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Abstract: This study investigates the size distribution, the mean diameter, and the concentration of
ice particles within stratiform clouds by using in situ observations from 29 flights in Hebei, China.
Furthermore, it examines the empirical fitting of ice particle size distributions at different tempera-
tures using Gamma and exponential functions. Without considering the first three bins of ice parti-
cles, the mean diameter of ice particles (size range 100-1550 pm) is found to increase with tempera-
ture from —15 to -9 °C but decrease with temperature from -9 to 0 °C. By considering the first three
bins of ice particles using the empirical Gamma fitting relationship found in this study, the mean
diameter of ice particles (size range 25-1550 pm) shows a similar variation trend with temperature,
while the turning point changes from -9 to —10 °C. The ice particle number concentration increases
from 13.37 to 50.23 L! with an average of 31.27 L' when temperature decreases from 0 to -9 °C.
Differently, the ice concentration decreases from 50.23 to about 22.4 L' when temperature decreases
from -9 to —12 °C. The largest mean diameter of ice particles at temperatures around -9 and —-10 °C
is most likely associated with the maximum difference of ice and water supersaturation at that tem-
perature, making the ice particles grow the fastest. These findings provide valuable information for
future physical parameterization development of ice crystals within stratiform clouds.

Keywords: ice particle properties; particle size distribution; aircraft observation; stratiform cloud;
statistical analysis

1. Introduction

Clouds play an important role in the Earth’s radiative energy balance, including ice
clouds. Better understanding of ice particle properties is critical for developing parame-
terizations for mesoscale and climate models [1-5]. Particularly, the improvement in ice
particle size distribution (PSD) is extremely useful for simulating ice properties in various
models [6-11]. However, affected by topography and other factors, the characteristics of
ice particles vary a lot among different regions [12-14], making it valuable for us to ana-
lyze in detail the characteristics of ice particles over different regions.

Rangno and Hobbs [15] investigated the ice particles in stratiform clouds in the Arctic
and proposed possible mechanisms for the production of high ice concentrations. They
found that ice splinters generated during riming could account for the relatively high con-
centrations of ice particles in clouds that encompass temperatures between -2.5 and -8
°C. You et al. [16] investigated the ice particles observed by limited aircraft observations
in Northeast China. They found that the ice particle concentration decreased with height,
with the maximum concentration appearing in the middle and lower parts of clouds. Del-
anoé et al. [17] analyzed the statistical properties of the normalized ice particle size distri-
bution, and proposed new ice PSD parameterizations, while observations over the China
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region are not included. Heymsfield et al. [18] summarized the observation data from a
wide range of locations, temperatures, and altitudes to parameterize the ice particle size
distribution and other properties. Both of these studies have made significant contribu-
tions to the science community to parameterize the ice particles from a global view. Actu-
ally, these parameterizations are believed to better represent ice PSDs at global scale, ow-
ing to a better representativeness of the in situ microphysical database used to derive it.
However, these studies include no or few observations from regions over China. Further
knowledge about the ice particle size distribution over regions in China is highly de-
manded.

There are already many studies about the ice particle properties in North China [19-
25], but most of those studies are case studies from very limited aircraft observations. Hou
et al. [24] investigated airborne measurements of ice particle properties in three stratiform
precipitating clouds over northern China, finding that both exponential and Gamma func-
tions could be used to characterize the PSD parameters. They also found that the slope
values of the Gamma fitting size distribution of ice particles vary within a larger range
than that of exponential fitting size distribution, and a relationship existed between the
dispersion and slope values. Zhu et al. [25] investigated the ice crystal habits and growth
processes in two cases of stratiform clouds with embedded convection using data ob-
served simultaneously from three aircrafts on 18 April 2009 and 1 May 2009 as part of the
Beijing Cloud Experiment (BCE). The results showed that the majority of ice crystal habits
found in the two cases at temperatures between 0 and -16 °C included platelike, needle
column, capped column, dendrite, and irregular. A mixture of several ice crystal habits
was identified in all clouds studied.

