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Abstract: Micro-pulse lidar (MPL) measurements have been widely used in atmospheric
research over the past few decades. However, the MPL afterpulse noise has a large impact on
the MPL aerosol measurement in the middle and upper troposphere, and an effective correction
method is still lacking. Here, a new afterpulse correction approach is presented by using
measurements with low-level optically thick clouds to act as the lids blocking atmospheric signals
beyond the clouds completely. Examples are provided to illustrate the effectiveness of this
correction method. Using one-year 2014 MPL measurements at the U.S. Department of Energy
Atmospheric Radiation Measurement (ARM) North Slope of Alaska (NSA) site, the impact of
the correction on the aerosol measurements is quantified. The relative error (RE, %) of attenuated
backscattering ratio (ABR) without the afterpulse correction is 30% and 190% at the height of
1.00 km and 9.00 km (AGL), and the RE is larger for weaker aerosol signals (ABR<2). The
RE of linear depolarization ratio (LDR), which is significantly higher than that of ABR for a
given aerosol layer, is highly non-linear above 3.00 km, with a value of 300%-900% for weak
aerosols (ABR<2) above 3.00 km. Therefore, the afterpulse correction is critical for the middle
and upper tropospheric aerosol observations. We demonstrated that our afterpulse correction can
provide reasonable particle depolarization ratio (PDR) to properly identify dust aerosols. The
newly developed method can be applied to long-term MPL measurements to support aerosol and
mixed-phase/ice cloud interaction study at the NSA site.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Atmospheric aerosols affect the Earth’s energy budget by direct interaction with solar radiation
through scattering and absorption [1,2]. Also, aerosols alter cloud microphysical characteristics
indirectly by acting as cloud condensation nuclei (CCN) or ice-nucleating particles (INPs) –
the so-called aerosol-cloud interactions (ACI) [3]. However, the change of planetary albedo
stemming from ACI is still one of the largest uncertainties in the current climate predictions [4,5].

Dominant ACI mechanisms depend on cloud types [6]. Due to complex microphysical processes,
the indirect effects of aerosols associated with mixed-phase clouds [7,8], connective clouds [9],
and ice clouds [10,11] in the middle and upper troposphere remain poorly constrained. For
example, the perturbations in INP concentrations dominate over changes in CCN concentrations
in Arctic mixed-phase clouds [12]. In addition, the vertical distributions of aerosol load and
types are crucial for ACI, especially in the vicinity of clouds [13–16]. Therefore, it is important
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to accurately characterize middle and upper tropospheric aerosol properties to better understand
their effects on the mixed-phase and ice clouds.

Lidar is a powerful tool for aerosol and cloud profiling in the troposphere [17–19], including
ground-based, satellite-based and airborne observation platforms. Polarization techniques greatly
expand the lidar capabilities for aerosol type determination, especially for dust detection [20].
For the last two decades, micro-pulse lidar (MPL) [21,22] has been widely used in routine aerosol
and cloud measurements. Many ground-based MPL networks were built in various regions
around the world, including the MPLNET [23], U.S. Department of Energy (DOE) Atmospheric
Radiation Measurement (ARM) Program sites [24] and Chinese sites [25–28]. It has been widely
used for atmospheric studies, such as the planetary boundary layer height retrieval [29], aerosol
distribution analysis [30], cloud detection and typing [31,32], precipitation detection [33], the
optical properties of different aerosol mixtures with depolarization [34]. These studies have
demonstrated that MPL performs well for atmospheric applications.

However, due to the imperfection of the semiconductor for the Avalanche Photo-Diode (APD)
detectors used by MPLs, a small fraction of electron-hole pairs become trapped during an
avalanche event [35,36]. If the APD is biased above breakdown before the traps have fully
emptied, the detrapping electron-hole pairs can initiate another avalanche [37–39]. This effect,
known as the afterpulse noise, introduces distortion in MPL detected signals. The afterpulse
noise can typically causes unneglectable errors in signal and depolarization measurements,
especially in middle and upper troposphere [37]. Afterpulsing behavior of APDs has been poorly
investigated, because of the complex dependency of detector characterizations on operational
conditions [39]. For example, the APD stability is very sensitive to the applied external voltage
and to operation temperature. Moreover, each semiconductor device is unique and it possesses
unique properties caused by degree of purity of a crystal and other technological factors [39,40].
To improve the MPL data quality and understand ACI better, it is critical to correct the afterpulse
effects for the ground-based MPL measurements.

