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Abstract: Severe frost usually has adverse impacts on agricultural production, resulting in crop freeze
injury, poor crop yield, and crop quality reduction. Timely and accurate detection of frost plays an
important role in cold damage warnings, prevention, and control. Current frost detection methods
mostly use physical properties such as light, electricity, and heat, or the judge and quantify using
environmental factors such as temperature and wind speed. However, it is difficult to detect and
accurately identify the frosting phenomenon in real time during field trials because of the complex
environment, different plant types, and interference by many factors during observation. To provide
an overview of the analytical tools for scientists, researchers, and product developers, a review and
comparative analysis of the available literature on frost mechanisms, correlations, and characteristics
are presented in this study. First, the mechanisms of the frost formation process, frost level, and the
significance of detection, are introduced. Then, the methods and techniques used to measure frost
on plant surfaces are synthetically classified and further compared. Moreover, the key points and
difficulties are summarized and discussed. Finally, some constructive methods of frost detection are
proposed to improve the frost detection process.

Keywords: plant; leaf surface; frost; frost characteristics; detection

1. Introduction

Frost generally forms and develops under cold and wet conditions [1]. It is common in
industrial refrigeration equipment [2–4] and occurs frequently in crop fields from autumn
to winter, and sometimes even during the early spring, across temperate regions [5,6].
Frosts have been defined as either advection frost or radiation frost. Advection frosts
frequently happen in cold and windy weather, which is associated with large-scale and
strong, cold air with temperatures below 0 ◦C. Radiation frosts are caused by radiant
energy loss from the atmosphere, soil, and plant ecosystems on clear, no-wind nights. Late
frosts in early spring tend to be radiation frost [7,8].

Frost refers to the white ice crystals that condensate on the ground or objects when
the air temperature near the earth’s surface drops below the frost point (the dew point is
lower than 0 ◦C) under the influence of ground radiation cooling [9]. Frost is a weather
phenomenon in which wet air is exposed to a cold surface at a temperature below its dew
point and below the triple point of water; the water vapor in the air condenses on the cold
surface and eventually forms frost [10].

Much research has been conducted to investigate the process of frost formation. Tao
et al. [11] and Hayashi et al. [12] divided the process into three periods: the early stage, the
crystal growth period, and the fully grown period. Frost crystals exhibit diverse character-
istics at different growth periods during this process. Zhang et al. [13] found that the type
of frost crystals can change from feathery to needle-like, flaky, or even irregularly shaped
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crystals. Different crystal shapes result in frost layers with different surface properties,
such as different densities, roughness, thickness, and thermal properties [14].

People usually see frost on plant surfaces at night when it is mainly a desublimation
phenomenon. The meteorological factors of frost formation are a complex process that
slowly changes due to various factors such as heat radiation from ground objects or cooling
caused by cold air currents, water vapor pressure, wind speed, and cloud cover [15,16]. The
main factors affecting plant surface frosting also include plant body temperature, which
is decreased due to heat radiation, and environmental factors such as frost-related water
vapor pressure. Frost damage is a freezing injury that occurs at the same time as frost.
Frost damage to crops is not only related to the frost itself, but also related to the freezing
tolerance of various crops [17]. Different varieties of a plant can have different freezing
tolerances at different developmental stages.

There are two different views on the effect of frost on plant leaf surfaces. In 1951,
Suzuki [18] believed that frost could increase leaf temperature and thus inhibit radiation
cooling, making it beneficial to protect plants from frost damage. Contrary to this, some
authors believe that even if condensation or frost can temporarily increase leaf temperature,
it is still very weak compared to the surrounding air. Therefore, frost will inevitably have
adverse effects on plants. In nature, frost can be divided into two categories. The frost
damage caused by invisible frost is called “black frost”, and the frost damage caused by the
frost is called “hoar frost”. “Hoar frost” refers to the ice crystals formed when water vapor
near the ground is saturated, causing humidity. “Black frost” is not only invisible frost but
can also cause serious frost injury without white frost. If the temperature on the ground or
plant surface has dropped to 0 ◦C and the air near the ground is not humid enough to form
white frost crystals, black frost will appear [7].

Precisely, what harms plants is “freeze”, not “frost”, because “black frost” does not
release latent heat during its formation; it is often directly transformed into freezing
damage. Furthermore, freezing damage is affected by five factors: cooling rate, absolute
low temperature after cooling, duration of low temperature, defrost speed, and a plant’s
frost tolerance. Whether it is “black frost” or “hoar frost”, it is necessary to understand the
formation principle to avoid frost damage and classify frost severities according to frost
level to accurately prevent frost.

However, there are still many technical problems in the observation of frost phe-
nomena at present. From the existing literature, some meteorologists have continued to
discuss and have proposed many manual observation methods of frost phenomena [19,20].
However, these methods mainly focus on how to obtain the phenomenon characteristics
more accurately and objectively in observation, and they seldom discuss how to realize the
automatic observation of the phenomenon. In reality, manual observation of frost is not
only inefficient, but also costly and subjective error, etc. [21,22].

Recently, technologies and methods related to frost detection continue to appear, but
there has never been a relatively mature program suitable for the detection of frosting
leaf surfaces. In addition, the difficulty of frost detection is also the main reason for the
inefficiency of frost protection, especially in agriculture [23–25].

Considering these facts, we urgently need a set of frost detection methods to provide
data for anti-frost operations, achieve high efficiency, and save energy. Therefore, some
of the current research results with outstanding reference values and significance are
summarized in this review.

1.1. Principle of Frost Formation on Plant Surfaces

Frost, in nature, refers to the white crystals formed by condensed water vapor in the
air near the ground after the temperature of the ground or ground object drops to 0 ◦C
or slightly below 0 ◦C [26]. The process of frost formation is dynamic and changes with
various environmental factors [27–33]. Especially between late autumn and early spring,
frost will appear if the temperature drops below 0 ◦C due to radiation cooling when the
night sky is cloudless and has calm winds. At the same time, the surface temperature of a
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plant body below 0 ◦C and the water between each cell in the plant body is frozen into tiny
ice crystals. These ice crystals need to condensate the water of cells inside the plant, and
ice crystals gradually grow. The water inside the cells permeates outwards and solidifies
the plant’s protoplast colloid material due to how ice crystals interact, eventually causing
crops to wither and die due to cell dehydration within a few hours [34].

