated temperature sensor allows calculation of humidity
values with respect to the actual sensor head temperature in-
stead of the PCB temperature. MEDA HS and METEO-H in-
clude two HUMICAP sensor heads and a revised selection of
reference and housekeeping channels, as well as two board-
mounted THERMOCAP temperature channels. The MEDA
HS PCB is shown in Fig. 4.

Each ground reference model (REF) of these relative hu-
midity instruments is as similar to the flight model as pos-
sible, and they have been kept at the Finnish Meteorologi-
cal Institute for calibration or performance testing. All REF
models were regenerated before the measurement campaign.
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The REF models have been manufactured and tested together
with the actual flight models but have not gone through envi-
ronmental qualification or acceptance tests to avoid stressing
the instruments.

2.3 Experimental setup

The results presented in this publication were obtained us-
ing the sensor calibration facility of the PASLAB (Planetary
Analog Simulation Laboratory) at the Institute for Planetary
research at the German Aerospace Center (DLR) in Berlin.
The laboratory is used for habitability-related experiments
under Martian conditions as well as humidity sensor studies
(Lorek and Koncz, 2013). Similar sensor studies have been
performed previously by Lorek and Majewski (2018) and
Lorek (2014). A schematic diagram of the setup is shown
in Fig. 5. At the core of the setup is a temperature control
chamber, KWP240, capable of regulating the temperature in-
side the chamber in the range −75 to +130 °C. The chamber
has two ports, one on the left and one on the right, through
which cables, a gas inlet and vacuum tubing can be laid. It
was considered critically important that all the instruments
see the same conditions at the same time during the cam-
paign in order to ensure equal calibration for all and to al-
low comparison between the instruments. For this purpose,
a single test chamber including all three instruments was de-
signed. The same chamber was previously used at the FMI
for testing relative humidity instruments, but for the first time
it was modified to house three sensors of different missions
with slightly different dimensions and interfaces. Figure 6
shows the instruments placed inside the test chamber facing
towards the middle. The gas flow through the chamber across
each sensor is equal. A small-sized Pt100 temperature sensor
was also included in the chamber to measure the temperature
independently of the instruments. In addition to the three hu-
midity sensors from the FMI, a series of Sensirion SHT-85
relative humidity sensors from the DLR were installed in a
parallel chamber. The results of these measurements will be
presented in a separate publication.

The gas composition was generated using the gas mixing
system indicated in Fig. 5 and the pressure in the chamber
was controlled using a vacuum pump. It consists of a gas
humidification system where part of the matrix gas, in this
case CO2, is diverted and dispersed in a bottle containing
distilled water, thus obtaining close to 100 % humidity. This
humidified CO2 is then mixed with CO2 directly from the gas
bottle (99.995 % CO2) at approximately −65 °C frost point
using precision El-flow Select mass-flow controllers from the
company Bronkhorst High-Tech B.V. Nine controllers were
used for this experiment, allowing control of gas flow down
to 0.014 mLnmin−1 (milliliter normal per minute) and guar-
anteeing precise humidity generation over the full range of
required humidities with a stability of ±0.1 °C. Correction
factors can be applied to the controllers for a variety of gases,
including CO2. The humidity generated by the gas mixing

system can be estimated to a precision of the order of 1 or
2 °C frost point; however, to obtain the high precision neces-
sary for sensor calibration experiments part of the outgoing
gas flow was diverted to a dew point mirror (MBW 373) to
directly measure the humidity to a precision of 0.1 °C frost
point. With knowledge of the atmospheric pressure and the
pressure inside the measurement chamber, the humidity in
the measurement chamber can be calculated. A paper analyz-
ing MEDA HS instrument uncertainty and also including the
error in the humidity measurement has been written by Ta-
bandeh et al. (Tabandeh and Högström, 2021). The expanded
uncertainty (k = 2) of the Pt100 sensor inside the chamber
is equal to or better than 0.18 °C, and for the MEDA HS
Pt1000 sensors the expanded uncertainty is equal to or better
than 0.22 °C. The chamber pressure measurement has an ex-
panded uncertainty of approximately 14 to 17 Pa, while the
atmospheric pressure measurement has an expanded uncer-
tainty of 400 Pa.