A new method of afterpulse correction is proposed for the polarized MPL in this study. Section
2 provides a general introduction of routine corrections for MPL data processing and current
status of MPL afterpulse corrections. Section 3 elaborates the methodology in this study, and
section 4 further discusses the application and evaluation of the method. Finally, section 5
presents the summary and conclusions.

2. MPL afterpulse noise

2.1. Effects and properties of the afterpulse noise in MPL

For the polarized MPL, required signal corrections in different polarization states can be written
as:

Pcorrected_i(r) = Praw_i(r) ∗ D(Praw_i) − Braw_i − Araw_i(r, E) (1)

where Praw(r) is the signal return in photoelectron counts per second at range r, Pcorrected(r) is
the corrected signal, D(Praw) is the detector deadtime correction factor, Araw(r, E) is the detector
afterpulse correction, E represents the emit energy of the laser pulse, and Braw is the solar
background signal. The superscript “i” denotes different polarized states.

For the polarized MPL, linear depolarization ratio (LDR) can be calculated as [41]:

δv(r) =
Pcorrected_cr(r)

Pcorrected_co(r) + Pcorrected_cr(r)
(2)

where ‘cr’ and ‘co’ indicate crosspol and copol polarized states, respectively.
In Eq. (1), the afterpusle noise correction is a majorheight-dependent term among the three

noise sources. Thus, neglecting aftetpulse effect induces the wrong slopes of lidar signal and
biased LDRs with height [42]. In general, the molecular measurements under the clear-sky
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condition can be used to evaluate the effectiveness and robustness of the afterpulse correction.
An example of MPL clear-sky measurements is presented in Fig. 1. The measured signals
(green solid line in Fig. 1(a)) and LDR (green solid line in Fig. 1(b)) profiles without afterpulse
corrections (ACs) indicate that there is no aerosol layer structures. But measured signals (green
solid line in Fig. 1(a)) decrease slower with altitude than the expected molecular signals (blue
dashed line in Fig. 1(a)) and the difference of slopes is more significant with the increasing
altitude. It suggests that there is ‘an extra signal’ in the lidar returns, and the effect of the ‘extra
signal’ is obvious in the middle and upper troposphere. This is a typical sign of the effect of the
afterpulse noise [21,43]. Physically, the expected molecular LDR is constant with height [44]. In
Fig. 1(b), the measured LDR (green solid line) without ACs is increasingly linear with increasing
height (Fig. 1(b)), which is not consistent with expected molecular LDRs.

Fig. 1. (a) The measured signal profiles without/with afterpulse correction (ACs) (green/red
solid lines) and expected molecular signal profile (blue dashed line), ratio of signal profiles
without and with ACs (black solid line), (b) The measured LDR profiles without/with ACs
(green/red solid lines) and LDR reference profile (blue dashed line), SNR profile (black
solid line) and SNR reference profile (purple dashed line) from MPL during 06:00-10:00
UTC on November 07, 2014 at NSA site. The afterpulse corrections are realized using the
new method proposed in this study. The signal profiles have been smoothed by performing a
100 range gate (15m) moving average.

An accurate correction should make the lidar measurement profiles and the expected molecular
profiles consistent in molecular signal slopes [45] and constant molecular LDR with height [44].
The signals with the ACs method discussed below can achieve these goals as presented in Fig. 1.

Notably, afterpulsing is a direct function of the energy associated with each transmitted pulse
as noted in [21]. Therefore, energy normalization should be performed for calculated afterpulse
noise to reduce the effect of unavoidable perturbations in transmitted pulse energies (due to laser
aging, dust, etc.). This is shown as:

Araw_E(r) = Araw(r) ×
E
Em

(3)

where Araw_E(r) is the final energy-normalized afterpulse correction, E is the shot energy monitor
value (mJ) during the MPL measurement, and Em is the average energy monitor value during the
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chosen MPL measurements period for determining the ACs. MPL system records transmitted
laser energy together with atmospheric returns.