The radiative cooling process between soil, plants, and the atmosphere reveals the
main mechanism of frost formation. As shown in Figure 1, photosynthesis and evapo-
transpiration at the canopy between plants and the atmosphere are strong during the day
under short-wave radiation, while long-wave radiation at night causes the temperature
near the ground to drop significantly; the temperature below the canopy will be about 3 ◦C
lower than the temperature above the canopy, which is called “temperature inversion” [35].
Due to the low temperature near the ground, the supersaturated water vapor in the air will
condense into white frost crystals on some objects with poor heat transfer performance
on the ground [30]. Specifically, frost will be delayed or even not occur if there are clouds
in the sky at night, as they will weaken a large part of the long-wave radiation emitted
from the soil and vegetation near the ground. Besides, wind speed has an effect on frost
development. As air slowly passes over a cold surface when there is a breeze, the water
vapor moves around and facilitates the formation of frost. However, when the wind speed
is high, the contact time of the cold surface is too short due to the fast air movement. The
upper and lower air easily mixes, and is not conducive to temperature reduction, thus
hindering the formation of frost. Generally speaking, frost does not form easily when the
wind speed reaches level three or above [7]. Therefore, frost generally forms on a clear,
breezy, or windless night in the cold season.
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Figure 1. Schematic diagram of plant surface frosting under natural radiation conditions: (a) natural radiation frost
formation conditions; (b) principle frost formation on plant surface.

The formation of frost is not only related to the aforementioned weather conditions
but is also related to the properties of ground objects. Since frost is generally formed on the
surface of a cold object, this indicates that the surface temperature of the object is related
to the amount of frost created. In addition, due to the intensity of radiation caused by the
temperature drop, the rate of frosting will be affected, and the more intense the radiation
energy loss, the faster the surface temperature will decrease.

1.2. Frost Severities Classification

At present, the degrees of frost damage have different classification standards in
meteorology and agriculture. In terms of the level of meteorological disasters and their early
warning signals, they are generally divided into several different levels according to the
damage degree, urgency, and development of the situation. These levels are indicated and
marked using different colors and language, respectively. According to the meteorological
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standards established by the China Meteorological Administration, the frost warning
signals are divided into three levels, which are represented by blue, yellow, and orange.
The respective criteria and legend are shown in Table 1.

Table 1. Meteorological frost severities and its standard.

Frost
Severities Evaluation Standard Legend

III

The minimum temperature on the ground will drop below
0 ◦C within 48 h, which will have an impact on agriculture, or

it has dropped below 0 ◦C, which will have an impact on
agriculture and may continue.
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Clearly, the degree of meteorological frost damage can be accurately divided by the
temperature drop range within a specific time, but the specific impact was neglected on
specific crops. In the National Meteorological Industry Standard-Crop Frost Damage Grade
I, crop frost damage is divided into three levels: light, medium, and heavy. These levels
are determined according to factors such as temperature and its changes, the rate of crop
frost damage symptoms, and yield reduction extent [36]. Take tea trees as an example; the
freezing rate is less than 20% for light frost, greater than 20% and less than 50% for medium
frost, and greater than 50% for heavy frost. The symptoms and degree of frost damage
sustained by tea plants after a late frost attack vary with time and external conditions.
Generally, the symptoms of frost damage begin to appear slightly within a few hours
after melting and gradually become fully apparent within a day or two, but sometimes it
may take about a week. The buds, leaves, branches, and whole tea plants show different
symptoms according to the different degrees of freezing damage. The symptoms of frost
damage are shown in Figure 2.
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1.3. The Importance of Frost Detection

In China, frost damage in early and late spring has often occurred in recent years,
which seriously restricts the stable development of the tea and fruit industry. According to
incomplete statistics, the average area damaged by frost in China is 340,000 km2 per year,
and the loss is about three billion yuan per year [37]. Therefore, defense against plant frost
damage is an arduous task in agricultural production.
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To avoid frost damage that causes huge losses of many food crops, some countries
have begun to adopt multiple frost prevention methods, including traditional smoke, cover,
spray, and chemical fuel frost prevention. In recent years, with the improvement of frost
prevention technology and equipment, wind machines and sprinklers are widely used to
protect tea plants from frost-based airflow disturbances. In practice, only air temperature
or wind speed is used as a control parameter to run wind machines or sprinklers for frost
protection; the frost occurrence or severity is not considered. It is clear that frost should be
detected for its control and protection. Therefore, it is of high importance to develop frost
detection methods, techniques, and corresponding sensors for better frost protection with
wind machines and sprinklers.

Compared with other frost events such as airplane wing and track frosting, etc. [38–43],
frost detection based on plant surfaces has inevitably increased in specificity due to the
diversity of plant types, including the surface characteristics and cold tolerance of different
plants. Frosting on leaf surfaces is a time-varying dynamic quantification process with
relatively dispersed distribution. Direct detection is difficult and the effect is poor. Based
on the characteristics of frosted leaf surfaces and more timely detection requirements, we
propose a new type of frost detection with better generality.

Regardless of environmental conditions or the specific properties of frost crystals [33,44–48],
different methods are suitable for different detection schemes for frost detection technology
on plant surfaces. In addition to the urgent research and development trend of current
frost observation equipment [49–52], the research on the application technology of frost
detection has important applications and practical significance to the meteorological field
and industry [53,54].

1.4. Frost Observation and Monitoring
1.4.1. Micrometeorological Model Observation

Some authors such as Jordan and Smith [6], using the principle of micrometeorology
through the collection of frost data at night from weather stations, established energy
balance models to predict the temperature of leaves at night and whether frost will occur.
Radiation is the way in which substances transmit energy through electromagnetic waves.
In fact, every substance is constantly radiating into the sky and absorbing the radiation
emitted by other substances [55]. In the process of plant frosting, exchange radiation also
exists in leaves, the sky, and the ground. The radiant flux is mainly dominated by sensible
heat during the daytime, while at night, latent heat dominates due to phase changes.

