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Abstract: Precipitation (PRE) is an essential factor that affects the negative air ions (NAls) concen-
trations. However, the mechanism of NAls concentrations and their influencing factors on rainy
and non-rainy days remains unclear. Here, we used hourly data of NAIs concentrations and mete-
orological data in 2019 to analyze the distribution of NAIs concentrations and its influencing factors
on rainy and non-rainy days in the Wuyi Mountain National Park (WMNP) of China, which was
listed as a World Cultural and Natural Heritage Site in 1999. The results indicated that the NAIs
concentrations on rainy days were significantly higher than on non-rainy days. However, the NAIs
concentrations on rainy days were slightly higher than on the first and second days after rainy days.
Then, the NAIs concentrations were significantly reduced on the third day and after that. Thus,
rainy days lead to a 2-day lag in the smooth reduction of NAIs on non-rainy days after rainy days.
NAIs concentrations were significantly correlated with the relative humidity (RHU) on both rainy
and non-rainy days. By analyzing the meteorological factors on NAls for ranking the feature im-
portance scores on rainy and non-rainy days, PRE was ranked first on rainy days, and sea level
pressure (PRS_Sea) and temperature (TEM) were ranked first and second on non-rainy days, re-
spectively. Based on the univariate linear regression model (ULRM), NAIs concentrations re-
sponded strongly (higher absolute slope values) to RHU on rainy days and to pressure (PRS), visi-
bility (VIS), water vapor pressure (VAP), TEM, and ground surface temperature (GST) on non-rainy
days. The results highlight the importance of PRE in the lag time of NAIs concentrations on rainy
and non-rainy days.

Keywords: negative air ions (NAls); rainy days; non-rainy days; random forest (RF) model;
Wuyi Mountain National Park

1. Introduction

Negative air ions (NAIs) received widespread attention because of their air clean
function. NAls could sink particulate matter (PM) [1,2] and have beneficial effects on the
human body, such as treating seasonal affective disorder [3] and improving sleep quality
[4]. NAIs are also considered as an indicator of air quality [5]. NAls could also prevent
the spread of COVID-19 through small-sized droplets/aerosols [6].

NAIs are normally generated by cosmic rays, corona discharge, or the shearing force
of water (Lenard force) [7,8]. The Lenard force could generate a type of NAIs called su-
peroxide ions (O2-) and combine them with water molecules and then form a NAIs-water
cluster structure such as O2-(H20)n [9]. The structure of the NAIs—water cluster was stable
and had a long lifespan [10,11]. Lenard force is generated from water droplets’ collision
with waterfall, spray, and rainfall [12]. A tornado could produce a number of NAIs on
rainy days [13]. These factors result in NAIs concentrations being higher on rainy days.
Marko et al. proved that NAIs concentrations were higher than positive air ions (PAls) on
rainy days [14]. Wang et al. found NAIs concentrations were higher on rainy days than
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non-rainy days in transitional seasons and were lower on rainy days in the summer and
winter [15]. Deng reported that NAIs concentrations had increased significantly after rain-
fall, due to air refreshing and that the lifespan of NAIs was expended by Lenard force [16].
The process in which NAIs concentrations remain higher after rainy days is referred to as
the lagging effect of rainy days. However, the longer period of NAls concentrations and
their impact factors after rainy days remain unclear. It is necessary to investigate the dis-
tribution of NAIs concentrations and the factors that influence rainy days and after rainy
days.

Wuyi Mountain National Park (WMNP) is located in the southern part of Fujian
Province, China. The park has a total area of 1001.41 km?, and its geographical coordinates
are 117° 24’ 13"-117° 59’ 19" longitude and 27° 31' 20"-27° 55’ 49" latitude. WMNP was
listed as a World Cultural and Natural Heritage Site by the United Nations Educational,
Scientific and Cultural Organization (UNESCO) in 1999. WMNP also became one of the
first groups of national parks in China in 2021. In addition, it was announced as the
AAAAA National Tourist Area and has long been an enchanted place for beautiful sight-
seeing and summer resorts. WMNP has an average annual precipitation of 1684 to 1780
mm [17]. The relative humidity (RHU) is 83.5% and over 100 days of fog [18]. The mete-
orological environment contributes to NAIs” structural stability and longevity. NAIs in
natural landscapes are more influenced by meteorological factors than in cities [19]. The
NAIs concentrations and meteorological factors data were collected from an automatic
negative oxygen ion monitor and automatic weather station. We previously predicted
trends in NAIs concentrations over the timeline using weekly data and found that NAIs
concentrations always suddenly increased on rainy days [20]. However, the mechanisms
of environmental factors influencing NAIs were unknown on rainy days. Here, we further
analyze the effect of meteorological factors on NAIs on rainy and non-rainy days, thus (1)
analyzing the NAls concentrations on rainy and non-rainy days (2) to reveal the meteor-
ological factors’ influence on NAls during rainy and non-rainy days.