The entire climate simulation system was controlled us-
ing LabVIEW software, allowing automated generation of
humidity and pressure control. In addition, the software was
used to log data from the climate chamber, dew point mir-
ror, vacuum pump and the relative humidity sensors from the
DLR. The reference dew point mirror and pressure sensor
were logged every 2 min continuously. The FMI humidity
sensors were read by another computer with dedicated test
equipment, the same equipment that has been used in all cal-
ibration tests.

2.4 Experimental procedure

The main part of the measurement campaign consisted of
measurements in equilibrium temperature and relative hu-
midity conditions. The goal parameters were set in the con-
trol software and the chamber was left to stabilize for a prede-
termined time period. The gas flow rate through the measure-
ment chamber was 10 NLh−1. Controlling of the parameters
was automatic, allowing the experiment to run continuously
for long periods of time.

Dry measurements were performed as a part of the experi-
ment, but saturation humidities were not planned. Saturation
conditions would not cause damage to the sensors but can
cause erroneous readings until the sensor heads have dried
out.

The following measurement goals were set for these ex-
periments (in priority order).

1. Measure the instrument response in RH in the range
from 0 % to < 100 % RH at stable Martian tempera-
ture (−50 °C or less) and at a stable Martian pressure
of 8 hPa in CO2 gas.

2. Repeat the RH measurements at multiple temperatures
between −30 and −70 °C.

3. Repeat the RH measurements at higher and lower Mar-
tian range pressure in CO2.
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Figure 5. Test setup for the FMI sensors at DLR. The measurement chamber (Fig. 6) including all three instruments was placed inside a
temperature test chamber and connected to the gas mixing system and the vacuum pump. Part of the gas mixing system output was diverted
to a reference dew point mirror.

Figure 6. All three instruments inside the measurement chamber
(the third one is behind the others). The opening from the front to
the back of the chamber that can be seen here is the path of the gas
flow when the chamber is placed in the test setup. The other two
flanges have the electrical feedthroughs for the instruments and the
separate temperature sensor.

4. Repeat the measurements at a representative Martian
gas mixture, at least at one temperature and pressure.

Each instrument was measured with 1 Hz frequency for
only 10 s in order to avoid self-heating. From the 10 s data,
seconds 2–5 are averaged in order to get the actual measure-
ment point. Each instrument was measured with a 10 min pe-
riod. The measurements were run automatically in a contin-
uous way, also during the environmental changes.

The measurement set points are given in Table 1. The ac-
tual achieved input values for pressure and humidity differ
slightly compared to the table, and the final achieved mea-
surement points are presented in Sects. 3.1 and 3.2. Parame-
ters like temperature and pressure can also drift slowly dur-
ing the measurements, but this is not an issue because all
reference values are taken from the reference sensors simul-
taneously with the instrument measurements.

3 Results

The campaign was carried out successfully and all the cam-
paign objectives were met. The campaign was run from au-
tumn 2020 to spring 2021 despite the COVID-19 pandemic.
The measurements started from stable temperature and pres-
sure and close to zero humidity, and the humidity inside the
chamber was increased in a stepwise manner. After reaching
the highest humidity, the steps were repeated again towards
zero relative humidity. Figure 7 gives an example of mea-
surements of one humidity instrument during a measurement
run at stable temperature and pressure and changing humid-
ity. In addition to the stable point calibration measurements
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Table 1. The measurement points including different temperatures, humidities, pressures and gas mediums that were used. Relative humidity
is given with respect to ice.

Temperature (°C) RH (%) Pressure (hPa) Medium

−40, −50, −60, −70 0, 20, 40, 60, 80, 95, 80, 60, 40, 20, 0 6, 8, 10 CO2

−60 0, 20, 40, 60, 80, 95, 80, 60, 40, 20, 0 6, 10 CO2

−60 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 95 8 CO2
90, 80, 70, 60, 50, 40, 30, 20, 10, 0

−30 0, 5, 10, 20, 30 8 CO2

−40 0, 20, 40, 60, 80, 95, 80, 60, 40, 20, 0 8 Mars gas mixture

Figure 7. Example of increasing and decreasing RH measurements
in −40 °C. Panel (a) shows the relative humidity reference mea-
surement calculated from the dew point mirror at instrument tem-
perature (purple) and the instrument temperature evolution during
the measurement (orange). In panel (b) HUMICAP 1 and 2 capac-
itances calculated from raw data are shown for the same run. Each
point represents one measurement every 15 min.

in CO2 (Sects. 3.1 and 3.2), experiments were also performed
in a Martian-like gas mixture (Sect. 3.3) and with MEDA HS
kept continuously powered on instead of regular short mea-
surements (Sect. 3.4).