On nights with frost conditions, the temperature drops and the humidity increases, and
the transpiration water in plants evaporates out in the form of water vapor and eventually
cause the temperature of the leaves to drop until it reaches the frost point. Figure 3 shows
the energy exchange at the plant canopy scale under frosty night conditions.

The principle focus of micrometeorology is to integrate various meteorological pa-
rameters in the natural environment, and construct mathematical relationship models by
selecting significant parameters through mass transfer and energy balance mechanisms to
predict or characterize the occurrence of frost. This method can explain the occurrence of
frost from energy balance mechanisms and lays a theoretical foundation for frost-sensing
research.

Based on the micrometeorology principle, Lu et al. [56] used support vector machine
(SVM) machine learning technology to analyze the canopy energy of tea plants on frosty
nights to determine the best model of radiation frost prediction and the most relevant
micrometeorological parameters. Furthermore, according to the double-layer model of
turbulent diffusion theory [57,58], the soil is regarded as a layer and the crop canopy
is regarded as a layer. Assumed energy is only transmitted in the vertical direction of
the canopy and the convective transmission occurs only in the horizontal direction; heat
reserves of crops and air are negligible because the tea plants’ canopy transmits energy
with air below and above the tea plants’ canopy, respectively. By establishing the energy
transmission model of the atmosphere–tea plants–soil system on frosty nights and ana-



Agriculture 2021, 11, 1142 6 of 22

lyzing the internal energy of the atmosphere–tea plants–soil system, the three seasons of
frosty nights (autumn, winter, and spring) and three kinds of intensity frost nights (light,
medium, and heavy) are identified. It quantifies the energy budget of each part of the
system and provides a theoretical basis for the effective distribution of anti-frost energy.
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1.4.2. Spectrum and Remote-Sensing Model Monitoring

Reflectivity is an important parameter that determines the properties of a substance in
the frost detection process. John et al. [59] used a thermal infrared spectrometer to detect
the reflectance spectra of feather-like frost crystals and wrapped frost crystals to obtain true
frost reflectance. The results were compared with reflectance spectra calculated based on
Kirchhoff’s law and it was same in the range of 2–14 µm, but the reflectance of frost crystals
with a smaller particle size was higher than that of frost crystals with a larger particle size
under the condition of crystals with different particle sizes.

Since tea leaves are sensitive to low-temperature frost reactions, the leaves exposed to
frost will show different characteristics on its surface. Hu et al. [60] obtained the diffuse
reflectance spectrum information of tea leaves treated with different low-temperature frost
damage. He established a visible, nearly infrared spectrum prediction model for frost
leaves by using the partial least square and artificial neural network method. It can quickly
and accurately identify normal leaves and mildly frost-damaged leaves based on this
model, providing a new detection method for determining the critical low temperature of
frost damage on leaves and a parameter basis for airflow disturbance anti-frost control.

The above is a small-scale prediction for a single plant which can be studied by
spectroscopy technology, while larger-scale farmlands like Goswami [61] can be monitored
by remote-sensing methods. As shown in Figure 4, a dataset of spectral images in the four
bands of red, green, blue, and nearly infrared before and after frost in a maize field was
collected by a light six-rotor unmanned aerial vehicle equipped with a multispectral sensor;
it recognizes the rapid identification of corn frosting status combined with four different
model classifications, including Random Forest, Random Committee, SVM, and Artificial
Neural Network.

James et al. [62] used remote-sensing technology to simulate the frosting environment
through an artificial frost chamber in the field, and treated wheat with artificial frost at a
low temperature. The canopy reflectivity of wheat is used to detect frost conditions, as
shown in Figure 5. Combined with fluorescence-imaging technology, the visual effect of
wheat suffering frost damage was realized.
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2. Method and Technology for Detecting Frost on Leaf Surfaces—
Contactless Detection
2.1. Image Recognition Detection

Machine vision is a feasible method that has been adopted by some scientists for the
changing characteristics of frost crystal growth [63,64]. In order to gather the image of
frosting phenomena close to the ground, Zhu et al. [65] designed a carrier suitable for
image observation of dew and frost phenomena using a surface image change modeling
frost phenomenon detection algorithm, and then through the proposed numerical model
of fitting the similarity to determine potential frost phenomena. As shown in Figure 6a,
it is noteworthy that the frost carrier of this automatic observation equipment is cleverly
polished on both sides and is placed on the grass close to the ground, with the frost on its
surface being captured periodically by a camera fixed above.

Due to the complex background of frost imaging, the diversity of natural vegetation,
and the classification effect of the frost recognition classifier, it was realized that according
to the above algorithm, offline learning is not good enough. Therefore, the author made
improvements in the follow-up work and used saliency regions based on the image, using
the task-driven saliency detection model, and taking the color feature of frosting images
as prior knowledge. The manifold learning theory [67] to calculate the significance of
pixel probability of frosty areas is a method of detecting dew and frost events proposed by
Huazhong University of Science and Technology and is the first attempt of using computer
vision. Therefore, there is still much space for improvement in recognition accuracy.

Based on the collection of surface condensation images gathered by automatic sur-
face observation equipment, Zhou et al. [68] used deep learning methods to classify and
recognize surface condensation images such as dew, frost, rain, and other surface images.
They carried out the classification and identification of research, including the surface
condensation image set, using self-built and expanded traditional convolution of the
neural network classification method, in addition to using the improved convolution neu-
ral network classification method, which further improved surface condensation image
recognition accuracy.



Agriculture 2021, 11, 1142 8 of 22

Agriculture 2021, 11, x FOR PEER REVIEW 8 of 23 
 

 

polished on both sides and is placed on the grass close to the ground, with the frost on its 
surface being captured periodically by a camera fixed above. 

  
(a) 

 
(b) 

Figure 6. Machine vision detection method: (a) automatic frost observation equipment and treat-
ment process based on a glass carrier; (b) using the image method to measure frost thickness (𝑧𝑓 is 
the average thickness of frost, 𝑧𝑓𝑚𝑎𝑥 is the average maximum thickness of frost, 𝑧𝑓𝑚𝑖𝑛 is the aver-
age minimum thickness of frost) [48,66]. 