2.2. Previous afterpulse correction methods

Isolating afterpulse signal is best accomplished when the system is operated in a ‘blocked’
configuration, where atmospheric backscatter and ambient background counts are eliminated. In
such a scenario, signal measured beyond the blocking point (in terms of time) is the afterpulse
noise. This can be achieved in a laboratory setting (i.e., a dark room when the system is pointed
at a target) [22,46], or more easily by applying a lid to the transceiver to eliminate the background
light [21,39,47]. It is noticeable that the experimental method needs to be processed in near-real
time. Obviously, it is not applicable in the historical measurement data.

Besides that, Welton et al. [43] introduced a method based on historical observation data.
They chose the data period under the clean condition and the lidar returns were assumed to
represent the pure Rayleigh scattering. In this condition, the actual measured lidar signal PL(r)
and Rayleigh lidar signal PR(r) have the linear relationship:

PL(r) = C · O(r)PR(r) + A(r) (4)

C is the assumed lidar system constant. By fitting as a function of with Eq. (4), the y intercept
was used to construct the afterpulse function A(r) and the slope was used to determine the overlap
function O(r). However, the method is unstable because of the need of determining multiple
parameters at the same time.

Other relevant works simply provide the concept or the similar methods as mentioned previously
[48,49]. Thus, practical afterpulse correction methods for historical MPL data processing are
still lacking.

3. Methodology

3.1. ARM MPL observations

This study is motivated by the needs to characterize the aerosol distributions at DOE ARM sites
with long-term MPL measurements. The MPL is an eye-safe and highly sensitive lidar system of
measuring all-day vertical backscattering profiles from optically thin clouds and aerosols and
molecules. Polarized MPL systems have been operating regularly since August 2006. More
extensive descriptions of MPL system are given by Campbell et al. [21], Welton et al. [47],
and Flynn et al. [41]. In this study, MPL (532 nm) measurements at ARM North Slope of
Alaska (NSA) site, located just to the northeast of Utqiagvik (formerly Barrow), Alaska (71.3°N,
156.6°W, 8 m), which had MPL measurements since 1998, are used. The one-year period data
from January 2014 to December 2014 was selected to evaluate the effectiveness of the new
correction method. In addition, the pressure, temperature, and relative humidity from radiosondes
are also used to calculate lidar molecular backscattering signals.

To identify aerosol layers using MPL measurements, the atmospheric feature boundary needed
to be identified when signal-to-noise (SNR) [50] was more than 1.5. Then, a fixed threshold
(e.g., attenuated backscattering ratio (ABR)> 6) was used to screen cloud layers, and the profiles
with ABR≤6 was regarded as aerosol profiles.

The ABR, LDR, and particle depolarization ratio (PDR) quantities of aerosol were used for
anlaysis. The ABR is calculated as:

ASR(r) = (βP(r) + βm(r)) exp[−2
z
∫
0
αp(r′)dr′] exp[−2

z
∫
0
αm(r′)dr′]/βm(r) (5)

where βP(r) and βm(r) are the particulate and molecule backscatter coefficient, respectively. αp(r)
and is the particulate and molecular extinction coefficient.
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PDR is calculated as [20]:

δ
P =

(1 + δm)δvR - (1 + δv)δm

(1 + δm)R - (1 + δv)
(6)

where δm is molecular LDR, which is constant with height [44,51,52]. It is set to be 0.05 in this
study. The lidar backscattering ratio R is approximated by ABR, which could introduce some
uncertainties in PDR estimations when aerosol optical depths are high. But for this study, this
is not a significant issue because the afterpulse noise has weaker impacts under high aerosol
loading conditions.

