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was interpreted as the rain-induced bringing down of high-
altitude migrant insects.

1 Introduction

A CW lidar (light detection and ranging) system was used to 
study the abundance of flying insects over a rice-field loca-
tion in Southern China, with particular emphasis on diur-
nal variations and the influence of rainfall. The system was 
arranged to be sensitive to the depolarization properties of 
objects and organisms encountered by the laser beam, which 
propagated a few meters above ground. Two laser transects 
were set up: the first one (July 8–13) covered 513 m over 
rice fields treated with pesticides, whereas the second one 
(July 14–16) extended for 208 m over untreated fields.

Remote sensing methods for monitoring the flying fauna 
have been developed successively. Remote sensing of birds 
based on radar systems emerged in the latter part of the 
twentieth century and became more and more refined [1], 
and as the detection limit was improved to monitor flying 
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insects, even tiny ones with a body length of a few millim-
eters came into the observation capability of entomologists 
[2–5]. However, entomological radars still have limitations, 
e.g., lack of spectroscopic signatures, and difficulties in 
close-to-the-ground applications. A first optical entomo-
logical lidar monitoring scheme was developed by Shaw 
et al. and was refined by Carlsten et al. at the Montana State 
University [6, 7], where trained honey bees were used to 
detect hidden explosives. Researchers from Lund Univer-
sity, Sweden, first engaged in lidar insect monitoring about 
8 years ago, and have used both pulsed and CW lidar sys-
tems [8–11]. A passive, so-called dark-field insect remote 
sensing optical method was also developed, which uses 
ambient radiation [12], a method which also was imple-
mented by the South China Normal University group [13, 
14]. A particularly promising new approach, using a com-
bination of a CW laser and a linear array detector attached 
to a detection telescope in a so-called Scheimpflug arrange-
ment [15], has been developed [11]. This allows for a low-
cost, yet very effective way of sensing flying insects over 
long measurement paths. We have used such a system oper-
ating at 808 nm in the near-IR spectral region, and adapted 
it for polarization sensitive detection. Using two identical 
linearly polarized lasers, where one had its polarization 
plane rotated by 90° by using a λ/2 plate, and employing a 
common detector preceded by a linear polarizer, the system 
became sensitive to target properties related to depolariza-
tion. The depolarization ratio is associated with glossiness 
and microstructure of the target. A joint field experiment, 
mostly related to rice cultivation, with participation of sci-
entists from China and Sweden, was arranged just north of 
Guangzhou in Southern China during a very hot summer 
period, July 8–16, 2016.

An experimental farm of the Plant Protection Research 
Institute, Guangdong Academy of Agricultural Sciences 
(GAAS) was chosen for the experiment. It is located at 
113.42 E, 23.42 N, 5 km south of the Tropic of Cancer and 
29 m above sea level. This is a Southern sub-tropical mon-
soon area with average annual temperature of 20–22 °C, a 
relative humidity of 77%, and a rainfall of 1980  mm and 
sunlight time of 1750 h over a year. The sunrise and sun-
set times during the experiment days were around 5:50 a.m. 
and 7:15  p.m., respectively, and the mid-day sun transit 
time was around 12:33 Beijing time.

The atmospheric fauna consists of insects, birds and 
bats. Besides the availability of vegetation on which agri-
cultural pests feed, their activity patterns are affected by 
several natural factors. The most important one is the light 
level stemming from the sun radiation. Many other envi-
ronmental parameters also closely correlate to the sunlight 
level. The activity patterns of all organisms have temporal 
niches related to the true sun time. Many insects are noc-
turnal and are hidden in bushes and grass at daytime for 

protection against predators, and leave the brighter period 
to birds and a few diurnal insects.

Temperature is another important factor for animals. In 
temperate areas, most insects are only active in the sum-
mer, and their behaviors vary according to temperature; 
e.g., the wing-beat frequencies of insects are temperature 
dependent. In very hot weather, insects are threatened from 
drying out, and relative humidity is then of importance. 
Most insects overwinter in diapause form when the weather 
gets too cold.