Due to the complex background of frost imaging, the diversity of natural vegetation, 
and the classification effect of the frost recognition classifier, it was realized that according 
to the above algorithm, offline learning is not good enough. Therefore, the author made 
improvements in the follow-up work and used saliency regions based on the image, using 
the task-driven saliency detection model, and taking the color feature of frosting images 
as prior knowledge. The manifold learning theory [67] to calculate the significance of pixel 
probability of frosty areas is a method of detecting dew and frost events proposed by 
Huazhong University of Science and Technology and is the first attempt of using com-
puter vision. Therefore, there is still much space for improvement in recognition accuracy. 

Based on the collection of surface condensation images gathered by automatic sur-
face observation equipment, Zhou et al. [68] used deep learning methods to classify and 
recognize surface condensation images such as dew, frost, rain, and other surface images. 
They carried out the classification and identification of research, including the surface 
condensation image set, using self-built and expanded traditional convolution of the neu-
ral network classification method, in addition to using the improved convolution neural 
network classification method, which further improved surface condensation image 
recognition accuracy. 

Also based on image processing technology, Shirin [14] and Wang [66] used a digital 
camera to take time-lapse photography of frost on the test sample, as shown in Figure 6b; 
through the calibration of the frost image, frost thickness was investigated with MATLAB 
software. Shirin’s results show that surface roughness is related to frost density regardless 
of operating conditions, and frost density decreases with an increase in frost surface 
roughness. Furthermore, a modified correlation of initial frost density was proposed by 
Wang and the frost surface temperature and heat flux were predicted under a wide range 
of frosting conditions. This research fully demonstrates the necessity of image processing 
in frost detection. 

  

Figure 6. Machine vision detection method: (a) automatic frost observation equipment and treatment
process based on a glass carrier; (b) using the image method to measure frost thickness (Zf is the
average thickness of frost, Zfmax is the average maximum thickness of frost, Zfmin is the average
minimum thickness of frost) [48,66].

Also based on image processing technology, Shirin [14] and Wang [66] used a digital
camera to take time-lapse photography of frost on the test sample, as shown in Figure 6b;
through the calibration of the frost image, frost thickness was investigated with MATLAB
software. Shirin’s results show that surface roughness is related to frost density regardless
of operating conditions, and frost density decreases with an increase in frost surface
roughness. Furthermore, a modified correlation of initial frost density was proposed by
Wang and the frost surface temperature and heat flux were predicted under a wide range
of frosting conditions. This research fully demonstrates the necessity of image processing
in frost detection.

2.2. Optical Detection

In the ideal uniform transparent medium, light can only spread along the direction
of itself; it does not scatter along other directions. However, because of the complex ice
crystal structure of frost, the uniformity of the refractive index is destroyed; the frost will
absorb, scatter, and reflect the light in a complex way. The frost sensor designed by Zhang
et al. [69] makes use of this principle.

Figure 7a shows the optical path schematic of the frost sensor; it measures frost
thickness by detecting the intensity of the received optical signal. The emitting diode in
Figure 7a will emit infrared light and reach the probe surface. When there is no frost on the
probe surface, light will emit into the air, and the receiving diode will have no light current
output because no emitted light will reach it. The infrared light will scatter, reflecting the
frost once frost begins to form on the probe surface. The frost-air, interface-reflected light
and the scattered light in the frost will emit into a receiving diode and produce an electric
signal. The light in the cross-sectional area of the optical pathway will change as well once
the frost thickness changes.
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The sensor has good consistency. Its output voltage drops relatively slowly when
frost thickness is less than 0.6 mm and drops accelerated significantly when frost thickness
increases from 0.6 mm to 4.0 mm. However, the change rate of the output voltage value
becomes slow when frost thickness is greater than 4.0 mm. That’s mainly because there is
distance between the emitting diode and receiving diode, so there are measurement dead
zones when the frost thickness is very thin. Scattering light increases gradually, and the
output voltage decreases rapidly with increased frost thickness. Output voltage changes
start to slow down because scattering has reached its maximum when the frost thickness
reaches a certain value.

Since the emission of light through the medium depends on the frost layer pattern,
which is closely related not only to the test conditions but also to the porosity, the test mate-
rial properties, and the packaging form of the sensor, it is necessary to more precisely verify
the calibration model of frost volume in combination with different working conditions
and these factors in order to reduce deviations.

A frost sensor designed by Wang et al. [70] based on the principle of light transmission
is also an “electric-photo-electric” conversion device that transmits electrical signals with
light as the medium, which is mainly composed of an emitter and a receiver [71]. Figure 7b
illustrates the variation of Vout and Ic for frost growth, and the transmitter converts the
external voltage signal into an optical signal; then the receiver converts the received optical
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signal into a voltage signal for output. When the optical medium is partially or completely
blocked, the growth of the frost layer blocks the propagation of the optical medium and
the output voltage of the receiver changes immediately. The thickness of the frost layer on
the cold surface can be judged by the change of the output voltage [72,73].

As shown in Figure 7b, no frost exists in the passage; most of the infrared energy can
be absorbed by the receiver, and the current Ic is maintained at high value while the output
voltage Vout remains at its minimum value. However, with the accumulation of frost, the
infrared energy arriving at the receiver is weakened or interrupted, and the current Ic
decreases, which makes Vout increase progressively. Finally, when the passage is fully filled
with frost, little infrared energy reaches the receiver, and Ic drops down to the minimum
value while the output voltage Vout increases to its maximum value.

In addition to the two methods for optical detection of frost phenomena shown above,
there is also a method of frost detection using light diffraction, which is based on the
Fraunhofer diffraction effect formed by the gap between the frost growth interface and
the reference surface [30]. As shown in Figure 7c, when parallel light irradiates the gap
between the frost growth interface and the reference surface, this is equivalent to the far-
field diffraction of a single slit. When the distance from the observation screen is R ≥ B/λ,
B is the gap width, λ is the laser wavelength, and clear diffraction fringes are obtained on
the test field of the observation screen.

Since a frost layer is a heterogeneous medium, it will present a variety of complex
phenomena such as reflection, scattering, and transmission when light beams pass through
the medium. It clearly has certain research and application value using optical detection
for the frost detection on plant surfaces.