2. Methods
2.1. Instrumentation

The automatic negative air ions station allowed 24-h monitoring of the NAIs concen-
trations in WMNP (Located at 117° 57’ 45", 27° 40" 8"). The elevation of the NAIs monitor
site is 408 m. NAIs monitoring instruments are built on relatively smooth ground. Vege-
tation at the monitoring site includes Michelia maudiae and Castanopsis eyrei in the arbor
layer, Maesa japonica in the shrub layer, and Adiantum capillusveneris and Cyperus rotundus
in the herb layer. The soil is dominated by ferric acrisols. There are many waterfalls in
WNMP, of which, a waterfall is about 50 m distance from the FR500 station. The hourly
data of NAls concentrations were selected from 1 January 2019 00:00-31 December 2019
23:00. The monitoring instrument for NAlIs concentrations was the FR500 negative oxygen
ion monitor (Huatron Corporation, Beijing, China) [20]. The FR500 negative oxygen ion
monitor could automatically monitor NAIs concentrations for the 24 h and protect against
external wind and condensation. The FR500 has a servo system with intelligent ventilation
and cooling, heating, and dehumidification functions. It also has a measurement system
with programmable NAIs calibrations, ion standard deviation, insulation control, auto-
matic up and down, etc. The above features make it reliable, accurate, maintenance-free,
with a long working cycle, and ample capacity storage in harsh field environments. The
monitoring measurements ranged from 0 to 50,000 ions/cm?. The minimum resolution was
one ion/cm3; the mobility of the ions was below 0.4 cm?/(V.s). The FR500 can operate in
extreme environments with temperatures of —40 to +50 °C, air pressure of 450 to 1060 hPa,
and humidity from 0% to 100% RH. The negative ion monitor was manufactured accord-
ing to the “Requirements for Functional Specifications of Atmospheric Negative Ion Au-
tomatic Observer”, issued by the China Meteorological Administration (Version 2) to en-
sure monitoring accuracy.
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Similar is the DZZ4 automatic weather station (Jiangsu Radio Scientific Institute CO.,
LTD, Nanjing, China) [20]. The DZZ4 automatic weather station was used to monitor the
hourly data of 12 meteorological factors synchronously, including the precipitation (PRE),
relative humidity (RHU), temperature (TEM), air pressure (PRS), sea level pressure
(PRS_Sea), water vapor pressure (VAP), mean wind speed (WIN_S), mean wind direction
(WIN_D), maximum wind speed (WIN_S_Max), ground surface temperature (GST),
evaporation (EVP), and visibility (VIS).

2.2. Outlier and Invalid Data Detection and Filtering

The study selected raw hourly data as hourly values for NAIs concentrations from
00:00 on 1 January 2019 to 23:00 on 31 December 2019. Due to the large variation in NAIs
concentrations and the volume of data, outliers need to be identified. This study modified
the methodology of other studies regarding identifying outliers [21]. The details of the
outlier data selection method were as follows:

(1) Invalid data (missing values) due to machine failure and storage failure.
(2) Outliers of 99,999 and 0 in NAIs concentrations due to instrument failure and voltage
instability.
(3) Twelve consecutive values with the same data are seen as outliers.
The raw hourly data was 8760, of which 7420 were valid values, 1340 were missing
values, and no outlier was found. This indicated that the quality of the NAIs data was
available for analysis.