An overview over the experimental farm area, with 
the lidar optical monitoring paths indicated, is shown in 
Fig. 1. The longer path (513 m) is over fields, mostly with 
rice but also some tobacco, where pesticides have been 
used for controlling agricultural pests, while the shorter, 
perpendicular path (208 m) is over non-treated areas. The 
present paper only deals with data from the longer path. 
The insert shows some representative rice agricultural pest 
insects with Latin names. The interrogating laser beam was 
directed at a height of 3–5  m above the ground and was 
terminated at diffuse low-reflectance, black neoprene foam 
sheets on screens of a size of about 1  m2. The system is 
not eye safe, but eye safety was assured by the geometri-
cal arrangement and constant surveillance of the meas-
urement area. The CW lidar system described below was 
installed in a small guard hut with appropriate windows as 
shown in Fig.  2a, while the beam termination, as viewed 
during nighttime conditions by a CMOS camera (sensitive 
at 808 nm) which was attached to the system surveillance/
overview telescope, is shown in Fig. 2b.

2  System description

The CW lidar system used in the present experiments 
is described in detail in [16]. Here, a brief description 
will be given with reference to Fig. 3. We use a so-called 
Scheimpflug arrangement [11], where range resolution can 
be achieved, in spite of not using a pulsed laser system as in 
customary systems [9, 10, 17]. The transmitted laser beam 
is observed by a receiving telescope, separated by a short 
distance from the transmitting telescope, and a linear array 
detector in a tilted position observes the back-scattered 
light, so that close-range, as well as far-range locations 
can be recorded in focus simultaneously. It is well known 
that in a normal camera the lens needs to be placed fur-
ther away from the detector for close-range objects, while 
for far-away objects the lens is placed closer to the detec-
tor. When performing early air-borne surveillance photog-
raphy, Theodor Scheimpflug realized [15] that sharp imag-
ing could be achieved for a forward-looking camera by 
appropriately tilting the photographic film to compensate 
for different distances. The Scheimpflug lidar [11] basically 
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operates on the same principles, and there are well-defined 
geometrical relations between telescope separation, receiv-
ing telescope focal length and tilt angles [18, 19]. Range 
resolution is high at close range while intrinsically low 
at far distance, where ultimately all locations fall on the 
same detector pixel [19]. A consequence of this is that the 
detected return intensities for a uniform atmosphere are 
basically the same for all pixels, while a customary pulsed 

lidar system exhibits an inverse range-squared depend-
ence. There are several attractive features with this arrange-
ment, such as reduced cost, weight and complexity, while 
allowing a high data sampling rate (See, e.g., [11, 19–21]). 
The beam-transmitting telescope is a 150  mm diameter, 
600 mm focal length Galilean refractor (SkyWatcher Star-
travel), while the receiving telescope has 200  mm diam-
eter and 800  mm focal length in a reflective Newtonian 

Fig. 1  Overview of the experimental site with rice fields at the Agri-
cultural Plant Protection Experimental Facility of the Guangdong 
Academy of Agricultural Sciences. Crop varieties are indicated. 
Two measurement paths and the position of the weather station are 
shown. Pixel numbers indicated correspond to the target location on 

the linear sensor array, with a strongly non-linear range dependence 
as typical for a Scheimpflug arrangement. Three agricultural pest 
insects pertinent to rice - the striped stem borer Chilo. suppressalis, 
the rice brown plant hopper Nilaparvata lugens, and the rice leaf hop-
per Nephotettix bipunctatus - are inserted, from left to right 

Fig. 2  a Photograph of the CW lidar remote sensing system, 
installed in a guard hut, with system transmitting telescope on top 
and receiving telescope below. The linear array detector, mounted at 
an angle to the receiving telescope as specified by the Scheimpflug 
condition, is also seen. b Near-IR picture of the long-path termination 
area, also showing atmospheric back-scattering of the laser beam, 

which is observed slightly from below by the third, surveillance, tel-
escope placed in between the two larger telescopes shown in (a). The 
leaning structure across the picture is the electric pole located at the 
test point indicated in Fig.  1, where nighttime UV light trapping of 
insects was performed. These aspects will be reported elsewhere
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arrangement (SkyWatcher Quattro). The distance between 
the optical axes is 821 mm.