3.1 Temperature dependence in the Martian
environment

The environmental temperature not only affects the HUMI-
CAP sensor capacitance but also the sensor dynamic range.
At low temperatures the dynamic range is significantly re-
duced compared to room temperature. At +22 °C and at-
mospheric pressure the dynamic range of the newer HUM-
ICAP sensor head is on the order of 7 pF and at −70 °C only
2.5–3 pF. The older sensor type used in REMS-H has a dy-
namic range of only 0.3 pF in −70 °C. An example of hu-
midity measurements at different temperatures is shown in
Fig. 8. Using regression analysis on the dataset it was deter-
mined that a second-degree polynomial curve provided the
best fit for the observed relationships between the variables
with all three measured instruments. Examples of second-
degree polynomial fits are shown in Fig. 8. The different
temperatures are clearly distinguishable and the reduced dy-
namic range towards lower temperatures is also evident. Due
to limitations in the humidity control system at the PASLAB
the range of possible relative humidities was limited at higher
temperatures, and thus −30 °C was the highest test tempera-
ture.

3.2 Pressure dependence in the Martian environment

In addition to different Martian temperatures, measurements
were also taken under different pressures ranging from 5.5
to 9.8 hPa. Figure 9 shows all the successful measurement
points for each instrument in CO2, resulting from the mea-
surement program given in Table 1. The temperatures vary
from −30 to −70 °C and relative humidity from close to
zero to almost 100 % RH. As expected, it was more challeng-
ing to reach lower humidity levels at lower temperatures. At
−70 °C the lowest humidities recorded were approximately
0.3 % RH, while at −40 °C, the humidity levels ranged be-
tween 0.01 % and 0.02 % RH.

The measurements revealed a pressure dependency under
Martian conditions, increasing towards the coldest temper-
atures. For example, in the case of MEDA HS, at −70 °C
a pressure difference of 100 Pa would result in a difference

https://doi.org/10.5194/gi-13-337-2024 Geosci. Instrum. Method. Data Syst., 13, 337–351, 2024



344 M. Hieta et al.: Improving relative humidity measurements on Mars

Figure 8. Measurements of REMS-H (a) and MEDA HS (b) at different temperatures and relative humidities between 0 % and 100 % RH at
stable Mars pressure. The results are shown in terms of reference relative humidity (y axis) and the calculated capacitance of one HUMICAP
sensor head (x axis). The HUMICAP behavior at each temperature was found to be optimally captured by fitting a second-degree polynomial
function to the data.

of 2.8 % in relative humidity. The difference is of the same
order as the measurement uncertainty of the sensor. For ref-
erence, the diurnal pressure amplitude at the Perseverance
landing site, Jezero Crater, is 10–35 Pa, and the seasonal
pressure variation based on previous missions can be more
than 200 Pa (Harri et al., 2024). It is therefore clear that the
pressure changes on the Martian surface must also be taken
into account in the calibration of the instruments. An exam-
ple of second-degree polynomial fits to each measurement
series for one sensor head of MEDA HS REF is given in
Fig. 10.

3.3 Martian-like gas mixture

It has been assumed that because the Martian atmosphere
is 95 % by volume carbon dioxide, the calibration could be
performed in pure CO2 without the other trace gases. That
assumption was possible to put to the test at the PASLAB
by comparing measurements with 100 % CO2 with measure-
ments in a Martian-like gas mixture. The tested Martian-
like atmosphere was composed of 3.7 % air (ca. 2.96 % N2
and 0.74 % O2), 1.6 % Ar and 94.7 % CO2. The Martian
atmosphere measured by Curiosity’s SAM (Sample Analy-
sis at Mars) instrument is 95 % by volume of carbon diox-
ide (CO2), 2.6 % molecular nitrogen (N2), 1.9 % argon (Ar),
0.16 % molecular oxygen (O2) and 0.06 % carbon monoxide
(CO) (Trainer et al., 2019).