In the meantime, relative error (RE) of ABR and LDR used to evaluate the new afterpulse
correction method is defined as:

REj =
jwithout_AC − jwith_AC

jwith_AC
(7)

where ‘j’ denotes the ABR or LDR variables, ‘AC’ denotes afterpulse noise.

3.2. Afterpulse correction method

To quantify the afterpulse noise, MPL measurements with low-level optically thick clouds were
chosen in this study. The low-level optically thick clouds act as the lids that can block atmospheric
signals beyond the clouds completely. Under this condition, MPL signals above the complete
signal attenuation level do not contain any return from the atmosphere and measured signals
are due to the afterpulse noise. The difference between using low-level optically thick clouds
and lids to measure the afterpulse noise is the time when they block atmospheric signals. Lids
can be used to block MPL atmospheric returns completely prior to the first range bin, while
low-level optically thick clouds have specific base height and thickness. Therefore, there is a gap
in height-dependent afterpulse noise using optically thick clouds as the lid compared using a
physical lid. Although the laser pulses are attenuated quickly by the low-level optically thick
clouds, measurements within 500m or more above the apparent cloud top height (which can
be located approximately with absolute negative slope of signal less than 8 (count/µs/km) [45])
have to be excluded to avoid possible multiple scattering effects. The lowest height level with
useable signal for afterpulse noise analysis is determined by finding a height level with less than 4
continuous bins (15 m vertical resolution) with absolute signal slopes less than 1.1 (count/µs/km)
starting at the ‘the apparent cloud top height’ upward. If the height difference between these two
heights is less than 500 m, we move the lowest height level at 500 m above the apparent cloud
top height. For a case illustrated in Fig. 2, the gap is about 1.00 km.

In Fig. 2, the red and black solid lines show the mean MPL copol and crosspol profiles during
06:00-07:00 UTC on September 15, 2014 at NSA site. Due to the presence of low-level optically
thick clouds, the apparent cloud top height is about 0.50 km, while the actual cloud top height is
nearly 7.00 km based on cloud radar measurements (not presented here). MPL measured signals
above 1.00 km are used to the afterpulse noise. To fill the afterpulse noise gap below 1.00 km,
the data between 1.00-3.00 km (a 2 km range above the lowest useful data level) was used to fit
as log10(P) = aH2 + bH + c, where P is the range-uncorrected signal, H is the height, a, b and c
are coefficients to be determined, then the fit function is extended to the height below 1.00 km.
The selection of fitting function was guided by the afterpulse signal determined in [21]. A 2 km
height range provide enough data points to fitting reliably for extrapolation. The fit profile and
observed signal profile above 1.00 km were merged at an altitude with the minimum difference
between the two profiles to form a complete afterpulse noise profile. Finally, a mean laser pulse
energy needs to be recorded to use the derived afterpulse noise profile as indicated in Eq. (3).

Considering that the afterpulse noise could change with the MPL hardware and environment,
low-level optically thick clouds with liquid water path (LWP) >20g/m2 could be used to get the
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Fig. 2. MPL original signal (count/µs, red and black solid lines) and determined afterpulse
noise (AN) (count/µs, blue and green dashed lines) profiles during 06:00-07:00 UTC on
September 15, 2014 at the NSA site.

afterpulse noise profiles under different periods to support the analysis of long-term historical
MPL observations. Assuming cloud droplet effective radius of 10 µm, the cloud layer optical
depth is 3 with LWP of 20g/m2. Two-way lidar attenuation through this cloud (e−6) is ∼0.25%.
Thus, molecular returns above cloud top are significantly attenuated and weaker than the afterpulse
signals.

4. Evaluation and applications

An example of using the proposed afterpulse correction is given in Fig. 1. As illustrated in
Fig. 1(a), the slope of corrected signals (red solid line) is consistent with the slope of molecular
signal (blue dashed line) within 0.00-12.00 km except for 1.00-4.00 km where there are weak
aerosols. As we know, the troposphere extends from the surface of the Earth to a height of
approximately 30,000 ft (∼9.14 km) at the Polar Regions [53]. The ratio of signals without and
with the ACs (black solid line) increases with height from ∼ 1.00 at the surface to ∼ 4.00 at 12.00
km, which indicates that the contribution of afterpulse is significant in the middle and upper
troposphere [21,43]. Without the ACs, LDR nearly increases linearly with height from ∼ 0.08 to
∼0.28 (green solid line, in Fig. 1(b)), which is non-physical. The correction makes LDR (red
solid line) values fall into a reasonable range when SNR (black solid line) is above 1.5 (below
8.37 km). LDR is almost consistent ∼0.043 at heights of 1.00-8.37 km, which is consistent with
the theory that the molecular LDR is constant with height [44,52,54].