The telescopes are readily available amateur astronomy 
units. We use two linearly polarized 808 nm semiconduc-
tor lasers, each with 3.2 W nominal output. The transmitted 
beam is typically 15 cm wide and 5 cm high, and at a range 
of half a km typically 15–20 cm wide but still about 5 cm 
high. We use a 2048 pixel CMOS linear array detector with 
a maximum line rate of 4 kHz. The two lasers are sequen-
tially activated by a driver unit, followed by an equally 
long period of background recording; all accomplished in 
1 ms, and with every signal integration lasting 0.3 ms. The 
detector is preceded by a band-pass filter with a full-width 
at half maximum of 10  nm, and a linear polarizer; see 
Fig.  3. The possibility of polarization sensitive detection 
is a novel aspect of the present system compared to earlier 
implementations.

3  Measurements and results

Measurements were performed around the clock during the 
measurement campaign. Since we particularly focus on the 
influence of environmental parameters, weather conditions 
were monitored by a weather station, located as indicated 
in Fig.  1. Temperature, humidity, rainfall and wind speed 
throughout the measurement period are shown in Fig. 4.

Fig. 3  Layout of the CW Scheimpflug arrangement lidar system 
used in the experiment. The transmission and receiving telescopes are 
mounted with a small angle between them in a bi-static lidar arrange-
ment, where range resolution can be geometrically achieved, when 
the scattering in the transmitted CW laser beam is observed by the 
tilted linear array detector. Shown in exaggerated size is the arrange-
ment where two perpendicularly linearly polarized laser beams are 
combined in a prismatic beam splitter to be intermittently transmit-
ted to generate range-resolved signals on the array detector, which is 
positioned behind a linear polarizer. The tilt angle is determined by 
the Scheimpflug condition, to compensate for the movement of the 
telescope focus with range

Fig. 4  Temperature, rela-
tive humidity (RH), rainfall 
and wind speed during nearly 
200 h of measurements. Stable 
levels of temperature and RH 
are always observed during the 
nighttime hours between 0:00 
to 5:00. The two weather factor 
curves actually mirror each 
other in behavior
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To exemplify the raw data obtained with the present 
system we show in Fig.  5 the signal read out from the 
array detector in day- and nighttime recordings. We 
notice the non-linear range scale which is typical for 
a Scheimpflug system. Both curves display a strong 
back-scattering signal from the black termination and 
the expected different levels of daytime background 

signal unrelated to the laser beam. Sharp spikes repre-
sent insects or birds crossing the laser beam, of a typical 
diameter of 20 cm and causing enhanced back-scattering. 
The strength of the echoes recorded clearly is related to 
the size of the object crossing, even if a large object pass-
ing in the outer part of the beam would lead to a reduced 
signal. The system sensitivity is range dependent, and 
can be calibrated by swinging a string through the laser 
beam at different locations along the beam path.

A raw data overview of the three first days of the field 
experiment is shown in Fig.  6, including rainfall, aero-
fauna activity and background light level. Rain gives rise 
to a large amount of observations, which makes data pro-
cessing extremely computationally heavy. To give an indi-
cation of the amount of sparse particles transiting the laser 
beam, including both aero-fauna and rain, the amount of 
data pixels in each 10-s time window exceeding a set noise 
level is plotted for the co-polarization data. There is a clear 
increase in pixels exceeding the threshold during dawn and 
dusk rush hours, when birds and bats benefit from the large 
availability of flying insects. Occasional rain showers also 
cause a large increase. A localized peak coinciding with 
switching on the light of a zenith pointing strong search 
light crossing the laser beam path is observed on one night-
time occasion. Signals occur on a static background level, 
which strongly varies between daytime and nighttime.