The Martian gas mixture was tested only at one tem-
perature, −40 °C, and one Martian pressure but at multi-
ple RH points. This temperature was selected over lower,
maybe more representative, temperatures because the dy-
namic range of the instruments is larger at higher tempera-
ture and therefore any difference between the measurements

would be more easily seen. Scattering of the measurements
is also smaller at higher temperatures. The resulting data se-
ries was compared to measurements in pure CO2 at the same
temperature and at two similar pressures. The results can
be seen in Fig. 11. In the capacitance plot there is no visi-
ble difference between the measurements in pure CO2 and
in the Martian gas mixture. The difference was further in-
vestigated using calibrated RH data (calibration as described
in Sect. 4) from MEDA HS REF. The larger scattering and
larger calibration error of the measurement point towards
higher humidities, in line with the typical behavior of the in-
strument. There is no distinctive pattern in the Martian gas
mixture measurements in the difference plot, and while the
largest discrepancies from the reference, reaching 1.5 % RH,
are seen in the Martian gas mixture measurements at hu-
midity of 60 % RH, the measurements are not consistently
higher than the CO2 measurements, leading to the conclu-
sion that the measurements show no differences related to
the gas compositions. Even the largest differences fall within
the measurement uncertainty range of approximately 3 % RH
(uncertainty of MEDA HS flight model in similar condi-
tions).

3.4 Startup self-heating effect

The calibration of the humidity instruments has been deter-
mined by using very short measurements in order to avoid
self-heating; however, on Mars both the MEDA and REMS
humidity instruments have been measuring continuously,
also for longer time periods, for operational reasons.

When the instrument is powered on, a slight warming of
the temperature sensors is visible over a time on the order
of 10 s, even though the power consumption of the sensor is
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Figure 9. Resulting measurements at different temperatures, humidities and pressures for all HUMICAP sensor heads from the three tested
instrument models: REMS-H (a–c), MEDA HS (d, e) and METEO-H (f, g). The relative humidity is calculated from the experimental
chamber parameters and the capacitance is calculated from the raw HUMICAP data. Each point is averaged over a 4 s period, calculated
from the beginning of a stabilized measurement.

only about 20 mW. The sensor self-heating is prominent for
approximately 15 to 20 min, after which the sensor tempera-
ture stabilizes. Intrinsically the local relative humidity at the
sensor drops when the sensor temperature rises, and this can
usually be clearly seen in the long continuous measurements
of the REMS-H and MEDA HS on Mars.

While the relative humidity is intrinsically affected by the
self-heating, in the ideal case the derived absolute VMR
should be the same before and after self-heating when the
environment stays the same. In that case the relative humid-
ity sensor data could be used as such after the self-heating
period. This theory was tested with the MEDA HS ground

reference model at the DLR PASLAB in low-pressure CO2
at −60 °C.

Figure 12 shows two test measurements. The calibrated
relative humidity (calibration as described in Sect. 4) of the
MEDA HS ground reference model is compared to the refer-
ence RH, calculated from the dew point mirror frost point
temperature and from the MEDA HS temperature, and to
chamber RH. Both measurements were performed at−60 °C
but in different humidities. In the upper panel the RH was
around 9 % during instrument startup and in the lower panel
38 %. A small calibration offset has been added in order to
see the difference between the instrument and reference RH
more clearly. The plots show that there is no significant dif-
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Figure 10. Second-degree polynomial lines fitted to each measurement series of MEDA HS HUMICAP 1 at one temperature and pressure.
The pressure dependence can be seen between the measurements at a fixed temperature. e gives the mean absolute error.

Figure 11. Comparison of CO2 gas (purple and blue) and the Mars-like gas composition (pink) in capacitance compared to reference RH (a)
and the difference between calibrated RH and reference RH (b).

ference after the self-heating period has stabilized, and even
during self-heating both readings follow the ideal reference
curve quite well.