To further illustrate the effectiveness of the approach, comparisons of ABR and LDR with and
without the afterpulse correction for a whole day with multiple aerosol layers are shown in Fig. 3.
With ABR measurements, multi-layer aerosol structure, the upper tropospheric aerosol layers
(∼7.00 km) (due to the lower solar background during the nighttime), the middle tropospheric
aerosol layer (∼4.50 km), the low tropospheric aerosol layer (∼1.50km) and the aerosols in the
boundary layer (∼0.50 km), can be identified before (Fig. 3(a)) and after (Fig. 3(b)) the corrections.
However, there are significant differences in the aerosol loads as indicated by ABR values with
and without the afterpulse corrections. It is clear that afterpulse noise leads to overestimations of
aerosols from MPL measurements in the middle and upper troposphere. While the aerosols in
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the boundary layer can be detected from the LDR measurements, it is hard to distinguish the
structures of middle and upper tropospheric aerosol layers based on LDRs without the afterpulse
correction (Fig. 3(c)). It suggests that the difference between both LDRs (Figs. 3(c) and 3(d)) may
depend on the height and aerosol types. Compared with ABR changes, Figs. 3(c) and 3(d) show
that the corrections result in even larger LDR value corrections, which is critical for aerosol type
identifications. With the afterpulse corrections, LDR and ABR measurements show consistent
aerosol layer structures in the whole troposphere.

Fig. 3. ABR (a) without afterpulse correction and (b) with afterpulse correction, and LDR
(c) without afterpulse correction and (d) with afterpulse correction on March 24, 2014 for
MPL at NSA site

To prove the stability of the new afterpulse correction method, the method was applied to
MPL measurements during 2014 at the NSA site with 6 periods of suitable low-level clouds
selected for afterpulse noise determinations (see Table 1). The determined afterpulse noise
profiles are used to be temporally close to MPL measurements corrections. There are a total
of 1296 hourly aerosol profiles. Comparing ABR and LDR without (Figs. 4(a) and 4(c)) and
with (Figs. 4(b) and 4(d)) the corrections, improvements of data quality are obvious and it is
consistent with the results shown in Figs. 1 and 3. In addition, ABRs without the afterpulse
correction are difficult to identify the middle and upper tropospheric aerosol layer structures,
especially from February to April. This could leads to incorrect identifications of the clear-sky
boundaries to correctly set boundary values using the Fernald solution [55] to retrieve aerosol
vertical distributions with elastic lidar measurements, and further results in a wrong estimation
of aerosol radiative impacts [56]. Meanwhile, there is an obvious increase in LDR with altitude
without the afterpulse correction above 2.00 km. It also shows that LDR corrections (difference
between Figs. 4(c) and 4(d)) are larger than ABR corrections (difference between Figs. 4(a) and
4(b)), which implies that the afterpulse noise produces the larger errors in LDR than in ABR.

After the corrections, aerosol annual cycles in the middle and upper troposphere at the NSA
site can be explored accurately. For example, high frequent occurrences of dust aerosols in
spring and winter, especially in spring (Fig. 4(d) and 4(b)), can be clearly identified as a part
of the known Arctic haze [57]. The seasonal variation derived from MPL measurements after
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Fig. 4. ABR aerosol available profiles (temporal resolution: 1h) (a) without afterpulse
correction and (b) with afterpulse correction, LDR aerosol available profile (c) without
afterpulse correction and (d) with afterpulse correction for MPL from January to December
of 2014 at NSA site. The number of aerosol available profiles in different months are
different.