In this study, we aim to combine as many available aircraft observations as possible
to investigate the ice particle size distribution from a statistical perspective. Using the data
from 29 selected aircraft observations in three years in Hebei Province, China, a multi-case
based statistical analysis on the ice PSD is carried out, along with the average diameter
and concentration of ice particles. The same as previous studies, we investigated the em-
pirical fitting of ice PSDs using both Gamma and exponential fitting functions. However,
different from previous studies, a greater number of aircraft observations allow us to fur-
ther understand the variations in ice PSD with temperature. After comparing the fitting
results between using Gamma and exponential fitting functions, we further use the
Gamma fitting results to investigate the ice particle mean diameter at different tempera-
tures with a broad size range from 25 to 1550 um.

This paper is organized as follows. The observation data and analysis methods used
in this study are described in Section 2. Section 3 shows the analysis and results regarding
the stratus cloud properties. Finally, Section 4 summarizes the findings of this study.

2. Data and Method
2.1. Instrument and Data

The cloud and aerosol observations from the Cheyenne aircraft, which is operated by
the Hebei province Weather Modification Office, were used in this study. The instruments
onboard the aircraft have been described by Zhao et al. [26] in detail. Here, we only give
a brief summary description about the measurements. The Forward Scattering Spectrom-
eter Probe Model 100 (FSSP) measures the cloud droplets with diameters from 1 to 95 um
and the two-dimensional cloud optical array probe (2DC) measures the cloud particles
with a size range of 25-1550 um (large droplets and ice crystals). The measurement ranges
of the instruments onboard the aircraft are adjustable and could be different for different
experiments. For example, while the detectable size range of FSSP is 1-95 um, it has four
measurement ranges to set during the experiment, which are 5-59, 2-47, 2-32, and 1-16
pm. The FSSP measurements used in this study have the size range of 2—47 um. Note that
the size range of 2DC is also adjustable and has been set up as 25-1550 um by the field
experiments used in this study. Previous studies [18,27] have explained that FSSP and
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2DC data have notable limitations: (1) FSSP sizing is calibrated using spheres, with the
result that non-spherical particles are undersized; (2) FSSP requires relatively high sample
volumes to detect particles. By adopting the size range of 2—47 pm and considering only
spherical liquid droplets, these two limitations should be minimized. In addition, noted
in this study is that we only investigate the ice particle size distribution from multiple
aircraft observations statistically, which can provide us with a first estimate/understand-
ing. Further investigation about the characteristics and variation in ice particle shapes
within clouds will be undertaken in the future. In order to reduce the system errors of the
instruments, the first two bins of the FSSP and the first three bins of the 2DC were re-
moved in this study by following previous studies [28-32].

To avoid the influence of shattering ice crystals which mainly affects small size ice
crystal amount, we investigated the PSD of ice crystals observed with diameters from 100
to 1550 pum, and further examined the total ice particles within the size range of 25-100
pum based on the fitting PSD. Previous studies [18,33] used the threshold value of 200 um
to minimize the errors caused by shattering issues. Instead of 200 pm, 100 um was used
in our study due to two considerations. One is that we would like to use the direct obser-
vations from the instrument as frequently as possible rather than obtaining more from the
empirical fitting regression. The other consideration is that we further confirmed the reli-
ability of our selection of 100 um as the threshold value via quality analysis by using the
University of Illinois/Oklahoma Optical Array Probe Processing Software (UIOOPS,
McFarquhar et al. [34]) to process the 2DC raw data (2DC(QC)) from limited aircraft ob-
servations (only five flights with available 2DC raw data in this study). Figure 1 shows
the average spectral distribution of cloud particles with the five available in situ aircraft
observations from FSSP, 2DC, and 2DC with quality checking by UIOOPS software. It is
clear that the ice particle size distributions are roughly consistent between those from 2DC
and 2DC(QC) for size range larger than 100 pum, with the observations from FSSP at the
middle of two datasets around 100 um. Thus, we can roughly conclude that fragmentation
has little impact or a slightly overestimated impact on the particle size distribution with
sizes larger than 100 um, while it has considerable impacts for particles with sizes smaller
than 100 um. Thus, the particle observations from 2DC at the size range from 100 to 1550
um are likely reliable in this study. Note that uncertainties for particles within the size
range of 25-100 um could be introduced by using the fitting PSD instead of observations,
which is worthy of future investigation.
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Figure 1. Average particle size distribution with the five available in situ aircraft observations from
FSSP (red solid line), 2DC (blue solid line), and 2DC with quality checking by UIOOPS software
(blue dashed line).
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2.2. Method