2.3. Microwave-Based Detection

Among all contactless inspections, the use of microwave technology to detect surface
frosting was first proposed by Wiltshive et al. [74]. They introduce a microwave resonator
sensor fabricated on a planar substrate operating between 3.5 and 5 GHz with a resonant
amplitude of −14.5 dB and a quality factor of 250 (Figure 8). The resonator detects water,
frost, and ice based on the measured resonant frequency, amplitude, and quality factor
variation in the scattering parameter, S21, of the sensor. Three situations are investigated
to test the effectiveness of the sensor: First, continuous frost formation on the sensor
is tracked and the phenomena of water condensation, frost formation, and subsequent
frost growth are characterized. Second, a water droplet is placed on the resonator and
frozen, enabling faster and more sensitive detection and representing an initial liquid
impact or aggregation on a surface followed by freezing. Lastly, controlled frost formation
and removal was performed to better understand the effect of substrate temperature on
the sensing parameters so that it could be compensated for via calibration. The final
conclusions show that the radiofrequency and microwave methods utilized can be easily
implemented to achieve wireless and contactless frost detection.
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3. Detection Method and Technology of Frost on Leaf Surfaces—Contact Detection
3.1. Surface Plasmon Resonance (SPR) Detection

Chan et al. [75] proposed an analysis method that uses surface plasmon resonance
(SPR) visualization technology to distinguish the various stages of frost formation. As
shown in Figure 9, the SPR system consists of a 50 nm gold-coated cover glass, a prism, a
light source, a polarizer, a lens, and a filter for collimated light of a 600 ± 5 nm wavelength,
and a charge coupled device (CCD) camera. The temperature and relative humidity of
the modified plate were controlled by a thermoelectric cooler, and the frosting process
was visually observed. It was found that the nanoscale thin frost layer between the frozen
condensates exists on the surface. The SPR imaging system was used to measure the
change in the refractive index (RI) of the medium to characterize the near surface features
due to the different stages of the refractive index corresponding to different stages of the
frost layer. Ultimately, the spatial distribution of reflectance in relation to frost thickness
was further investigated based on the principle that SPR imaging systems can quantify the
frosting process, showing advantages of the method in detecting frost thickness.
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3.2. Plant Electrical Characteristics Detection

In order to measure the water content of plant leaves in real time, Zheng et al. [76]
developed a plant electrical characteristics detection device based on the four-electrode
method. The detection device is a clamping device, which can firmly clamp the leaves.
Four small stainless-steel pins with a diameter of 0.7 mm were chosen as the probes on the
edge of the clamp. To detect plant leaves, four probes were connected to wires and fixed to
one side of the clip; two outside probes were connected to the power unit on the circuit
board in order to inject a constant current through the plant. The probes pierced the plant
tissue as the clip sandwiched the leaf. As shown in Figure 10, the two middle probes were
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connected to the sampling unit to collect the voltage drop signal for recognizing the plant’s
electrical property.
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The detection device can indirectly detect the changes in leaf water content before
and after the frosting of plants, which has certain reference significance for the detection of
plant leaf frosting. From the perspective of leaf–water balance, both the leaf surface and
the inside of the leaf will be affected during the frosting process.

Therefore, it is also feasible to indirectly characterize the degree of frost by measuring
the water content of plant leaves by considering the changes in water transportation.

3.3. Capacitivity-Based Detection

The plant leaf frost damage electrical performance test system developed by Lu
et al. [77] is mainly composed of a constant temperature incubator, a temperature and
humidity recorder, a high precision tester (LCR), a computer, and a four-terminal Kelvin
probe. As shown in Figure 11a, the tea plants were placed into the incubator for controlled
precooling at 18 ◦C. The experimental temperatures were set at 0 ◦C, 2.0 ◦C, 4.0 ◦C, 6.0 ◦C,
8.0 ◦C and 10 ◦C for 0.5 h respectively. By clamping the tea leaves with the gripper,
the changing electrical characteristics of the tea leaves were captured by the probe as an
analogue signal, which was transmitted to the LCR tester for amplification and filtered
into a digital signal, with the final data being stored, displayed, and processed by the PC.
Although the plant electrical characteristics detection method has strong applicability and
the detection device is simple and easy to use, the relationship between the collected plant
electrical signal and the degree of frost is not closely related.
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The capacitance-based leaf wetness sensor (LWS) was designed by Decagon De-
vices [79]. The contact surface is coated with a special coating so that the thermodynamic
coefficient is close to the real leaf surface, and the thin glass fiber structure of the sensor
is similar to a real leaf surface. The overall radiation balance of the leaves is very close,
so water will condense and evaporate from the sensor, which is basically the same as the
perception characteristics of normal leaves. As water or ice builds up on the sensor surface,
the measured dielectric constant increases. As shown in Figure 11b, the leaf wetness sensor
can measure the moisture, temperature, and humidity of air and object surfaces.

Once the water vapor in the air has risen until it is high enough to reach saturation,
it will adhere to the surface of the LWS and as the temperature drops, the output voltage
of the sensor will also rise. This condensation process is similar to the conditions for frost
formation, but the mechanism is different in that dew is in a continuous phase change
from the gas phase to the liquid phase, whereas frost crystals are in a discontinuous phase
change from the gas phase directly to the solid phase.

3.4. Dielectric Property-Based Detection

Campbell Scientific, Inc. developed a frost sensor (Model 0871LH1) to detect the
presence of frost and frost thickness based on resonance frequency technology. The main
body of the sensor is a nickel alloy rod with a natural resonance frequency of 40 kHz. Its
structure includes an ultrasonic vibration probe, a driving coil, a feedback coil, a magnet, a
probe heating terminal, and a pillar heater. When the frequency of the rod is reduced by
130 Hz or the frost layer reaches 0.02 inches thick, the internal heater will automatically
heat the sensor to de-ice, and the sensor will automatically reset. If the freezing rain sensor
is kept in an icy environment, this cycle process will repeat. The frost signal activates at
0.5 mm ice accretion and stays on for 60 s after the end of the icing encounter. Specifically,
when the output is activated, a 60 s timer is started. Each time 0.5 mm of frost forms
on the probe, the 60 s counter is reset. This method uses the characteristics of resonance
frequency change when the surface of the piezoelectric vibrator is frosted, and determines
whether the resonance frequency is above a specified value as a frosting state, so as to
detect whether frosting occurs.