Table 1. MPL observation cases selected for the afterpulse noise determinations during 2014 at
the NSA site

cases 1 2 3 4 5 6

Date 01/04 02/04 04/27 09/15 10/23 12/06

time (UTC) 15:00-16:00 6:00-9:00 8:30-9:30 6:00-7:00 11:00-12:00 15:00-16:00

afterpulse correction is consistent with other relevant results [58]. But a detailed study of arctic
aerosol annual cycle is beyond the scope of this paper.

To show the effect of afterpulse noise on ABR and LDR quantitatively, Fig. 5 shows the REs
(%) of ABR (5a) and LDR (5b) as a function of height and ABRs based on the results in Fig. 4.
As indicated in Fig. 5, the REs for aerosol below 1.00 km are generally within 30%, thus it
is possible to study boundary layer aerosols with MPL measurements without the afterpulse
corrections, especially when ABRs are above 2. However, with height increase, REs increase
dramatically.

ABR value increases from ∼30% at 1.00 km to ∼190% at 9.00 km. It suggests that the effect
of afterpulse on ABR increases with height, which is consistent with the results of Campbell et al.
[21]. The influence of the afterpulse noise on ABR estimations decreases with increasing aerosol
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Fig. 5. The relative errors (REs: %) in (a) ABR and (b) LDR due to the afterpulse noise
based on aerosol profiles in Fig. 4. The x-axis is ABR after the correction. The green, red
and blue dashed lines indicate the variation trend of RE=30%, RE=70% and RE=120% in
(a); while green and red dashed line indicate RE=100% and RE=300% in (b)

load. For example, if the RE=30% is considered to be acceptable, MPL data are acceptable
below 1.00 km for the weaker aerosols (ABR≈1) and below 3.00 km for the stronger aerosols
(ABR≥3). By comparing the slope of three RE lines (30%-dashed green line, 70%-dashed red
line and 120%-dashed blue line), the slope gets larger with height. It implies that the afterpulse
effects on ABRs increase with height more slowly than with increasing ABR.

At the higher altitudes (>1.00 km) and the lower aerosol loads (ABR<2), REs of LDR vary
dramatically from ∼100% to 900%. The REs of LDR increase from 100% (dashed green line) in
the boundary layer to 300% (dashed red line) in the middle troposphere. Above 3.00 km, the REs
of LDR increase with height non-linearly, with larger errors for the measurements at the higher
altitude with the weaker aerosols. REs of LDR (Fig. 5(b)) are significantly larger than REs of
ABR (Fig. 5(a)) at the same height and ABR value. Therefore, it is necessary to perform the
afterpulse corrections is to MPL polarization measurements to accurately detect and quantify
non-spherical aerosol particles.

The corresponding distributions of feature properties (scattering properties: backscattering
coefficient and linear depolarization ratio, which can be estimated by ABR and PDR coarsely)
are used to discriminate the cloud and aerosol [59,60]. Figure 6(a) and 6(b) illustrates the
improvements of the afterpulse correction on PDR estimations based on the corrected data in
Fig. 4. The distribution of PDRs with afterpulse corrections as a function of afterpulse corrected
ABRs is consistent with results shown in Thorsen and Fu [59]. Moreover, PDR is an indispensable
quantity for the discrimination of dust particle from other aerosol types [61,62]. Before the
correction, PDRs calculated are biased high (PDR ∼0.5-2.5), especially for the weaker aerosols
(ABR<2). The correction can bring PDR into the normal ranges (0-0.15) for aerosols, which is
consistent with results in [61–63].

