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Simultaneous measurement of atmospheric moisture and temperature in the presence of airborne particulates over an extended region using a
single sensor is very important for the prediction of fog in an open environment. Here, we have developed an ultrasonic technique to measure
relative humidity and temperature of open-air containing suspended particulate matter in a controlled environment. We achieved an accuracy
within ±0.9 K for a temperature range of 297–302 K, and within ±2.68% for relative humidity in the range of 60%–100%. We also characterized
laboratory-generated fog using ultrasound and found our results to be in agreement with the conventional optical method. At higher concentrations,
our technique appears to be a better means of characterizing atmospheric moisture content compared to light.

1. Introduction

The measurement of humidity in the air is extremely important
for several applications such as the preservation of books and
artwork, in greenhouses,1,2) sonar sensing,3,4) and fog
prediction.5) Fog is an important meteorological phenomenon
that reduces visibility in the affected region. The prediction of
fog has far-reaching consequences in fields such as road safety,
naval navigation, and airport operation.6) Fog formation is
affected by the atmospheric temperature, moisture content and
the amount of SPM in the air.7) Therefore, a unified sensor for
the simultaneous measurement of atmospheric moisture and
temperature in presence of airborne particulates over an extended
region is important for the prediction of fog in an open
environment and would be useful for all these applications.
Conventionally, air temperature and humidity are measured

using wet and dry bulb thermometers, which have the
disadvantage of being point measurement devices, while fog
density is estimated using optical visibility meters.7) In some
previous works, the temperature and humidity of the air above
dew point have been measured and the presence or absence of
fog has been successfully detected using ultrasound
probes.1,8,9) Ultrasound probes consist of a pair of ultrasonic
transducers and a propagation path. The spatial properties like
temperature or wind velocity along the path of propagation can
be obtained from the change in the parameters of the sound
traveling through it.3) The advantage of ultrasound probes is
that they can obtain the instantaneous measurement of the
medium parameters in a non-contact state. Thus, they find use
in a wide variety of non-destructive testing applications such
as crack detection,10) determination of the porosity and
viscosity of materials,11,12) and monitoring the setting time of
concrete.13) In the field of atmospheric condition monitoring
using ultrasound, there is still scope for improvement as air
temperature and humidity have not been simultaneously
characterized in conditions both above and below the dew
point, and the effect of SPM on these measurements has not

been investigated. Also, fog density has not been quantita-
tively estimated using ultrasound.
In this paper, an ultrasonic method for the simultaneous

estimation of atmospheric moisture and temperature in the
presence of suspended particulates is presented. The pro-
posed technique utilizes two parameters: sound velocity and
attenuation, to estimate relative humidity and temperature
both above and below dew point as well as the amount of
moisture in the air in foggy conditions.

2. Experimental methods

2.1. Principle of measurement
The parameters of ultrasound, such as amplitude and velocity
of propagation, are affected by factors like temperature,
humidity, pressure, wind velocity, and SPM present in the
propagation path.1,8) The velocity of sound is affected by
temperature (T), saturation vapor pressure ( )r ,sat and relative
humidity (RH). The theoretical value of speed of sound is:
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Sound attenuation is affected by temperature, pressure,
humidity, and the frequency of the sound used.8,14) The
theoretical value of the attenuation coefficient (αth) in the
absence of SPM can be calculated using the following
equation:
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the molecular attenuation coefficient due to vibrational
relaxation: a function of temperature, humidity, and the
frequency f of the ultrasound used.
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Using sound velocity and attenuation, the temperature and
humidity of the air can be obtained, given the atmospheric
pressure and the frequency of the sound used remain
constant. The presence of suspended particulates affects the
attenuation of the sound without affecting its velocity of
propagation in the medium.15) The concentration of SPM in
the air is directly proportional to the optical scattering
coefficient of the air.16) The attenuation of sound is also
affected by the presence of fog.1) Therefore, a change in the
attenuation coefficient of sound along its propagation path
can be used for the detection and characterization of fog.
2.2. Experimental setup and procedure
The schematic diagram of the experimental setup is shown in
Fig. 1. The ultrasonic transducers (Uxcell TCT40-16T/R) were
set 97mm apart in Line of Sight (LoS) mode within a closed
(120mm× 110mm× 128mm) chamber. A function generator
(SM5060, from Scientific, India) was used to send the signals to
the transmitter. The transmitted signal was a 40 kHz continuous
sine wave with amplitude 11.3Vp-p. The output of the ultrasonic
receiver was sent to a PC controlled digital oscilloscope (OWON
VDS1022). The computer was used to process the data and a
commercial sensor (AM2302, from Adafruit, USA) was used to
obtain reference values of temperature and humidity.
For the characterization of the effect of SPM on sound,