3.5. Pyroelectric Detection

Kensuke Kimura et al. [80] designed a thermocouple leaf temperature sensor in order
to study the temporal and spatial distribution of leaf heat under frost protection in tea
gardens. The sensor is shaped like a real plant leaf and is made of smooth brass plates.
As shown in Figure 12, a pair of thermocouples of copper constantan wire with a 0.1 mm
diameter was attached to each side of the leaf. One junction was attached to the leaf surface
and the other was placed 1 cm from the surface. These two pairs of thermocouples were
wired in parallel to detect the mean leaf-to-air temperature difference on both surfaces.

Agriculture 2021, 11, x FOR PEER REVIEW 14 of 23 
 

 

3.4. Dielectric Property-Based Detection 
Campbell Scientific, Inc. developed a frost sensor (Model 0871LH1) to detect the 

presence of frost and frost thickness based on resonance frequency technology. The main 
body of the sensor is a nickel alloy rod with a natural resonance frequency of 40 kHz. Its 
structure includes an ultrasonic vibration probe, a driving coil, a feedback coil, a magnet, 
a probe heating terminal, and a pillar heater. When the frequency of the rod is reduced by 
130 Hz or the frost layer reaches 0.02 inches thick, the internal heater will automatically 
heat the sensor to de-ice, and the sensor will automatically reset. If the freezing rain sensor 
is kept in an icy environment, this cycle process will repeat. The frost signal activates at 
0.5 mm ice accretion and stays on for 60 s after the end of the icing encounter. Specifically, 
when the output is activated, a 60 s timer is started. Each time 0.5 mm of frost forms on 
the probe, the 60 s counter is reset. This method uses the characteristics of resonance fre-
quency change when the surface of the piezoelectric vibrator is frosted, and determines 
whether the resonance frequency is above a specified value as a frosting state, so as to 
detect whether frosting occurs. 
3.5. Pyroelectric Detection 

Kensuke Kimura et al. [80] designed a thermocouple leaf temperature sensor in order 
to study the temporal and spatial distribution of leaf heat under frost protection in tea 
gardens. The sensor is shaped like a real plant leaf and is made of smooth brass plates. As 
shown in Figure 12, a pair of thermocouples of copper constantan wire with a 0.1 mm 
diameter was attached to each side of the leaf. One junction was attached to the leaf sur-
face and the other was placed 1 cm from the surface. These two pairs of thermocouples 
were wired in parallel to detect the mean leaf-to-air temperature difference on both sur-
faces. 

 
Figure 12. Schematic diagram of thermocouple leaf. 

Although it can approximately replace some of the characteristics of real plant leaves 
to some extent, the ambient temperature during frost formation cannot uniquely charac-
terize the presence of frost on leaves, so this method still has certain limitations. There are 
two different methods for measuring the temperature of plant leaves: the temperature on 
the leaf surface and the temperature inside the leaf. Through the observation of frost phe-
nomena, it can be found that leaf surface temperature and internal temperature is also be 
reduced in different degrees with the loss of environmental temperature. Frost generally 
occurs on the leaf surface, and relative to the hot surface, frost will adhere to the cold 
surface. It can make detection more representative when based on real leaf surfaces by 
measuring the temperature inside the leaf and the leaf surface. 

  

Figure 12. Schematic diagram of thermocouple leaf.



Agriculture 2021, 11, 1142 14 of 22

Although it can approximately replace some of the characteristics of real plant leaves to
some extent, the ambient temperature during frost formation cannot uniquely characterize
the presence of frost on leaves, so this method still has certain limitations. There are
two different methods for measuring the temperature of plant leaves: the temperature
on the leaf surface and the temperature inside the leaf. Through the observation of frost
phenomena, it can be found that leaf surface temperature and internal temperature is also
be reduced in different degrees with the loss of environmental temperature. Frost generally
occurs on the leaf surface, and relative to the hot surface, frost will adhere to the cold
surface. It can make detection more representative when based on real leaf surfaces by
measuring the temperature inside the leaf and the leaf surface.

4. Comparison of Detection Performance
4.1. Summary and Discussion of Frost Detection Methods

The current methods and techniques for detecting frost formation on plant surfaces are
systematically summarized and classified to gain some useful inspiration and reference for
the development of current frost formation detection techniques. The comparison results
are shown in Table 2, which includes a total of 10 related methods.

Table 2. Ten methods of frost detection.

Method
Method Type

Relevant
Parameter

Detection
Target ReferencesContact

/Non-Contact
Detection

Phase 1

Micrometeorological
observation Non-contact BF Tl , Ta, Sw

Rn, H, LE Occurrence Smith [6]

Spectral remote
sensing Non-contact AF Tc, PRI Occurrence Goswami [61]

Image recognition Non-contact DF δ f , Ra, ρf Quantity Shirin [14]
Optical detection Non-contact DF Ts, δ f , U Occurrence & Quantity Wang [70]

Microwave Non-contact AF S21, f Quantity Wiltshive et al. [74]
SPR2 Contact AF δ f , δcr, Rf Quantity Chan [75]

Electrical
properties Contact DF RWC, U Occurrence Zheng [76]

Capacitance Contact BF RH, LT50, REC Occurrence Lu [77]
Dielectric property Contact DF δ f , ε f , f Quantity Campbell [79]

Pyroelectricity Contact DF GA, Ta, Tl Occurrence Kimura [80]

Detect phase 1: BF (detect before frosting); DF (detect during frosting); AF (detect after frosting); SPR2: surface plasmon resonance; Tl : leaf
temperature, ◦C; Ta: air temperature, ◦C; Sw: wind speed, m/s; Rn: net radiation, W/m2; H: sensible heat flux, W/m2; LE: latent heat flux,
W/m2; Tc: the temperature of canopy, ◦C; PRI: photochemical response index; δ f : thickness of the frost layer, mm; Ra: the surface roughness
of frost layer, µm ρf: the density of frost layer, kg/m3; Ts: surface temperature, ◦C; U: output voltage, mV; S21: scattering parameter of
the sensor, dB; f: resonant frequency of the sensor, Hz; δcr : critical probing thickness, mm; Rf: reflectance of frost, %; RWC: relative water
content, %; RH: relative humidity, %; LT50: low semi-lethal temperature, ◦C; REC: relative electrical conductivity, %; ε f : the dielectric
coefficient of frost, C2/(N·M2); GA: leaf boundary layer conductance, S/m.