According to previous studies, there are different methods used to identify whether
the aircraft enters the cloud [35-40]. In this study, we used the method proposed by
Claffey [35] and Cober [36]: when T <0 °C, the ice particle number concentration (N) > 10
L1, and IWC > 0.001 g/m53, it is considered that the aircraft enters the ice cloud, noting that
the clouds studied here are stratiform clouds which could contain both liquid and ice par-
ticles. The existence of clouds with supercooled liquid droplets was further identified
based on the FSSP cloud particle number concentration (FSSP-N) and FSSP liquid water
content (FSSP-LWC). When T < 0 °C, FSSP-N > 10 cm™?, and LWC > 0.001 g/m?, it is con-
sidered that supercooled water is abundant [41,42].

Based on the 2DC observations, N is calculated by integrating the ice number con-
centration in each size bin with ice particle diameters from 100 to 1550 um. The ice particle
mean diameter (dm) is calculated as:

dmZZNiDi/Z]Vi 1)

where Ni (L) is the ice particle number concentration in the ith size bin, Di (um) is the ice
particle mean diameter in the ith size bin. There are totally 59 size bins between 100 and
1550 pm.

Table 1 shows the detailed information including flight number (named with year,
month, day, and flight serial), season, flight time, ground temperature, maximum flight
heights, cloud types, and total number of PSDs during each flight for the 29 in situ aircraft
observations in Hebei, China, which were used in this study. Data is available from the
webpage https://pan.bnu.edu.cn/l/BF2gYn (last access: January 18, 2022). The measure-
ment time include the years 2008, 2009, and 2013, with 12 flights in spring and 17 flights
in fall. Millions of samples were obtained for the ice particle size distributions during these
29 flight measurements. Figure 2 further shows the flight tracks of 20 flights, with the
other nine missing due to the measurement issues in GPS. Note that all flights took off
from Zhengding Airport, marked as a red star in Figure 2. It is clear that all of these ob-
servations were carried out over similar locations in south Hebei province.

Table 1. The detailed information including flight number (named with year, month, day, and flight
serial), season, flight time, ground temperature, maximum flight heights, cloud types, and meas-
ured PSD number for the 29 in situ aircraft observations in Hebei, China.

. Flight Time Ground ng.hest Total number
Year Flight Season ver . Temperature Height Cloud
(Beijing Time) of PSDs
(°C) (m)
20080408f1 Spring 12:23-12:39 14 6000 Stratus 615
2008040813 Spring 20:15-22:22 16 6000 Stratus 2723
2008052211 Spring 19:15-21:55 13 6000 Stratus 1600
2008 2008052611 Spring 10:48-13:37 13 6000 Stratus 280
200810051  Autumn 08:45-11:17 11 6084 Stratus 1880
200810201  Autumn 19:47-22:07 19 5500 Stratus 1219
20081021f1  Autumn 10:39-12:49 16 3900 Stratus 870
20081022f1  Autumn 21:14-23:07 13 5700 Stratus 672
200903241 Spring 07:50-10:46 2 3000 Stratus 3583
2009032912 Spring 16:00-19:18 8 4300 Stratus 1180
2009050911 Spring 13:43-16:22 27 5800 Stratus 2339
2009 20090510f1 Spring 09:52-12:56 14 6000 Stratus 965
200905141 Spring 14:24-17:07 18 7000 Stratus 1173
20090908f1  Autumn 13:40-16:43 17 6600 Stratus 634
20090928f1  Autumn 15:01-17:33 14 6800 Stratus 1006
200910111  Autumn 10:08-13:07 14 7000 Stratus 500
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20091011£2 Autumn 16:06-18:22 10 7000 Stratus 525
2009102511 Autumn 15:01-17:37 22 7000 Stratus 604
2013040411 Spring 14:40-17:35 16 6000 Stratus 5103
20130404£2 Spring 20:50-23:22 18 7000 Stratus 941
2013041911 Spring 09:40-12:33 15 6400 Stratus 5043
2013092111 Autumn 11:30-14:18 16 7000 Stratus 4001
20130921£2 Autumn 16:55-18:45 18 6800 Stratus 537
2013 2013092211 Autumn 19:10-21:55 15 7000 Stratus 1586
20130923f1 Autumn 10:28-13:28 15 7000 Stratus 3177
20131013f1 Autumn 09:05-11:30 18 7000 Stratus 1318
20131013£2 Autumn 19:33-23:01 14 4800 Stratus 3250
2013101411 Autumn 09:43-12:00 13 6800 Stratus 1201
20131014£2 Autumn 14:17-17:24 14 6400 Stratus 3678
]
; S