2.3. Division of Rainy and Non-Rainy Days

When the cumulative daily precipitation is above 0 mm, this day is defined as a rainy
day; when the cumulative daily precipitation is 0 mm, this day defined as a non-rainy day
[22]. The study averaged the valid hourly data per day (00:00-23:00) as daily values. We
explored the impact of variations of NAls concentrations on and after rainy days. The
non-rainy days were further divided chronologically into the 1st day after rainy days, the
2nd day after rainy days, the 3rd day after rainy days, and the three days after rainy days.

2.4. Data Analysis

The hourly and daily means of NAIs concentrations on rainy and non-rainy days did
not meet the normality test (Shapiro-Wilk test, p <0.001). Here, we used the nonparamet-
ric analysis to test the significance and correlation analysis. For the NAIs concentrations
on rainy and non-rainy days, we used the Wilcoxon independent two-sample rank sum
test of significance at 95% confidence. For the NAls concentrations on rainy days and var-
ious non-rainy days, we used the Kruskal-Wallis independent multiple-sample rank sum
test with a significance at 95% confidence. The nonparametric correlation analysis (Spear-
man’s two-tailed test at 95% confidence) was performed between rainy and non-rainy
days based on the daily values of the NAIs concentrations.

Scatter plots were created based on the meteorological factors and NAIs concentra-
tions using a one-dimensional linear regression equation. To compare the degree of re-
sponse of NAls to the meteorological factors on rainy and non-rainy days. The formula
for the regression—fit line was y = kx + b, k for the slope, b for the intercept, x for the mete-
orological factors, y for the NAIs concentrations, and R? for the linear fit. The regression
effects were tested using analysis of variance (ANOVA), with p <0.05 as significant.
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2.5. The Feature Importance Scores of Meteorological Elements in the NAls Concentrations
2.5.1. Introduction of the Random Forest Model

The random forest (RF) model was evaluated for the feature importance scores. The
RF model had a high predictive ability and better performance between NAIs concentra-
tions and environmental factors [23]. Here, we used the RF model to calculate and rank
the feature importance scores of the meteorological factors on the NAls concentrations on
rainy and non-rainy days.

2.5.2. Data Normalization

The RF model requires that the differences in the order of magnitude between the
input factors are not too significant. Otherwise, it would result in a poor model fit. There-
fore, the input factors should be normalized, thus reducing the error introduced by dif-
ferent factor orders and units for the RF model. Here, we use the min—max normalized
method and data scaling between 0 and 1 [24].

y — X ymln (1)
Xmax ~ Xmin

In the formula, y represents the normalized value, x represents the original value, xmax
represents the maximum value of the original data, and xm» represents the minimum
value of the original data.

2.5.3. Parameter Selection and Feature Importance Scores

To explore the contribution of meteorological factors to NAls concentrations on rainy
and non-rainy days, we used the RF model to calculate the feature importance score of the
meteorological factors. First, we normalized the daily values of the NAIs concentrations
and meteorological factors on rainy and non-rainy days. The meteorological factors in-
clude PRE, RHU, TEM, PRS, PRS_Sea, VAP, WIN_S, WIN_D, WIN_S_Max, GST, EVP,
and VIS on rainy days, except for PRE on non-rainy days.

For the principle of the feature importance score in the RF model, we calculated the
feature contributions to each tree in the RF and used the average. Finally, we compared
the contribution sizes between features. We also used the feature_importance function of
the scikit-learn library of Python 3.6 software to rank the calculated feature importance
score. The scikit-learn library obtained the importance of the features by combining the
proportion of samples contributed by features with a reduction in purity [25]. For the ex-
planation of the following parameters in the scikit-learn library, this study used the func-
tions (its range of parameters) with n_estimators (5, 10, 20, 50, 100, and 200) as the amount
of trees, max_feature (0.6, 0.7, 0.8, and 1) as the amount of features to consider when defin-
ing the best split, max_depth (3, 5, and 7) as the maximum depth of the trees, and cv (3) in
GridSearchCV represented a 3-fold cross-validation using the cross-validation splitting
strategy [25,26].

2.5.4. RF Model Evaluation

This study used the mean squared error (MSE), root mean squared error (RMSE),
coefficient of determination (R?), and mean absolute deviation (MAE) to evaluate the fit
accuracy of the RF model [27,28].