These 10 detection methods are further subdivided into contact detection and con-
tactless detection according to their detection type. The phases of the detection process
are the phase before frosting detection, the phase during frost detection, and the phase
after frost detection. The test results are divided into two effect categories: whether it only
detects frosting and whether it includes the quantitative characteristics of frost. Of course,
the key factors that determine the feasibility of frost detection technology are not only the
important related parameters; cost, complexity, accuracy, reliability, and other factors are
important as well. Therefore, it is necessary to conduct a detailed comparison and analysis
of the above devices and methods.

From the aspect of the frosting detection process, both contactless detection and
contact detection are mostly conducted during the frosting process. Relatively speaking,
there are fewer methods to detect before and after frosting. For example, light scattering,
transmission, and diffraction are closely related to the real-time growth of frost when using
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optical principles to detect frost, but it doesn’t mean that all detections can be conducted
in real-time during frosting. For instance, detecting the electrical characteristics of plant
leaves with a probe is not a real-time detection method since the electrical conductivity is
not significantly related to the real-time frosting process.

From the actual application of frost detection, contactless detection is the primary
method, while contact detection is mainly about technique. For example, the test envi-
ronment is established through a vector network analyzer and a microwave response
resonance sensor to analyze amplitude, frequency, and other parameters of different frost
stages based on the principle of a specific wave.

From the perspective of purpose and the results of frost detection, contactless detection
mostly detects the characteristics of frost, while contactless detection mostly detects the
occurrence of frost. In contrast, contactless detection is more reliable than contact detection
in detecting frost on plant surfaces.

In terms of frost characteristic parameters, the necessary process parameters are mainly
related to blade surface temperature, relative humidity, wind speed, net radiation, and
sensor voltage; these parameters constitute background factors in the detection process but
do not belong to the physical properties of the frost crystal itself. However, parameters such
as frost thickness and frost density can effectively reflect the degree of frost condensation
as a direct indicator of frost volume, but the prerequisite for obtaining such parameters
requires an accurate mathematical model.

4.2. Key Problem Analysis—Frost Quantity

As can be seen from these methods, focus on the frost detection problem in the study
of physical properties of the frost layer, density of the frost layer, thermal conductivity, and
the diffusion coefficient of water vapor in the frost layer are very important parameters. The
physical properties of the frost layer are determined by frosting environmental conditions
and are closely related to the changes in the frosting process, which change continuously
with the growth of frost layer.

4.2.1. Frost Layer Density

Hayashi divides the growth of frost into three periods: the crystal growth period, the
frost growth period, and the frost full growth period [12]. The growth of the frost layer in
each period has its own characteristics and there is a linear relationship between frost den-
sity and effective thermal conductivity of the frost layer, which affects defrosting efficiency.

The frost layer density depends on the shape and size of frost crystals, and the structure
of each frost crystal depends on the frost layer’s surface temperature, which is determined
by cold surface temperature as well as ambient temperature; frost crystal size depends on
ambient humidity [81]. Moreover, some literature [82–84] shows that the average density
of the frost layer increases with time and the distribution along the thickness direction
is nonuniform.

Many factors such as ambient temperature, ambient humidity, cold surface tempera-
ture, and frosting time can affect frost layer density. There are still many difficulties when
accurately analyzing the changing law of frost layer density, theoretically speaking. Some
expressions currently obtained about frost density are empirical formulas and summarized
in Table 3.
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Table 3. The density variation of frost layer.

Ta d/RH Va Tw Frost Density References

0–10 50–80% 1–5 −20–−5 ρ f = 340Tw
−0.455 + ν∞ Tao [11]

16–22 50–80% 0.7 −15–−5 ρ f = 207.3exp(0.266Ts + 0.0615Tw) Christian [85]

26–31 6.5–13.5 2.7–12.5 −96–−29
ln ρ f = −11.95 + 0.02Tw + 35.55∅
−0.36ν∞ + 1.21 × 10−4Twν∞

Biguria [86]

−10–26 0.2–2 1–4 −20.5–−11
ρ f = 1.0382x−0.0053∅0.317Tf s

1.381

Re
−0.279Fo

0.328 Mao [83]

7–18 60–74% 1.1 −10–−15 ρ f (z) = ∅(z)ρa + (1 −∅(z)ρa)ρi Amne [87]
−8–19 42–80% 5 −16–−8 ρ f =

M
z f ·l2 Wang [68]

Ta: ambient temperature, ◦C; d: humidity ratio, g/kg; RH: relative humidity, %; Va: air velocity, m/s; ρ f : frost layer density, kg/m3;

Tw: cold surface temperature, ◦C; Tf s: frost layer surface temperature, ◦C; φ: air relative humidity, %; Re: Reynolds number, Re = ρvd
µ : fluid

density, v: fluid velocity, d: characteristic length, µ: the viscosity coefficient of fluid; Fo: Fourier number, ϕn = −arctan bn
an

; ρa: air density,
kg/m3; ρi : ice density, kg/m3; ∅(z): frost porosity; M frost mass, g; z f : frost thickness, mm; l: Length of the cold plate, m.

4.2.2. Frost Layer Thermal Conductivity

Current research shows frost layer thermal conductivity is not only a function of frost
layer density but is also affected by frost layer structure [84]. At present, there two main
methods for studying frost layer thermal conductivity: obtaining data through experiments
and fitting the thermal conductivity expression, and establishing a frost layer structure
model theoretically derived from frost layer thermal conductivity. The primary results are
shown in Table 4.

Table 4. Thermal conductivity of frost layer.