Latitude(N°)

@
&

37+

% s { L
13 114 115 116 17 118

Longitude(E®)

Figure 2. The flight tracks of 20 flights, with different colors indicating different aircraft observations.
The aircraft flights are named with year, month, day, and flight serial. The red star represents
Zhengding Airport where all flights took off.

According to the summary of empirical cloud PSD formula from Liu et al. [43] and
other studies [44-50], the typical empirical PSDs include Normal, Lognormal,
Exponential, Gamma (Modified Gamma), Weibull, Power-law, and multi-modal.
Compared to other particle size distribution formats, Gamma distribution has been
widely used by previous studies [51-60], partly because it considers the maximum
entropy principle for the cloud droplet system [51] and the power-law dimensional
relationships describing atmospheric particles.

We next investigated the ice PSDs using empirical fitting methods with both Gamma
distribution function and exponential distribution function using the least square method.
Note that Gamma distribution function could provide more accurate fitting results than
the exponential distribution function as indicated by previous studies, while requiring
one more parameter. In contrast, with only two parameters, the empirical fitting with
exponential function could be more easily applied. The ice particle size distribution in
Gamma form is:
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n(D) = N,D" exp(-AD) ()

where n(D) is the ice particle number distribution at particle size D with unit of number
per volume per unit size interval (L-um™); No, p1, and A represent the three parameters of
Gamma fitting function. The ice particle size distribution in exponential distribution form
is:

n(D) = N, exp(~AD) ®)

where No and A represent the two parameters of exponential fitting function. Note that in
exponential PSD function, the two parameters have clear physical meanings: No
represents the total particle number concentration and A is related to the spectrum type
[61].

3. Analysis and Results

The ice PSDs at different temperatures were analyzed by dividing the temperature
into four bins: -24—-20 °C (grey dot), —20—-16 °C (brown dot), -16—12 °C (cyan dot), -12—
-8 °C (blue dot), -8——4 °C (yellow dot), and —4-0 °C (purple dot), based on the 29 aircraft
observations, with the results shown in Figure 3a. The ice PSD averaged over the whole
temperature range from -24 to 0 °C (red dot) is also shown in Figure 3. Figure 3a shows
that there are more ice particles concentrated at the size range of 100-200 pum for all
different temperature ranges. This is likely associated with the small sizes of ice particles,
which mainly form via deposition and grow slowly, making the concentration relatively
large. Similar ice PSDs are found for clouds with temperatures from —24 to -12 °C, as
shown in Figure 3a. Moreover, there are also similar ice PSDs for clouds with
temperatures from -8 to —4 °C and -4 to 0 °C. Figure 3a suggests that -12—8 °C is a special
temperature range for the spectral distribution of ice crystals, with high concentrations of
ice particles with sizes greater than 400 um. Particularly, there are higher concentrations
of ice crystals with sizes greater than about 700 um at a temperature range from -12 to -8
°C than at other temperature ranges. Thus, -8—12 °C is roughly a threshold interval
temperature: different ice PSDs of clouds exist for temperatures above and below this
threshold interval value. The ice particle concentration is higher at the size range between
200 and 500 pum for clouds with temperatures below the threshold interval values than
with temperatures above the threshold interval values, while it is similar at other size
ranges. This is most likely related to the variation in ice nuclei (IN) concentrations with
temperature [62], along with the growth rates of ice particles by deposition [63]. As
known, when the temperature decreases every 4 °C, the IN concentration could increase
by one order of magnitude [62]. At the same time, the growth of ice particles would
consume water vapor, reduce the supersaturation, and cause the growth rate of ice
particles to decrease. Moreover, the growth rate of large ice particles is inversely
proportional to the particle diameter. Combined together, the above mentioned three
factors likely make the ice particles within the size range between 200 and 500 um for
clouds with temperatures below -8—12 °C much larger.