Figure 13 shows the same measurements as Fig. 12 but
with a derived VMR (average of the two sensor heads) com-
pared to the reference VMR. The reference VMR is calcu-
lated from the dew point mirror frost point, chamber tem-
perature and pressure. In the 9 % RH measurement the in-
strument VMR first rises rapidly 2 ppm above the reference
VMR and then drops about 1.5 ppm below the reference
before stabilizing slightly above the reference VMR. Sim-
ilar behavior is also present in the 38 % RH measurement.
This behavior is most likely due to small temperature gra-
dients developing in the PCB electronics during the self-
heating period (Polkko et al., 2023). At the end of the mea-

surements, 70 min after powering up the instrument, the dif-
ference between the measured VMR and reference VMR
is about 2 ppm. It is very small compared to the measure-
ment uncertainty of the MEDA HS flight model VMR, which
would be around 15 ppm at 9 % RH and about 30 ppm at
38 % RH at this temperature.

As the test was only performed at one temperature and
in two different humidities, the results cannot be considered
conclusive yet. But it seems plausible that these instruments
can also be operated continuously with the current calibra-
tion.
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Figure 12. Calibrated RH of MEDA HS compared to the reference during the MEDA HS self-heating test. Two measurements shown in
panels (a) and (b) were acquired with different humidity levels, both at −60 °C in 8 hPa. The reference RH is calculated from the reference
frost point at HS temperature, while the chamber RH is calculated from the reference frost point at chamber temperature. The MEDA HS RH
has been offset-corrected to the same level as the reference RH in order to allow comparison of the two readings. Occasionally disjointed RH
values from MEDA HS are due to fluctuations in the chamber reference pressure readings, which are used to calculate the calibrated RH.

4 Calibration equations for MEDA HS

The measurements presented in this paper have already been
used in Perseverance’s MEDA HS humidity sensor calibra-
tion. The measurements of the actual flight model at the FMI
and the measurements at the DLR PASLAB were combined
to provide more accurate calibration coefficients that would
not have been achieved with the original measurements at the
FMI alone.

Because all sensor heads and instruments are unique, in
order to utilize the ground reference model measurements,
information about the differences between the instruments
is needed so that the calibration information can be trans-
ferred. This is made possible by simultaneous measurements
of flight and reference models at the FMI, the very similar be-
havior between the different HS models and also the statistics

of an almost identical METEO-H REF model included in the
calibration campaign.

Using data taken at 7–8 hPa, dry and saturation curves
were calculated from HUMICAP capacitance readings (pF)
as a function of the HUMICAP temperature. Only the aver-
age values of the first 2–5 s of each measurement are used
in the calibration. A scaled capacitance was calculated using
100 % and 0 % RH curves to give the range of the capacitance
at each temperature. Scaled capacitances of all four HUM-
ICAP sensor heads from MEDA HS and METEO-H were
combined to increase statistics, and a calibration curve was
fitted to the combined data. This calibration curve was then
transferred to MEDA HS flight model HUMICAPs. The cal-
ibration of the MEDA HS is presented in more detail in Hieta
et al. (2022). For the ground reference models, a calibration
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Figure 13. Calibrated average VMR of MEDA HS HUMICAPs compared to the reference during the MEDA HS self-heating test in the
same cases as in Fig. 12. Reference VMR is calculated from the reference frost point at chamber temperature and pressure. The sensor VMR
first rapidly increases and decreases during the self-heating period before stabilizing slightly above the reference VMR.

has been calculated separately for each HUMICAP since the
averaging is not necessary.

The relative humidity reading (% RH) is calculated from
the scaled capacitance with a second-degree polynomial:

RH= af C2
scaled+ bf Cscaled+ cf . (4)

Calibration parameters for the MEDA HS ground refer-
ence model used in this paper are given in Table 2.

A comprehensive uncertainty analysis was performed for
the MEDA HS flight model by Tabandeh and Högström
(2021). Fitting residuals of the method described above were
found to be the main uncertainty source for MEDA HS.
Therefore a compensation model was developed by studying
the correlation between the fitting residuals and temperature,
pressure and relative humidity. The compensation model has
also been applied to the MEDA HS ground reference model
calibrated RH shown in Figs. 12 and 11.