3. Results
3.1. NAls Concentrations on Rainy and Non-Rainy Days

We divided the NAIs concentrations as 146 rainy days and 185 non-rainy days, with
35 days of invalid data. The NAlIs concentrations values on rainy days were significantly
higher than on non-rainy days (Figure 1a). Both the median and mean values of the NAIs
concentrations decreased sequentially from the rainy days to the following non-rainy days
(Figure 1b). The mean values of the NAIs concentrations ranked as follows, Rainy days >
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1st day after rainy days > 2nd day after rainy days > 3rd after rainy days > three days after
rainy days. The NAls concentrations were not significantly higher on rainy days, the 1st
day after rainy days, and the 2nd day after rainy days (p > 0.05). However, the NAIs con-
centrations were significantly higher on rainy days than on the 3rd day after rainy days
and three days after rainy days (p < 0.05).
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Figure 1. Box-Whisker plot representing the values of NAls concentrations on rainy and non-rainy
days. The Box-Whisker plot contains statistical values from the bottom to the top as the minimum
value, 3rd quartile value, median value, 1st quartile value, and maximum value. The 3rd quartile
value represents the value below which contains the lower 25% of the dataset. The 1st quartile value
represents the value above which contains the upper 25% of the dataset. The black spot represents
the mean value. The red star dot represents the outlier value. (a) NAIs concentrations on rainy and
non-rainy days. (b) NAls concentrations on rainy days and different types of non-rainy days (the
non-rainy days divided into the 1st day after rainy days, the 2nd day after rainy days, the 3rd day
after rainy days, and three days after rainy days).

The nonparametric Wilcoxon independent two-sample rank sum test was used (Ta-
ble 1). The NAls concentrations on rainy days were significantly higher than on non-rainy
days. The study compared the various types of NAIs concentrations between rainy and
non-rainy days, with a median (25th percentile, 75th percentile) of 10,109.17 (5464.17,
26,513.50) on rainy days. The median (25th percentile, 75th percentile) was 6067.70
(4416.09, 8894.13) on non-rainy days. The general significance was z = 22.171, p < 0.05 for
rainy and non-rainy days of NAls concentrations.

Table 1. Wilcoxon independent two-sample rank sum test for NAIs concentrations on rainy and
non-rainy days.

Wilcoxon Test
z Value p-Value

Type Median (P25, P75)

Rainy days 10,109.17 (5464.17, 26,513.50)
Non-rainy days 6067.70 (4416.09, 8894.13)

Note: The z value indicated a standard normal distribution test statistic value. The p-value is the
probability that the null hypothesis is valid. The median value is 1/2 of the dataset. The value of P25
is the 25th percentile of the dataset, and the value of P75 value is the 75th percentile of the dataset.

22.171 <0.05
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According to the nonparametric Kruskal-Wallis independent multiple-sample rank
sum test (Table 2), no significant differences in NAIs concentrations were detected among
the rainy days and the 1st and 2nd day after rainy days (p value = 0.05). However, the
NAIs concentrations on the 3rd day and the three days after rainy days were significantly
lower than those on rainy days and the 1st and 2nd day after rainy days. This implied that
the time lag of the NAls concentrations was two days after rainy days.

Table 2. Kruskal-Wallis test for NAIs concentrations on rainy days and different types of non-rainy
days.

Kruskal-Wallis Test

Type z Value p-Value

Rainy days—1st day after rainy days 0.395 1.000

Rainy days—2nd day after rainy days 1.977 0.481
Rainy days—3rd day after rainy days 9.915 <0.05
Rainy days—3 days after rainy days 31.427 <0.05

1st day after rainy days—2nd day after rainy days 1.404 1.000
1st day after rainy days—3rd day after rainy days 8.675 <0.05
1st day after rainy days—3 days after rainy days 22.315 <0.05
2nd day after rainy days—3rd day after rainy days 6.978 <0.05
2nd day after rainy days—3 days after rainy days 17.385 <0.05
3rd day after rainy days—3 days after rainy days 5.928 <0.05