It is particularly challenging to distinguish between 
insects and raindrops, and to appropriately analyze the echo 
spikes [20, 21]. The recordings in Fig. 5 were taken for no-
rain conditions, where all spikes are clearly due to flying 
fauna. However, for general weather conditions, raw data 
contain both types of events, as illustrated in Fig. 6. Rain-
drop observations can be suppressed by observing that the 
corresponding spikes have a considerably shorter transit 
time through the probe volume, in our case less than 8 ms, 
corresponding to a falling speed of about 10 m/s. We illus-
trate this possibility of discrimination in Fig.  7, which is 
a 1-s Range/Time map where sharp temporal signals are 
shown at various ranges. An insect passing the beam dur-
ing 30 ms is shown displaying wing-beats with the Fourier 
transform yielding 130  Hz as the fundamental frequency 
and also displaying higher harmonics. In contrast, a rain-
drop passes the beam in 4  ms and does not display any 
oscillation. The raindrops can be excluded from the data 
by image erosion, an image processing operation, where 
a certain number of pixels in a brighter part of an image 
are replaced with the surrounding pixel values. For a small 
enough bright part the whole structure then disappears, 
while a larger structure is “eroded” at the edges. Then, the 
process can be reversed by the operation “dilation”, when 
the structure is again dressed up till the original shape. For 
the spot that first disappeared, no kernel to dilate on exists, 
so it is permanently eliminated.

Fig. 5  Representations of 10  s of signal from the detector array, 
recorded in different measurement conditions. The temporal median 
is representative of the static signal during the time window, aris-
ing from the backscatter in air. Through multiplexing, the signal is 
decomposed into co-polarized, depolarized and background, enabling 
quantification of the scattering properties of air in the static signal, 
while organisms and objects transiting the laser beam appear in 
the maximum signal. The laser beam is terminated at a distance of 
513 m, corresponding to pixel 1970. The horizontal scale is linear in 
detector pixel numbers, but highly non-linear in range, as inherent in 
the Scheimpflug approach. a Daytime recording from 10:14 on July 
9, with a high optical background. A number of smaller organisms 
appear in the 10 s time window, as well as a larger one. The observa-
tions can be assessed through the depolarization properties of their 
bodies and wings, and wing-beat modulation spectroscopy has been 
demonstrated for target classification. b Nighttime recording from 
03:19 on July 9, with a low optical background. A few smaller organ-
isms appear in this 10 s time window, with signal intensities compa-
rable to the smaller organisms in a. The background level at daytime 
is clearly much higher compared to nighttime, and varying, reflecting 
non-uniform cloud coverage and spatially non-uniform ground back 
reflection
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Generally speaking, the transit time is range dependent, 
since the laser beam spreads somewhat horizontally with 
range, but is more or less constant vertically [22]. At the 
termination, it is typically 5  cm  ×  20  cm. Insects mostly 
fly horizontally, while raindrops fall vertically. Thus, the 
transit time difference is a very useful criterion. In range-
dependent transit time measurements for insects only and 
raindrops only, we found values of 10–300 ms and 1–7 ms, 
respectively.

Detailed recordings of insect signal in both co- and 
depolarized light are shown in Fig. 8a, b. The correspond-
ing FFTs are shown in Fig. 8c, d. Regarding the first insect, 
shown in (a) and (c), we note a fundamental wing-beat 
frequency of about 160  Hz. We define the depolarization 
ratio as I(de-pol)/(I(co-pol)  +  I(de-pol)), where I stands 
for intensity. The different depolarization ratios between 
the modulated parts (wings; 0.20) and the non-modu-
lated parts (body; 0.37) suggest that this is an insect with 
glossy wings and a diffusely scattering body. In contrast, 
raindrops exhibit, as expected, a very small experimental 
depolarization ratio, typically less than 0.05. Figure  8b, 
d shows a longer transect of an insect with a fundamental 
wing-beat frequency of about 70  Hz and also exhibiting 
prominent overtones, possibly related to the occurrence of 
strong specular reflections in the wings. The depolarization 
ratio of the oscillatory/wing part varies from 0.17 to 0.40 
indicating glossy wings with varying degrees of specular 

reflections. The non-oscillatory part shows a strongly vary-
ing depolarization behavior, which is presently not fully 
understood, but which may be due to non-perfectly overlap-
ping laser beams.

We now return to the issue of separating insect sig-
nals from raindrops. From more data of the type shown in 
Fig.  7, we can construct a histogram as shown in Fig.  9. 
Here, the number of counts of a certain transit duration is 
plotted. On this logarithmic plot, we have fitted the data to 
the sum of a parabola and a straight line, representing rain-
drops and insects, respectively. The graph suggests 6 ms as 
a threshold value for separation.