smoke was introduced into the chamber. The smoke was
generated from a fixed flow smoke machine (Air Trace MK2,
Concept, UK) to keep the rate of injection constant. The
amplitude and phase of the received acoustic signal was
noted before the start of the experiment as the reference. The
experiment was conducted for 20 min and the data was
logged at 30 s intervals. The change in the attenuation and
phase shift of the ultrasonic signal with time was recorded.
After airing the chamber out, the same experiment was
repeated for optical transmittance with an LED and a photo-
detector calibrated against a lux meter (LX-101A, from HTC
Instrument, India) in place of the ultrasonic transducers,
keeping the duration and sampling rate constant. Acoustic

attenuation was then plotted against light transmittance. As the
decrease in transmittance is proportional to the particulate
concentration in the air,16,17) the transmittance was converted
into the number concentration of the SPM.
From Fig. 2, the time difference ( )t and amplitude (VT andVR)

of the transmitted and received signals were obtained. These
values were used to calculate the velocity of sound (cmes) and the
attenuation coefficient (ames) using the following equations:
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where ( )t¢ -nT is the time of flight (ToF) of the ultrasound,
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f

1 = 25 μs is the period of the ultrasound used, and n is
the number of periods from the initiation of the signal. In
Eq. (4), VT and VR are the amplitudes of the transmitted and
received signals respectively, and L is the distance between
the transmitter and the receiver.
For the simultaneous measurement of temperature and

humidity using ultrasound in the presence of SPM: A small
amount of smoke was introduced into the experimental chamber
by turning on the smoke machine for one minute. For baseline-
correction, reference values of sound velocity ( ( )c rmes ) and
attenuation coefficient ( ( )a rmes ) were taken at the temperature
Tr = 298 K. As observed from the previous experiment, there is
no change in the ToF due to the presence of SPM. Therefore,
the value of relative humidity was obtained by substituting Tr

and ( )c rmes in Eq. (1). The baseline attenuation due to the
presence of SPM in the sound propagation path (abase) was
given by the difference between the experimental and theore-
tical attenuation coefficient as follows:

( )( ) ( )a a a= - . 5r rbase mes th

Fig. 1. Experimental setup. All measurements are in mm. The ultrasonic transducers were set in a closed chamber. A function generator was used to send the
signals to the ultrasonic transmitter and the receiver output was sent to a computer via a digital oscilloscope. The computer was used to process the data and a
commercial capacitative sensor was used to obtain reference values of temperature and humidity.



Fig. 2. Example of a typical acoustic signal obtained from the experimental setup, where VT and VR are the amplitudes of the transmitted and received signals
respectively and τ is the time difference between the two signals.

Fig. 3. Simultaneous measurement of temperature and relative humidity using ultrasound in the presence of suspended particulate matter. The plot of
acoustic attenuation versus particle concentration (a) demonstrates the effect of increasing SPM concentration on sound, and (b) shows the experimental results
for the simultaneous measurement of temperature and humidity in the presence of suspended particulates, where the empty circles represent the average and the
error bars represent the standard deviation of each of the sets and the shaded circles are reference values obtained from a commercial capacitative sensor.



The temperature and humidity in the chamber were varied
and readings of cmes and αmes were taken for five different
sets of conditions. The baseline attenuation was subtracted
from the datasets to remove the influence of the suspended
particulates on the attenuation coefficient. The experimental
values of temperature ( )Texp and relative humidity ( )RHexp

were obtained by minimizing the optimization function:
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using the Nelder–Mead simplex method.8) Here, cth and αth are
the theoretical values of sound velocity and attenuation
coefficient at the given conditions of temperature and relative
humidity.
The entire experiment was repeated for two more concen-

trations of SPM. For the second trial, the smoke machine was
turned on for two minutes, and for three minutes before the
third trial. The average and standard deviation over the three
trials were calculated for each of the five sets of temperature
and humidity and the results were compared with data from
the commercially available sensor (AM2302, Adafruit).
For the characterization of fog density, an ultrasonic

humidifier (MeterMall Electronics, USA) was used to

introduce moisture into the chamber. The rate of injection
was measured to be 5.78 μl s−1. The amplitude and ToF of
the received signal was noted before the start of the
experiment as the reference. The experiment was conducted
for 20 min and the data was logged at 30 s intervals. The
temporal change in the ToF of the ultrasound was observed
and the attenuation of the ultrasonic signal was plotted against
the moisture content in the chamber. As a standard, the same
experiment was repeated for optical transmittance with an LED
and a calibrated photodetector in place of the ultrasonic
transducers. The experiment was conducted for 20min and
the data was logged at 20 s intervals.

3. Results and discussion

The change of acoustic attenuation with the smoke particle
concentration generated by the smoke machine is shown in
Fig. 3(a). The attenuation coefficient increases with the
increase of SPM concentration. Zero phase shift was ob-
served in the received signal with the rise of particulate
concentration. Figure 3(b) shows the experimental results for
the simultaneous measurement of temperature and humidity
in the presence of suspended particulates. For temperature in
the range of 297–302 K, an accuracy within ±0.9 K and for
relative humidity in the range of 60%–100% accuracy within
±2.68% was achieved.