3.2. Time Series Distribution of NAIs Concentrations on Rainy and Non-Rainy Days

As mentioned in Table 1 and Figure 1, the NAIs concentrations were significantly
higher on rainy days than on non-rainy days (p < 0.05). Additionally, Figure 2a showed
that NAls concentrations were higher on rainy days than on non-rainy days when we
compared the NAIs concentrations for neighboring dates, especially during the period of
1 January 2019 to 5 January 2019. Additionally, there were fewer rainy days and lower
NAIs concentrations after 31 July 2019. The reason was that the study site experienced a
severe drought from August to December 2019, resulting in reduced precipitation and,
therefore, lower NAIs concentrations produced by water, as shown in Figure 3. Overall,
the majority of the values of the NAIs concentrations were higher on rainy days than on
non-rainy days. Moreover, we divided the non-rainy days into the 1st day, 2nd day, 3rd
day, and three days after rainy days (Figure 2b). Then, we analyzed the time-lag effect of
the NAIs concentrations on rainy and non-rainy days. We found similar distributions that
NAIs concentrations on rainy days were the highest, followed by the 1st day, 2nd day,
3rd day, and three days after rainy days.
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Figure 2. Time series distribution of the daily average NAls concentrations on rainy and non-rainy
days. (a) NAIs concentrations on rainy and non-rainy days. (b) NAlIs concentrations on rainy days
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and multiple types of non-rainy days. Various non-rainy days include the 1st day after rainy days,
the 2nd day after rainy days, the 3rd day after rainy days, and three days after rainy days.

Precipitation showed profound differences during 2019: more precipitation from Jan-
uary to July 2019 and less precipitation from August to December 2019, resulting in severe
drought. To further analyze the effect of drought on NAIs, we constructed a graph of the
monthly distribution of the NAls concentrations and precipitation (Figure 3). The figure
showed that the NAIs concentrations decreased rapidly with precipitation beginning in
August 2019. Furthermore, the overall trend in the NAIs concentrations was similar to
that of precipitation.
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Month

Figure 3. The monthly data of NAIs concentrations and precipitation in 2019. Monthly data of NAIs
concentrations is the mean value of the daily NAIs concentrations, and monthly data of precipitation
is the cumulative value of the hourly precipitation.

The NAIs concentrations on rainy days were higher than on non-rainy days at every
hour every day (Figure 4). On rainy days, high NAIs concentrations occurred at dawn and
night (01:00-06:00 and 21:00-23:00), and low values occurred in the morning (10:00-11:00).
On non-rainy days, the high NAIs occurred at dawn (04:00-06:00) and in the afternoon
(13:00-16:00), and the low values occurred at 10:00-12:00 and 18:00-19:00.
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Figure 4. Time series distribution of hourly data (mean value + standard error) of NAls concentra-
tions per day (24 h) on rainy and non-rainy days.

3.3. Correlation Analysis of NAIs Concentrations with Meteorological Factors on Rainy
and Non-Rainy Days

The Spearman correlation coefficient was used to examine and determine the rela-
tionships between NAIs concentrations and meteorological factors. A two-tailed bivariate
analysis was applied at a 95% confidence interval. The NAls concentrations were signifi-
cantly correlated with PRE and RHU at the 0.01 level, with PRS and PRS_Sea at the 0.05
level on rainy days (Table 3). Furthermore, the NAIs concentrations were significantly
correlated with TEM, GST, PRS, PRS_Sea, VAP, RHU, and VIS at the 0.01 level, with EVP
at the 0.05 level on non-rainy days.

Table 3. Spearman correlation for the NAls concentrations and related meteorological factors on
rainy and non-rainy days.