In order to study the effect of supercooled water on ice crystal distribution, especially
in the temperature range from -8 to —12 °C, we analyzed the ice crystal distribution when
T <0°C, FSSP-N > 10 cm™ and FSSP-LWC > 0.001 g/m? as the conditions containing more
supercooled water, and the results are shown in Figure 3b. The most pronounced change
in Figure 3b compared to Figure 3a is from -12 to -8 °C (blue dot), where the particle
concentration with sizes of 200-400 um is the lowest in all temperature ranges, along with
a significant increase in particle concentration with sizes greater than 600 um. This
phenomenon is most likely the result of the Bergeron process with the involvement of
supercooled water. A significant decrease in ice particle concentrations in the range of
100-600 pm can also be seen from —16 to -8 °C.
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Figure 3. Average ice PSD in conditions (a) with pure ice particles and (b) containing supercooled
water at different temperature ranges obtained from the statistical analysis of the 29 aircraft
observations. The red dot represents the temperature from -24 to -0 °C; the grey dot represents the
temperature from 24 to -20 °C; the brown dot represents the temperature from —20 to -16 °C; the
cyan dot represents the temperature from —16 to —12 °C; the blue dot represents the temperature
from —12 to -8 °C; the yellow dot represents the temperature from -8 to -4 °C; and the purple dot
represents the temperature from -4 to 0 °C.

We further carried out an empirical fitting analysis of the ice PSD using both Gamma
function and exponential function based on the 29 aircraft observations at different
temperature ranges. Figure 4 shows both the empirical fitting (both Gamma and
exponential) and observational ice PSDs averaged for different temperature ranges. Since
the last four data samples at each temperature interval are too scattered with large
uncertainties, they were not considered during the fitting analysis. The corresponding
fitting parameters and observation-based evaluation (R? and root mean square difference
RMSE) results of ice PSDs are summarized in Table 2. It is clear that the Gamma fitting
and exponential fitting of ice PSDs agree with each other when ice particles are large,
while differ more for small sizes of ice particles. In general, the exponential fitting shows
better fitting results for our measurements. In terms of different temperature intervals,
Gamma fitting performs better at temperatures below -12 °C and exponential fitting
performs better at temperatures above —12 °C. While parametrizations already exist in the
literature, there are no parameterizations found for the study area we investigate here.
The findings here could serve as a good reference for future ice particle size distribution
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parameterization over the study region. Thus, we did not compare their relative
performance in the current study while a comparison study could be highly valuable in
future with more observations including both particle size distributions and ice particle
shapes.
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Figure 4. The Gamma (red lines) and exponential fittings (black lines) of ice PSDs averaged at
different temperature ranges from the statistical analysis of the 29 aircraft observations: (a) 24 to
-20 °C, (b) 20 to -16 °C, (c) 16 to -12 °C, (d) -12 to -8 °C, (e) -8 to —4 °C, (f) 4 to 0 °C, and (g) —24
to 0 °C. The dot represents the average distributions of the ice particles in different temperatures
from the statistical analysis of the 29 aircraft observations. The red dot represents the temperature
from -24 to -0 °C; the grey dot represents the temperature from -24 to -20 °C; the brown dot
represents the temperature from -20 to —16 °C; the cyan dot represents the temperature from -16 to
-12 °C; the blue dot represents the temperature from -12 to -8 °C; the yellow dot represents the
temperature from -8 to —4 °C; and the purple dot represents the temperature from —4 to 0 °C.