Fig. 4. Characterization of fog via (a) sound attenuation and (b) optical transmittance. Moisture content refers to the amount of water vapor injected into the
(120 mm × 110 mm × 128 mm) experimental chamber by the humidifier. The guides to the eye are presented for a better visual representation of the data.



In our method of baseline-correction, a baseline measure-
ment must be made for a specific concentration of SPM at a
known temperature. So, when the SPM concentration
changes, the baseline measurement needs to be redone.
Therefore, to perform baseline corrections in a practical
environment, we propose the following steps: (a) The closed
container is placed in the field and the seal is opened,
allowing the air to flow in. (b) The container is sealed to
maintain SPM and moisture concentrations and a thermostat
is used to set the temperature to a known value before ToF
and attenuation are measured. (c) The container is opened
and aired out and steps (a) and (b) are repeated, this time
without turning the thermostat on. (d) The values of cmes and
αmes obtained in step (b) are used to calculate αbase while
those obtained from step (c) are used in Eq. (6) to calculate
the experimental values of temperature and relative humidity.
The experimental results for the characterization of fog

density using acoustic and optical methods are shown in
Fig. 4. The volume of the chamber was measured and the rate
of moisture injection was kept constant, allowing the
moisture concentration in the chamber to be calculated at
any given point of time. In Fig. 4(a), the attenuation of the
acoustic signal with the increase in the moisture content of
the chamber was observed, reaching saturation at a moisture
concentration of 2.37 μl cm−3. In Fig. 4(b), the light trans-
mittance demonstrated a similar decrease with the increase in
the moisture content of the chamber, reaching saturation at a
lower moisture concentration of 2.115 μl cm−3.
The analysis of the experimental results emphasizes the

possibility of fog density characterization using the attenua-
tion of the ultrasonic signal. It is of interest to note that
saturation is reached for a lower value of moisture concen-
tration in the case of light compared to sound. This indicates
that sound is a better means of fog characterization than light.
Another notable result was that no change in the ToF of the
ultrasound was observed after a sharp initial reduction when
the fog was first introduced into the chamber as shown in
Fig. 5.
Using Eq. (1) and substituting the measured ToF and the

temperature of the chamber obtained from the capacitative
sensor, the value of relative humidity was calculated to be

0.984. This agrees with the theory of fog formation that states
that, in the absence of SPM to serve as condensation nuclei,
the air has to be saturated with water vapour for fog to form.7)

In such cases, assuming relative humidity to be 1, the
temperature can be calculated from just the ToF of the
ultrasound without considering the attenuation. For example,
in our experiment the calculated temperature was 24.45 °C,
which is very close to the reference temperature of 24.5 °C
and the error in the relative humidity was 1.6%, which is
within the margins obtained from Fig. 3(b). Therefore, our
technique can be extended in the absence of SPM to work in
foggy conditions.
SPM particles provide cloud condensation nuclei for the

moisture in the air to attach to, catalysing fog formation at
values of RH as low as 0.7,7) invalidating the assumption of
RH = 1 made in the previous paragraph. To calculate the
temperature and humidity in such a case, the knowledge of the
cloud condensation process would be required. This introduces
new factors such as the SPM particle size distribution and the
chemical composition of the particles.5,18) Therefore, in order
to predict temperature and humidity in the presence of both
smoke (SPM) and fog (i.e. smog), our technique needs further
improvement.

4. Conclusions

An ultrasonic technique to measure the moisture content and
temperature of air containing suspended particulate matter
was demonstrated in the present work. The proposed
technique utilizes two parameters: sound velocity, and
attenuation, to estimate relative humidity and air temperature
before fog formation and to characterize the amount of
moisture in the air under foggy conditions. In the absence
of SPM, the technique can also be used to monitor the air
temperature within the fog. It was experimentally verified
against results obtained from a standard capacitative sensor
for measurement of relative humidity and temperature above
dew point, and light transmittance for estimation of fog
density. It was found that sound might be a better means than
light for characterizing higher concentrations of moisture in
the air. Consequently, the proposed technique can find use in
a wide variety of applications requiring the simultaneous

Fig. 5. Temporal variation of Time of Flight (ToF) of the ultrasound with introduction of fog into the experimental chamber. The temperature of the chamber
(T) is obtained from the commercial sensor and the ToF at this temperature is theoretically predicted assuming relative humidity to be 1.



characterization of moisture content and temperature of the
air, such as sonar sensing, fog prediction, naval navigation,
and airport operation. The limitation of our technique is that
it cannot be applied in the presence of smog. Efforts are
underway to overcome this challenge and adapt this tech-
nique to work in real atmospheric conditions.
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