Table 2. MEDA HS ground reference sensor head calibration pa-
rameters.

Parameter HUMICAP 1 HUMICAP 2

ad −1.902450348× 10−4
−1.975077126× 10−4

bd 5.362532951× 10−3 4.065874934× 10−3

cd 4.536447969× 10+1 4.514377272× 10+1

aw 1.283982106× 10−1 1.265131607× 10−1

bw 5.514342280× 10+1 5.480986012× 10+1

af 2.122378479× 10+1 2.122378479× 10+1

bf 7.868134001× 10+1 7.868134001× 10+1

cf −6.406002023× 10−4
−6.406002023× 10−4
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The compensation is the same for both the MEDA HS ref-
erence model and flight model HUMICAPs, defined as

C̄ =

(
c1+ c2 · T + c3 ·

P

100
+ 0.0181

)
·RH

− 0.08478 · cos(0.06743 ·RH)

− 0.9919 · sin(0.06743 ·RH)+ 0.1257,

(5)

where T is temperature (°C) and P is pressure (Pa). Terms
c1, c2 and c3 are defined as follows.

c1 =− 2.362 · exp(−0.05704 ·RH)

− 0.4051 · exp(0.00369 ·RH)

c2 = 0.01474 · exp(c1)− 0.01095
c3 =−0.09237 · c1+ 0.0004843

Final corrected RH for the MEDA HS ground reference
model is obtained by adding the compensation to the RH ob-
tained through scaled capacitance:

RHcorr, HC1 = RHHC1+ C̄

RHcorr, HC2 = RHHC2+ C̄.
(6)

5 Conclusions and discussion

The measurement campaign at the DLR PASLAB resulted in
high-quality calibration datasets in a representative Martian
environment for REMS-H, MEDA HS and METEO-H rel-
ative humidity instruments. The tested models were flight-
representative ground reference models which were man-
ufactured and tested together with the actual flight mod-
els. Currently REMS-H on board the Curiosity rover and
MEDA HS on board the Perseverance rover are operating on
Mars, while the ExoMars surface platform mission including
METEO-H has been canceled. Although METEO-H will not
be operational on Mars, it has provided important statistics
about the behavior of the new HUMICAP sensor heads.

The new calibration dataset has already been used in the
flight calibration of the MEDA HS instrument, resulting in
excellent accuracy and trustworthiness of the measurements
the instrument provides. With this dataset and the calibration
compensation developed based on it, we were able to im-
prove the calibration uncertainty from an estimated ≤ 10 %
to ≤ 4.4 % RH at temperatures down to −70 °C (Taban-
deh and Högström, 2021). No changes or corrections have
been necessary since the calibration presented in Hieta et al.
(2022).

The dataset also provides the means to reanalyze the cur-
rent calibration of the REMS-H flight model. The current
compensated calibration of REMS-H will be compared to a
calibration derived from the dataset presented in this paper
in order to assess the need for possible recalibration, and in
the best case the flight calibration could be improved using
the new data. However, the unknown transducer electronics

artifact affecting REMS-H is likely more complicated than
just a calibration issue, so we do not expect it to reach the
same performance as MEDA HS even with recalibration. In
any case, the analysis of REMS-H calibration will allow for
a better comparison between the two instruments on Mars,
enhancing the scientific output from the two locations.

In addition to the stable point humidity calibration mea-
surements in carbon dioxide, two other experiments were
run with the same setup. Comparative measurements were
performed with a realistic Martian atmosphere composition
to confirm that there is no difference compared to a pure
CO2 atmosphere, justifying the calibration performed in just
CO2. The measurements were successful and indeed they
confirmed that the measurements were fully concordant. An-
other experiment in addition to the normal calibration was to
test the continuous measurement mode of MEDA HS, where
the instrument is kept powered on for longer periods of time,
instead of periodic operation, used to avoid self-heating. The
conducted tests have produced encouraging results, suggest-
ing that self-heating has a negligible impact on the absolute
VMR. However, additional testing and analysis are required
to validate these findings over a larger operational tempera-
ture range and to determine their applicability to the flight
models.
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