Reference Research Method Thermal Conductivity Result

J.D. Yonko [82] Experimental data fitting k f = 0.014 + 0.00668ρ f + 0.000175ρ f
2

C.T. Sander [88] Experimental data fitting k f =
(
1.202 × 10−3)ρ f

0.963

P.L.T. Brain [89] Experimental data fitting
k f = 8.49 × 10−17Tf s

5.44 + 6.68 × 10−14

×
(

ρ f − 0.025
)

Tf s
4.84

Brailsford Parallel model k f max = (1 − ε)ki + εka
Brailsford Series model 1/k f min = (1 − ε)/ki + ε/ka
Brailsford Mixed model k f mix = (1 − η)k f min + ηk f max

Yonko and Sepsy Ice hockey–lattice model

ka/k f = 1 −
(

6(1−ε)
π

)1/3
×
[
1 −

(
c2−1

2c

)
ln c+1

c−1

]
c2 = 1 + 4

π
(

ki
ka
−1
)(

6(1−n)
π

)2/3

0.4764 < ε < 1
Cai L [90] Porous media–icicle composite model k f = kiSi + (1 − Si)k

kf: thermal conductivity of frost, Btu/( f t · h · F); ki : thermal conductivity of ice, W/m · K; ka: air thermal conductivity, W/m · K; η: struc-
tural parameters, indicating the proportion of the parallel part in the overall frost layer; si : area of frost column per unit cross section;
k: thermal conductivity of porous media, W/m · K.

4.2.3. Frost Layer Thickness

Frost layer thickness detection is an important parameter for frost detection; it is easier
and more intuitive to detect compared with other measurement parameters. Therefore,
a large part of the current research on frost characteristics involves the detection of frost
thickness. As shown in Table 5, the measurement of frost layer thickness is divided into two
categories: experimental verification and model calculation. Model calculation is directly
related to environmental variables such as leaf temperature, air temperature, ambient
humidity, and effective saturated vapor pressure difference. Based on frost thickness,
various frost characteristics such as density, volume, or frost mass can be further obtained.
Therefore, frost thickness measurements have great significance for plant frost detection.
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Table 5. Thickness of frost layer.

No. Type Equations References

Ft1 M S f = 0.84Re
−0.15Pr

0.65(1 + W)0.71τ0.11 Sengupta et al. [91]
Ft2 E — Zhang et al. [68]
Ft3 M δ f = (0.0852 + 0.00134DCA)t0.6954−0.00154DCA Shin et al. [55]
Ft4 E — Wang et al. [70]
Ft5 E — Lee et al. [9]
Ft6 M δ f = 0.12

[
t
(

Tf s − Tw

)]0.43 Cremers et al. [92]

Ft7 E — Yang et al. [69]
Ft8 M h = h f 0/sin(π/4) Cai et al. [90]

Ft: frost thickness; E: experimental verification; M: model calculation; Re: Reynolds number; Pr : Prandtl number;
W: humidity ratio, g/kg; τ: Fourier number; DCA: dynamic contact angles, ◦; δ f : frost layer thickness, mm; t:
time of frosting, s; Tf s: surface temperature of frost layer, K; Tw: wall temperature of cold surface, K; h: real height
of frost, mm; h f o : height measured from the images, mm.

5. Future Research Proposal
5.1. Research and Development

Plant surface frost is closely related to surrounding environmental conditions. It not
only depends on factors such as temperature, wind speed, and relative humidity, but
also varies by plant species and growth stages, especially at night, which makes real-
time detection and identification more difficult. Analyzing current detection methods has
significance for the development of new trends in the future, and the following ideas might
provide some new inspiration.

5.2. Based on the Spectral Analysis Methods

Plant leaves are generally sensitive to frost response. Take tea tree leaves as an
example; its frost damage generally starts from the leaf tip, moves across the leaf edge to
the middle of the leaf, and scorches the leaf, changing it from red and yellow-brown to
black-brown. After the frost leaf sap exudes and meets the air, oxidation occurs, causing
the leaf to be scorched red. With the increasing maturity of spectral technology in recent
years, its qualitative and quantitative detection characteristics have been used for a wide
range of crop objects. For the physiological characteristics of plants subjected to frost, a
rapid quantitative relationship between the degree of frost and the corresponding plant
physiology might be achieved based on spectral analysis methods.

5.3. Based on the Color Sensing Technology

If we consider the color aspect of the frost on the plant’s surface, it could be practical to
detect frost using color-sensing technology. For green leaves, a green to white color change
will occur over time and the frost will eventually cover the leaf surface completely. The
color of the leaf’s surface gradually changes as frost crystals continue to grow because the
frost crystals can reflect white under light conditions. As shown in Figure 13, the principle
of color-sensing technology is to extract the red green blue (RGB) pixel values via different
color filters and compare the object color with the reference color, which is already shown
to detect the color sensor and produce the detection result when the two colors match
within a certain error range.
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5.4. Based on Deep Learning Methods

At present, deep learning has continuously achieved better and better results in the
field of image classification and recognition [93]. Deep Learning is a field of machine learn-
ing that is very close to artificial intelligence, which is motivated by building, simulating
the human brain for analytical learning, and neural networks that can extract features of
complex objects more intelligently. In order to improve the accuracy of image recognition,
many researchers have begun to use it for image classification and recognition in specific
scenarios [94]. Unlike traditional feature extraction algorithms that rely on image pixel
value processing, deep convolutional neural networks have a certain degree of adaptability
to pixel correlation, deformation, and illumination, and can adaptively extract features for
self-learning driven by a large amount of training data. In addition, it has a higher fault
tolerance rate and generalization ability. Predictably, using deep learning to detect frost on
a plant’s leaf surface will be a mainstream trend in the future.

6. Conclusions

Despite the fact that plant surface frosting mechanisms are a common weather phe-
nomenon in nature, excessive frosts are bound to have a severe impact on agricultural
production, especially for cash crops, and will lead to significant direct losses. In order
to reduce losses and improve frost control strategies, researchers have made intensive
efforts in recent decades to measure and calculate frost characteristics. These efforts include
attempts to unravel the mechanisms of frost on plant surfaces and observing the presence
or absence of frost and other quantitative characteristics. Based on the available literature
on the subject, in this review work, ten methods for detecting plant surface frost were
presented and further classified according to different detection types. Moreover, frost
characteristics such as frost density, thermal conductivity, thickness, and numerical models
were listed to emphasize the important variables for frost detection. Finally, three potential
avenues of research were proposed as possible future trends in the detection of frost on
plant surfaces.
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