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Precipitation modifies atmospheric column thermodynamics through the process of evaporation and serves as a proxy for
latent heat modulation. For this reason, a correct precipitation parameterization (especially for low-intensity precipitation)
within global scale models is crucial. In addition to improving our modeling of the hydrological cycle, this will reduce the
associated uncertainty of global climate models in correctly forecasting future scenarios, and will enable the application of
mitigation strategies. In this study we present a proof of concept algorithm to automatically detect precipitation from lidar
measurements obtained from the National Aeronautics and Space Administration Micropulse lidar network (MPLNET).
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| 1. Introduction

Human life is strongly dependent on the water cycle W. In particular, precipitation is a key-player in pairing the Earth—
atmosphere water and energy cycle, through modulating atmospheric column latent heat and affecting cloudiness and
cloud lifetime. For this reason, long-term precipitation datasets are needed to analyze spatial and temporal trends and
variability, especially at the global scale 2. In the last two decades, thanks to the internet, a ground-based network of
instruments has started to develop and measure important climate-related variables B, including columnar and
atmospheric profiles of aerosol optical and micro-physical properties through passive and active optical sensors (i.e.,
sunphotometers and lidars). Nevertheless, elastic 4 multi-wavelength and Doppler lidar observations containing raining
events are usually unjustifiably disregarded in standard monitor activities, even if light rain events are clearly detectable
on lidar data !,

Some recent studies show that a correct precipitation parameterization € will drastically improve global climate models to
forecast future scenarios that can help define the best mitigation and adaptation strategies. Further, precipitation studies
are crucial to assessing aerosol indirect and semi-direct effects, since aerosols influence both cloud formation and
precipitation that in turn removes aerosols from the atmosphere by scavenging effect. Isolated case studies using lidar
data (together with ancillary instrumentation) to quantitatively assess the atmospheric profile of precipitation micro-
physical and optical characteristics are shown in BIIEIRIA Nevertheless, these efforts, due to their intrinsic complexity,
are not suitable to be operationally implemented in a network of instruments.

Several studies showing the development of aerosol 22l and cloud 22! masking algorithms exist, but, to our knowledge,
none demonstrate automatically detecting light rain events using lidar observations. In this paper we present a proof-of-
concept rain masking algorithm and report results of an intercomparison with a disdrometer to prove the efficacy of the
algorithm in detecting light rain, drizzle, and virga events from lidar observations. The algorithm, once extensively tested
and validated also against other remote sensing instruments (i.e., high-frequency radars) will be implemented in the
National Administration and Space Agency (NASA) Micropulse lidar network (MPLNET https://mplnet.gsfc.nasa.gov/;
see Section 3) and will provide, when available, a new complimentary rain mask variable that can be used either as the
starting point to further investigating scientifically interesting-precipitation cases (i.e., to assess their optical and micro-
physical properties, BIEIE) or simply to better characterize precipitation patterns and its variability at different spatial
scales.

The developed algorithm, based on image processing techniques, applies morphological filters on composite plots of the
Volume Depolarization Ratio (VDR) variable, as defined in 24! and this algorithm will permit MPLNET to fill the gap left by
the joint NASA and Japan Aerospace Exploration Agency (JAXA) missions, as the Tropical Rainfall Measuring Mission
(TRMM) followed by the Global Precipitation Measurement (GPM) 13, in detecting low intensity precipitation [, especially
at mid and higher latitudes 28], Our paper is outlined as follows: in Section 3 we describe in detail the NASA MPLNET
network and its products used as input by the rain masking algorithm. Section 4 shows the algorithm flowchart and all the



different phases from input to output are carefully described. Section 5 reports the algorithm intercomparison and
validation through co-located ground-based observations by disdrometer, while in Section 6 discussion and future
perspectives are reported.

| 2. The MicroPulse Lidar Network

The NASA MPLNET network 7. active since 1999, is a federated network of commercially—available Micropulse lidar
(MPL) systems 281 produced by LEICA Geosystems, Lanham, MD, USA (formerly SigmaSpace). The instruments, active
optical devices that have developed since CO2 laser invention 29, are globally deployed to support the NASA Earth
Observing System (EOS) program 2%, The MPLNET lidar network continuously monitors the atmosphere every 60 s, from
the surface up to 30 km with a software-adjustable vertically-resolved spatial resolution (depending on the station, 0.030—
0.075 km), under any meteorological condition and to the limit of laser signal attenuation. Both temporary and permanent
observational sites are globally deployed, and are located at polar, mid-latitudes, tropical, and equatorial regions to
retrieve the aerosol [ZH22]23] cloud optical 2423, and geometrical properties together with their radiative effects. The
single-wavelength MPL lidar system, is co-located, when possible, together with the NASA Aerosol Robotic Network
(AERONET:; [28)) sunphotometer to reduce error in retrievals 24, MPLNET products are freely and publicly available at
the MPLNET website, which follows the modified EOS convention as: Level 1, Level 1.5, and Level 2, are all available in
near real time (NRT). The only difference between L1 and L15 products are that data failing to meet the L15 Quality
Assurance (QA) criteria are screened and replaced with Not a Number (NaN) in the files. The primary difference between
L2 and L1/15 files is that L2 may have additional post-calibrations applied as well as corrections to instrument
temperatures.