To evaluate the PDR and ABR relationship observed after the corrections, collocated CALIPSO
measurements based on the CALIPSO Level 2 5km aerosol profile products [64] were compared
with MPL results in Fig. 6(c) and 6(d). The CALIPSO ABR and PDR within 5.0° × 5.0°
centered at the NSA site are averaged to compare with MPL measurements. MPL data are
averaged from 3-hourly observations over the grid box with 60 m vertical resolution. Due to
high cloud occurrence around the NSA site, only 28 collocating cases were found. The results in
Fig. 6(d) above shows that collocated MPL (circle symbols) and CALIPSO (square symbols)
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Fig. 6. The histograms of aerosol ABR with afterpulse corrections and PDR (a) without
afterpulse corrections and (b) with afterpulse corrections based on MPL measurements in
Fig. 4. The histograms of aerosol ABR with afterpulse corrections and PDR with afterpulse
corrections based on collocating measurements of MPL (c) and CALIPSO (d) during 2014.
Frequency is normalized by the highest occurrence. The lines are the mean PDR values for
each specific ABR bin width.

measurements follows the same trends closely other than under small ABR (ABR<1.8) values,
and the MPL PDR without afterpulse correction (blue line) is biased much higher for the same
ABR values. This result confirms that the proposed afterpulse correction brings the aerosol PDR
into a correct range. Several uncertainties could attribute to the noticeable difference for the
weak aerosol (ABR<1.8). First, MPL is possibly slightly overestimated, which could lead to
underestimating PDR. Secondly, for weak aerosol layers, noisy CALIPSO signals would lead
to overestimated aerosol PDR. Considering these potential uncertainties, MPL and CALIPSO
measurements under small ABR values agree reasonably well.

5. Summary and conclusions

A new afterpulse correction method is proposed for polarized MPL measurements. The new
approach uses MPL measurements in the presence of optically thick low-level clouds to derive the
afterpulse noise at the altitude that is 500m above the apparent cloud top and a fitting approach to
estimate the afterpulse noise below. The new method is simple and robust enough to be applied
to long-term historical MPL measurements. Examples show that the method can correct the
obvious MPL measurement bias and provide signals with consistent slope with the expected
molecular signals (Fig. 1(a)) and constant LDRs with height under clear-sky conditions and
improved ABR and LDR estimations for aerosol layers.

To demonstrate the feasibility of the new approach for long-term MPL data analysis, the
approach was applied to MPL measurements at the NSA site in 2014. Six MPL measurement
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periods were selected to provide temporally dependent MPL afterpulse noise profile estimations.
The six afterpulse noise profiles are very close with the ratios of standard deviations and means
below 0.1 for both channels. Thus, it is enough to have seasonal afterpulse noise profiles under
normally MPL operations, such as DOE/ARM. It is important to have a new afterpulse noise
profile determined after any MPL hardware changes.

The corrected ABRs and LDRs show a more reliable aerosol annual cycle at the NSA site.
The REs of ABRs and LDRs increase with height and could overestimate up to 190% and 900%
at 9.00 km, respectively. Although REs of ABR and LDR decrease with increasing ABR, the
afterpulse effects are still significant when ABR<3 and above 3.00 km. The correction also
can bring aerosol PDR values with a reasonable range to make non-spherical aerosol particles
identification possible with MPL polarization measurements. The comparison of collocated MPL
and CALIPSO lidar measurements confirms that the improved aerosol PDRs are in a correct
range. These results confirm that the afterpulse correction is essential for middle and upper
tropospheric aerosol characterizations with MPL measurements.

For the afterpulse corrections, the signal quality is critical. For example, noisy signals could
lead to negative LDR estimations, which should be rejected for further analysis. For nighttime
MPL, hourly-averaged MPL measurements offer stable aerosol characterizations up to 8.00 km
in 2014. The afterpulse effects will decrease with MPL signal magnitudes. The results here
are based on the MPL system deployed at the NSA site in 2014. For the newer MPL systems
with improved signal-to-noise ratio at the upper troposphere, the afterpulse effect could be much
smaller.

The approach can be applied to different generation MPL systems, which are widely deployed
worldwide to improve middle and upper tropospheric aerosols. After the afterpulse corrections
and the overlap function corrections, the Fernald approach can be applied to determine aerosol
backscattering and extinction coefficients. Our ongoing effort is to process nearly 20-year MPL
measurements at the NSA site to understand the changing arctic environments. Combining MPL
retrieving aerosol properties with multi-sensors deriving ice and mixed-phase cloud can be used
to study aerosol-cloud interactions.
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