The occurrence of fauna signals during a 24  h period 
also comprising rain showers is shown in Fig.  10. We 
here have adopted a discrimination procedure as shown in 
Fig. 9. We note that there is a much more pronounced “rush 
hour” at dusk (just after sunset) than at dawn, when the 
activity is strongly reduced after sunrise. We also observe 
higher insect counts in connection with onset of rainfall.

The observed activity is generally speaking consider-
ably higher at nighttime compared to daytime. However, it 
should be noted that during daytime the background level is 
considerably higher, which leads to larger noise - thus, dur-
ing nighttime smaller insects can be detected, which could 
be a confounding factor. This has to be taken into consid-
eration, in order to quantitatively compare insect counts in 
different atmospheric- and background conditions.

Fig. 6  Data overview for the first 3 days of the field campaign. The 
total number of atmospheric transients (atmospheric fauna and rain-
drops) is plotted in black on a logarithmic scale on the first vertical 

axis together with the signal background light level, plotted in blue on 
the second vertical axis, reflecting the time of the day
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The distribution of rainfall is shown in Fig. 4. There are 
several occasions when the effect of rain on insects could 
be studied. We tried to exclude study periods overlapping 
with dawn and dusk rush hours, since the population was 
changing very rapidly during such events.

The first rain occurred in the late hours of July 9 (see 
Figs. 4, 6, 10). We show, in Fig. 11, how the counts of rain-
drops (blue curve) relate to the count of insects (red curve). 
We restrict the observation range to the first 200 m, to avoid 
closely spaced raindrops to be confounded with an insect 
at far distances, where the range resolution is strongly 
reduced. The separation has been done on the temporal 
duration of the signals, as described in connection with 
Fig. 9, but now adopting a threshold of 8 ms. We note that 
the rainfall evaluated from the lidar recordings is consistent 
with the measured values from the mechanical gauge. This 
supports the validity of our evaluation approach, which 
gives a much higher temporal resolution. Prominent insect 
count peaks occur at the beginning of the showers. The data 
are interpreted as the wash out of many insects, flying at 
high altitudes, even km, due to the falling raindrops already 

at the early part of the rainfall. Only a small number of 
insects are observed to be still in the air during the ongoing 
rainfall. This convincingly shows that our method is able to 
separate insects from raindrops. Similar high-insect counts 
at the beginning of a rain shower have been observed with 
entomological radar techniques with observation of aggre-
gations of insects at the front of a storm [4].

Since data on depolarization behavior of the echoes are 
obtained with our setup, we also used the different depolar-
ization properties between insects and raindrops to obtain 
an independent discrimination. We show, in Fig.  12, data 
during 1.5 h where transit time data as well as data in the 
depolarized light channel have been used. We note that 
while some deviations are observed, the data are largely 
congruent, and again exhibit a strong peak in insect abun-
dance at the onset of rainfall.

We also looked at the influence of rainfall on insects 
of different size the same time period during the night of 
July 10, when three periods of rainfall occurred. We noted 
a tendency that smaller insects (with less intense echoes) 
occur somewhat before larger ones (with more intense 

Fig. 7  A typical Range-Time 
map of one second recordings is 
shown in (a). In the upper part, 
an insect flying in the rain gives 
rise to an oscillatory signal 
of about 30 ms duration, as 
enhanced in the expanded panel 
to the left. This oscillatory sig-
nal is shown in the time domain 
in (b). The power spectrum of 
this signal is obtained through 
a fast Fourier transform (FFT) 
of the signal into the temporal 
domain, and is shown in (c) 
to reveal a 130 Hz wing-beat 
frequency and overtones. In 
contrast, a typical raindrop pass-
ing the beam in about 4 ms is 
indicated in the lower part of (a) 
and also shown in detail in the 
expanded panel to the right 
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echoes) at the beginning of rainfall, which might be related 
to smaller insects being more sensitive to rain than larger 
ones. However, at the present stage the result is not conclu-
sive, since details in the range-dependent factors must be 
fully considered.