Since 2017, MPLNET has fully integrated polarized MPL systems into the network, which provides information about
particle shape. Each instrument relies on the collection of two-channel measurements (i.e., the signal
measure Pco(z) and Pcr(z)). A detailed description of the depolarization channel can be found in 4. Even a half degree
tilting of the lidar instrument with respect to the vertical direction, needed to avoid cirrus cloud specular reflection, is
sufficient to substantially increase the VDR of the precipitation (even for spherical raindrops), as shown in 28, This rain
enhanced contrast in lidar VDR composite images facilitates its detection. Figure 1 shows a front descent on 27 March
2018 with multiple rainfall episodes showing higher VDR values (green bins). The start of the precipitation event is
highlighted by red arrows.

Figure 1. 27 March 2017 Micropulse lidar network (MPLNET) Version 3 Volume Depolarization Ratio (VDR) variable (L15
MPLNET Normalized Relative Backscattering (NRB) product). Red arrows highlight the starting point of the precipitation
events.

The proposed algorithm, uses, as the input composite image, the new Version 3 (V3) VDR variable, paired with the cloud
mask 3 variable found in the L15 Normalized Relative Backscatter (NRB) and Cloud (CLD) data products 27129
respectively. The cloud mask is an array of integer numbers where cloudy bins are labeled as 2, non-cloudy bins as 1,
while bins with an indistinguishable signal-to-noise ratio are labeled as 4. For image-based detection techniques, the L15
NRB VDR variable is preferred to the L15 NRB variable (i.e., the backscattered energy by the atmosphere) as in the VDR
variable composite images the rainfall bins show a higher volume depolarization ratio. This translates into higher contrast,
as shown in Figure 2b.



{a) NRB variable composite image on 22 April 2016 observed at National Administration and Space Agency
(NASA) Goddard Space Flight Center permanent MPLNET observational site.

{b) VDR variable composite image on 22 April 2016 observed at NASA Goddard Space Flight Center permanent
MPLNET observational site. The rainfall event has a different color with respect to the background aerosol
{greener tone), while clouds are represented in red.

Figure 2. Precipitation event detected on 22 April 2016. With respect to (a) NRB, the precipitation on (b) VDR has more
defined and sharp contours. The precipitation under the cloud (in red) has a different green tone. For this reason, the
detection is easier on (b).

It is clearly visible that, with respect to the strong red depolarizing structures (VDR>35%) (e.g., clouds containing ice), the
signal assumes a well-defined rectangular shape that can be identified as rainfall. In contrast, during non-rain episodes,
the signal does not assume a particular shape and the VDR shows lower values.

| 3. Discussion and Conclusions

Automated networks of instruments started to develop in the last two decades aiming to continuously monitor crucial
atmospheric physical, thermodynamic, geometrical, and optical variables. Among them, the NASA MicroPulse Lidar
NETwork (MPLNET), active since 1999, has globally deployed more than 21 worldwide observational sites in the tropics,
mid-latitudes, and polar regions in both hemispheres to automatically retrieve 24/24 the geometrical and optical properties
of aerosol and cloud atmospheric profiles under any meteorological conditions. Despite that lidar has proven to be very
effective in detecting especially light precipitation and drizzle, lidar data containing precipitation episodes are currently
unjustifiably disregarded. As a proof of concept, in this study we developed a rain masking algorithm, based on the
volume depolarization ratio variable, which is proven to be effective in detecting light rain, drizzle, and virga episodes.
Once rigorously validated and operationally implemented into the NASA MPLNET lidar network, the rain masking
algorithm will consistently help in understanding how light precipitation contributes to cloud formation and will fill a gap left
by TRMM and GPM missions in detecting low intensity rainfall episodes. This is crucial to improving global climate model
forecasts and for aerosol-clouds and in turn, precipitation interactions. Finally, as future development, the algorithm will
be also tested on simpler elastic lidar instruments without the depolarization channel, i.e., the ceilometers, to assess the
rain detection feasibility. In more detail, precipitation is a fundamental meteorological phenomenon that is the principal
responsible for atmospheric aerosol removal. Analyzing a large database of lidar measurements will help in fully
characterizing the aerosol cycle, from emission to deposition, and validate global model observations that show a strong
negative correlation between Aerosol Optical Depth (AOD) and precipitation due to wet scavenging 2. A synergy
between both passive and active satellite NASA missions, i.e., the Moderate Resolution Imager Spectrometer (MODIS; 21l
and the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO; B2y and the ground based lidar
networks, such as the European Aerosol Lidar NETwork (EARLINET: B3)) part of the Aerosols, Clouds and Trace gases
Research Infrastructure (ACTRIS http://www.actris.eu) and in North America as MPLNET, and more in general in the
frame of Global Aerosol Watch (GAW) aerosol lidar observation network (GALION; [34) will strongly contribute to
quantitatively assess how the above cloud aerosol load influences clouds and then rainfalls. The synergy will then assess

the “all-sky” aerosol contribution to clouds and precipitation.



The image-based technique methodology used in developing the proposed algorithm, will be tested in a future work over

different instruments, i.e., ceilometers, where precipitation still looks like a higher-contrasted feature in the range corrected

backscattered energy.
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