Table 2. The fitting parameters and observation-based evaluation (R? and root mean square
difference RMSE) results of ice PSDs. The better fitting methods for different temperature ranges
are marked in red in the table.

Exponential Gamma
— _ - u _
Temperature (°C) n(D) =N, exp(-1D) n(D) = N,D" exp(—AD)

N, A R? RMSE N, H A R? RMSE
-24—20 0.3826 0.005338 0.89 0.0227 0.000386 0.0075 1.3253 0.71 0.0201
-20—16 0.8851 0.005783 0.78 0.0671 0.000200 0.0084 1.6131 0.92 0.0194
-16—12 1.0338 0.005059 0.65 0.0983 0.000034 0.0083 1.9866 0.70 0.0484
-12—8 0.3614 0.003596 0.51 0.0460 0.000002 0.0074 2.3500 0.27 0.0433
-8—4 0.2717 0.003748 0.64 0.0328 0.001373 0.0054 1.0158 0.38 0.0428
-4-0 0.1976 0.003164 0.58 0.0450 0.044375 0.0036 0.2870 0.49 0.0493
-24-0 0.2687 0.003585 0.67 0.0354 0.008663 0.0047 0.6598 0.48 0.0447
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To better understand the change of mean ice particle size with temperature, which is
broadly used in the remote sensing study and radiative forcing study, Figure 5 shows the
relationship between the average diameter of ice particles and temperature based on the
statistical analysis of the 29 aircraft observations. Due to the small sample size at
temperatures below -16 °C, we only studied the particle size distribution at the
temperature range of -16-0 °C. Note that the temperature was binned with a step of -1 °C
from 0 to —24 °C by using the upper border of temperature as the representative value.
Both the average (blue line) and standard deviation (shaded area) of ice particle diameters
at each temperature bin are shown in Figure 5. It shows a clear trend of ice particle mean
diameter with temperature, which increases first and then decreases with temperature
with the turning point at the temperature of -9 °C. This variation trend should be related
to the difference of water vapor saturation pressure between ice and water. Previous
studies have shown that the differences of water vapor saturation pressure between ice
and water increases first and then decreases with temperature, with the maximum value
at a temperature of around -12 °C [64]. If the clouds include both water (supercooled
liquid droplets) and ice, the water evaporates and ice grows with the maximum growth
rate around -12 °C [65,66], making the ice particles the largest around this temperature. If
the clouds only include ice particles, the ice particles grow by deposition process, which
is generally dependent on both the supersaturation and availability of water vapor.
Considering that the supersaturation generally decreases with increasing temperature
while water vapor amount increases [67], the growth rate of ice particles could reach a
maximum value at a medium temperature while its exact value is unknown. Of course,
the growth of ice particles also depends on the water supply from air below the clouds,
which is beyond the scope of this study. Combining the two cases (with and without
supercooled liquid droplets) mentioned above, the ice particle size should increase first
and then decrease with temperature, with the maximum value occurring at a certain
temperature that is most likely close to -12 °C.

By considering the ice particles with size ranges of 100-1600 um, we calculated the
mean diameters at different temperature ranges and investigated their relationship with
temperature using linear fitting. As shown in Figure 5, the yellow solid line is the fitting
line for temperatures below -9 °C, and the green solid line is the fitting line for
temperatures above -9 °C. Note that the fitting equations and R? are indicated in Figure 5.
By considering the ice particles with size ranges of 25-1600 um, we also calculated the
mean diameters at different temperature ranges and investigated their relationship with
temperature (pink line in Figure 5). Note that the ice particles with size ranges of 25-100
um are obtained from the Gamma fitting. It is clear that the ice particle mean diameter
shows a similar variation trend with temperature as that without considering the size
range of 25-100 um, but with the turning point changed from -9 to —10 °C. As expected,
the ice particles sizes all become smaller by considering the ice particles with sizes below
100 pum, while the reduction is larger in the high-temperature zone.
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Figure 5. The relationship between the mean diameter of the ice particles and temperature. The blue
line along with the shaded area represents the mean diameter of the ice particles at different
temperatures from the statistical analysis of the 29 aircraft observations, in which the shaded area
shows the standard deviation at different temperatures. The -9 °C line (black dotted line) divides
the fitting of statistical analysis of the observations into two parts: (1) the fitting below -9 °C (the
yellow line), and D1(T) is its fitting equation; (2) the fitting above -9 °C (the green line), and D2(T)
is its fitting equation. The pink line represents the mean diameter of the ice particles at different
temperatures after adding the first three bins.