4  Discussion and conclusions

Our long-term lidar observations, carried out in the rice 
fields, observed higher insect counts during nighttime than 
during daytime. This pattern could be caused by differing 
noise levels during day and night, but is consistent with 
other studies. In addition, most pest insects trapped during 
the lidar observations, such as Chilo. suppressalis, Nilapa-
rvata lugens and Nephotettix bipunctatus, are nocturnal 
insects, and rice is not attractive to diurnal pollinators, such 
as bees, butterflies and flies.

Two peaks of flight activities at dusk and dawn, respec-
tively, were observed every day with the CW lidar in 
a static horizontally sampling mode. Such so-called 

Fig. 8  High temporal resolu-
tion recordings of two insect 
passages, with co- and depolar-
ized signals displayed. The 
FFTs of the signals are also 
included

Fig. 9  Histogram of particle counts with a particular beam transit 
time (1 ms bins). Short transit times correspond to raindrops, while 
longer times correspond to flying insects 
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crepuscular activity peaks were in general always promi-
nent in similar lidar experiments we have carried out. This 
phenomenon is also in accordance with the flight behavior 
of nocturnal migrant insects observed with entomologi-
cal radars. According to early radar observations, migrant 
insects take off at dusk, and peak insect density is generally 
observed half an hour later [23–26]. The peak of insect den-
sity may last 1 or 2 h and then decreases to a low level after 
the insects have migrated [23–25]. If there were migrating 

insects flying over the radar site through the whole night, 
the insect density would not decrease after dusk takeoff 
[25, 26]. The nocturnal migrant insects generally cease fly-
ing before dawn and form a sudden drop in insect density 
just before dawn [26, 27]. A weak peak of insect density 
related to landing of nocturnal insects or takeoff of diurnal 
insects is often observed at dawn [25]. In case of migra-
tion, the dusk peak is generally strong but the dawn peak 
is weak or absent [25]. Our long-term lidar observations 

Fig. 10  Twenty-four hours of atmospheric activity featuring the 
temporal distribution of flying fauna (shown in red). Signals due to 
raindrops have been suppressed using image erosion, relying on the 
considerably shorter beam transit time of raindrops compared to aero 
fauna. Rush hours at dusk and dawn are evident. The background 

level is indicated in black, and the rainfall in blue, as measured at 
5  min intervals with a mechanical gauge. Since several curves are 
shown with regard to their dynamic behavior, the y-axis is for sim-
plicity labeled “Intensity”

Fig. 11  Insect counts (red) recorded in conjunction with raindrop 
counts (blue) show that insect events peak at the beginning of a 
rain shower. The interpretation is that high-flying insects are pushed 

downwards to the ground by the rain. Since many curves are shown 
with regard to their dynamic behavior, the y-axis is for simplicity 
labeled “Intensity”
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support such a scenario, but we also note that the occur-
rence of a strong dusk and a weaker dawn population peak 
is very common due to the presence of crepuscular insects 
in abundance.

The present study also observed that there were peaks 
of insect activities just before rainfall and especially at 
the early stage of rainfall. This is because the migrating 
insects may concentrate in the outflow of the storm, which 
has been observed repeatedly with entomological radars 
[5]. Early radar observations indicated that the migrating 
insects at high altitude could be washed down by rain caus-
ing the aerial insect density to vary abruptly [26]. Our pre-
sent study suggested that the high-flying insects did land at 
the early stage of the rain and they were not able to take off 
again after the storm. This forced landing of emigrants may 
trap part of the emigrant pest population and cause local 
crop damage later. If this rain-induced landing occurs in an 
immigration region, the rain area may become a severely 
damaged region.

In conclusion, our measurements show that a low-cost 
CW lidar system of the type employed in the present stud-
ies can provide huge amounts of useful data on flying 
insects and, thus, can be very helpful in entomological 
studies, in particular related to the abatement of agricul-
tural pests. Measurements of occurrence and identification 
related to wing-beat frequency and depolarization ratio 
could provide information difficult to attain in other ways. 
We will be working on the continued refinement of analysis 
methods to develop the methodologies reported into robust 
and fully operational approaches.
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