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Fig. 1 Atmospheric echo spatiotemporal distribution

pattern observed by lidar
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Fig. 2 Fundamental principle of differential zero-crossing method. (a) Lidar echo signal; (b) first order differential signal
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Abstract

Objective Clouds cover most of the globe, which plays an important role in the global climate change research by
influencing solar radiation and latent heat release and participating in the large-scale circulation and global water
cycle. The traditional cloud detection methods mainly include sensor joint inversion, infrared cloud detection,
artificial observation, and laser cloud detection, but all of them have some problems, such as strong subjectivity,
poor continuity, and too many interference factors. Because of its real-time, efficient and continuous characteristics
in cloud structure detection with high spatio-temporal resolution, a lidar has gradually become an effective means to
detect the spatio-temporal distributions of atmospheric physical parameters, clouds and aerosols and been widely used
in the continuous monitoring of the spatial distributions of atmospheric aerosols and clouds at low and middle
altitudes. Normally, clouds are much denser in the tropospheric atmosphere than aerosols. However, it is difficult to
extract cloud information directly from lidar echo signals when there is interference from thin cloud signals similar to
aerosol signals or thick aerosol signals similar to cloud signals. In this paper, a double-threshold lidar cloud detection
algorithm based on cluster analysis is proposed, which can extract cloud information from lidar echo signals and
realize layered cloud processing without interference signals.

Methods Based on the differential zero-crossing method combined with threshold and cluster analysis, the cloud
signal detection and cloud stratification are realized in this study. First, the IMD-ITM algorithm is used to preprocess
the signals to improve the signal-to-noise ratio of the original echo signals. Then, the cloud signal is screened from
the preprocessed signal by the ratio of cloud layer peak echo signal to layer bottom echo signal (peak-to-bottom ratio)
threshold, and the improved background noise threshold is combined to prevent the thin cloud signal from missing
selection. The effective cloud signal obtained by threshold filtering is processed by the differential zero crossing
method, and the differential zero of the cloud signal is obtained. Finally, we built up a two-dimensional array by
vertical height and relative humidity of cloud signals at differential zeros, and the ISODATA algorithm is used to the
cluster analysis of the array. The cloud signals at differential zeros in each array after clustering are in the adjacent
height range and have roughly the same relative humidity, which indicates that they affiliate to the same cloud layer.
The cloud base and cloud top heights of the stratus cloud are the minimum cloud base height and the maximum cloud
top height calculated by the improved differential zero crossing method in the zero set. In order to verify the
reliability of the algorithm, the lidar echo signal is simulated to verify the applicability of the proposed algorithm to
clouds at different heights, and the continuity and cloud detection rate are compared with those of the traditional
differential zero crossing method and the standard values.

Results and Discussions The improved cloud detection algorithm can effectively detect cloud signals and realize
cloud structure discrimination. Experiments show that the algorithm can accurately extract cloud signals and
determine the heights of cloud base and cloud top for both low cloud and high cloud (Fig. 6). The lidar echo signal
profiles are shown in Fig. 7. By comparing with those of the traditional differential zero-crossing method, it can be
found that the continuous time signal inversion results of the improved algorithm are significantly better (Fig. 8 and
Table 1). It has obvious advantages in eliminating the interference of aerosol signals and extracted thin cloud signals
(Fig. 9). Experimental results show that compared with the ARM cloud data, the cloud detection accuracy of the
improved algorithm proposed in this paper is 93.62% for the low cloud layer, 92.78% for the middle layer cloud,
and 93.03% for the high cloud layer.

Conclusions Aiming at the defects of the traditional differential zero-crossing method, this paper proposes a two-
threshold cloud detection algorithm based on cluster analysis. In this algorithm, the lidar signal is processed with the
improved thresholds of peak-to-bottom ratio and background noise, and the cloud information is extracted accurately.
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In addition, for the layered cloud processing, this paper adopts the ISODATA algorithm for the cluster analysis of
differential zeros to achieve accurate layered cloud processing. Experimental results show that compared with the
traditional differential zero-crossing method, the proposed algorithm significantly improves the inversion accuracy,
effectively eliminates the interference of aerosol signals, extracts cloud information, and has a good detection effect
on the clouds with different heights. It is found that on the basis of hierarchical cloud processing, the echo signal
characteristics with different types of clouds and different cloud structures can be used to distinguish cloud types such
as cumulus, stratus, and cirrus, as well as cloud phase states such as ice cloud, water cloud, and ice-water mixed

cloud.

Key words laser optics; lidar; differential zero-crossing method; cloud detection; atmospheric optics
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