We further investigated the relationship between ice particle concentration and
temperature using the 29 aircraft observations, and the results are shown in Figure 6. The
results show the change of ice particle concentration averaged in each temperature bin
with temperature. The orange line represents the concentration of the ice particles at
different temperatures, and the black line represents the concentration of ice particles with
supercooled liquid droplets at different temperatures. The numbers of samples at
different temperature ranges are also indicated in Figure 6. From 0 to -9 °C, the ice particle
concentration increases from 13.37 to 50.23 L-1, with an average of 31.27 L. When
supercooled liquid droplets coexist, the ice particle concentration is high at temperatures
from -11 to -6 °C, which may be related to the aforementioned saturation factor. It also
shows that the ice particle concentration is relatively small at a temperature range between
-16 and —12 °C. On one hand, the lower the temperature, the less water vapor is supplied,
which causes the relatively low ice particle concentration. On the other hand, the small
number (29) of flights investigated in this study may also affect the observation results we
found, introducing large potential uncertainties. However, the specific reasons need to be
further explored in future.
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Figure 6. The change of ice particle concentration averaged in each temperature bin with

temperature. The orange line represents the concentration of the ice particles at different

temperatures from the statistical analysis of the 29 aircraft observations; the black line represents

the concentration of ice particles with supercooled liquid water at different temperatures. The

numbers in the two lines corresponding to each point represent the number of investigated samples
divided by 10,000.

4. Summary

By investigating the ice PSDs obtained from 29 aircraft observations in 2008, 2009,
and 2013, we found that many ice particles are concentrated in the small size range and
the ice PSD does not differ greatly for the size range between 100 and 200 pm. This is most
likely associated with the slow deposition growth of ice particles, which generally differs
little at different temperatures.

The temperature at -8—10 °C can be used as a cut-off point when studying the
properties of ice particles where temperature needs to be taken into account. When the
temperature is lower than -8—-10 °C, the low temperature is conducive to the nucleation
of ice crystals. The concentrations of ice particles between 200 and 600 um have a high
concentration of nucleation. Because of this, water vapor is consumed here, limiting the
growth of ice crystals at 600-1600 pm.

The differences between the two fittings appear mainly in the fitting of ice particles
smaller than 300 um. In terms of different temperature intervals, this study shows that
Gamma fitting performs better at temperatures below -12 °C and exponential fitting
works better at temperatures above —12 °C. Thus, different fitting methods are suggested
for different temperature intervals.

The trend in the mean diameter of ice particles (100-1550 um) can be clearly divided
into two parts with a turning point at a temperature of -9 °C. Shortly, the mean diameter
increases with temperature from —15 to -9 °C, and decreases with temperature from -9 to
0 °C. This is most likely associated with the supersaturation differences between ice and
water. Further analysis of the variation in mean diameter of ice particles (25-1550 um), in
which the ice particle concentrations of the first three bins (25-50, 50-75, and 75-100 pum)
are calculated using the Gamma fitting, shows a similar finding while with the turning
point changed from -9 to -10 °C. We also investigated the change of ice particle
concentration with temperature. For pure ice clouds, the ice particle concentration also
peaks at temperatures around -9 or -10 °C, with relatively weak variation with
temperature. When there are supercooled liquid droplets coexisting, the ice particle
concentration shows much higher values from —11 to -6 °C, which may be related to the
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aforementioned saturation factor. These findings demonstrate the importance of
temperature for ice particles larger than 200 um and reveal the turning point of
temperature (-8—10 °C) for the dependence of mean ice particle diameters on
temperature.
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