. Non-Rainy . .
Factor Rainy Days Days Factor Rainy Days Non-Rainy Days
r 14 r 4 r 4 r 4
PRE  0.256* 0.002 - - WIN_.D 001 0908 0122 0.098
TEM 0.05 0552 0457* 0 WIN_S -0.102 022 -0.121 0.101
PRS  -0.183* 0.027 -0.595** 0 WIN_S_Max-0.057 0492 -0.11  0.139
PRS_Sea -0.172* 0.037 -0.587* 0 GST 0.039 0.642 0.416** 0
RHU  0.241* 0.003 0.386* 0 EVP -0.059 048 0.149* 0.043
VAP 0.139  0.093 0.539** 0 VIS 0.112 0.179 0.345** 0

Note: ** indicated correlation significant level 0.01 (two-tailed), * indicated correlation significant
level 0.05 (two-tailed), r indicated correlation coefficient, and p indicated significance (two-tailed).
The meteorological factors included precipitation (PRE), relative humidity (RHU), temperature
(TEM), air pressure (PRS), sea level pressure (PRS_Sea), water vapor pressure (VAP), mean wind
speed (WIN_S), mean wind direction (WIN_D), maximum wind speed (WIN_S_Max), ground tem-
perature (GST), evaporation (EVP), and visibility (VIS).
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We used the linear regression equation to analyze the significant correlation level at
0.01 between the NAls concentrations and meteorological factors on rainy and non-rainy
days. The meteorological factors of PRS, VIS, VAP, TEM, and GST responded more to
NAIs concentrations (higher absolute value of slope k) on non-rainy days, and RHU re-
sponded more to NAIs concentrations on rainy days (Figure 5).

(a) (b)

40,000 40,0004 * Rainy days

-
L]
. . * Ramy days | @ Non-rainy days - -'
@ . ® o .
e o 2 - b = Non-rainy davs s » . oo @
. .. ° e 5 ] e e LA 11 1
. o * v v 3 S = 30,000 ° * 808 =, * e
= 30,000 4 . . *e - .
e o! B .= =y ® '. ®
% ] .
L] =
| . - . .
E c. . 88 c- - [ £ o . P
20,000 1 RI=0067 P<00s % °

0,000
y=293.490x - 9302716

RF=0.138 P= 005
= 267.383x - B284 209

NAls concentrations (1ons/cm?)
1
NAls cmcenn‘atinns { iun.v..-'cm')

10,000 - 10,000 - %
. -
| oo,
L]
R2=0.125 P<003 . 5o o ° o S
= 39821 1x + 403,391.870 .. ®%e . .
o : = Il : 0 T T T T T T T T T T T T X
065 975 o8 905 1005 3s 45 55 65 75 85 95
PRS (hpa) RHU (%)
(c) (d)
g . ® Rainy da
40,000 o Rainy days . 40,000 4 aumy days
_ . RI=0037 P<005  * o N AR
 Non-rainy days z : ® b * . 1 y=0288x+ 40?4.‘?31‘. . ’
M ° e - 3 - o’ . * % .®
% 30,000 4 O : L % 30,0001 s W g RS
s . 'y . “3e 5
2 - * . bd . Ed
3 il d . ° e . = 1
9 e® o ® . . . e 2
=3 o 2
£ 20000 e LA 2 20,0001
5 “ e °s o 2 :é_,
'é ] 0 - o 8 g J
5 Ri=-0001 P=0341° z ° Y amen 3
2 = 108.703x + 139267703 &
Z 100004 " SR B at et R, < 10,000 - . o
F o o 4 *
o { - . o . 2= 3 P=02
1 L 8, ",,Et?“'“ “é 2 “‘% { < s LT weph . 001-:?- izgggm
L] - . ] 3 - .
t Ri=0.118 P<0.05 ., b X .. % =
f = 247.327x + 2647.263 ‘ * . #
0 — S, =2 L o 0 . y ; ; y . , y
0 5 ID 15 ﬁ 20 25 el 33 0 10,000 20,000 30,000 40,000
VAP (hpa) VIS (m)
(e) ()
40,000 * Rainy days 40,000 * Rainy days
- L]
° Nonrainy days o ; * Non-rainy days | S
N - - . L] [ & 1 - . L] [] °
- g 5 LI . sq, @ o e
=y . - ° F . = ., - & L .
£ 30,000 - " iy " ot Z 30,000 By TEREC R O
£ S v, o*.0 5 o .« % °
% & . . . 4 L . - -
2 1 B . % o £ 1 o e a .
2 F) & s . . ®e 2 - T . “* s ®
2., Rf=—0.mﬁ P=0793 » % L. o’ _g‘} RZ=0.006 p 0190 . . ® . . %
200001 35 426x + 16,525 445 ¢ ¢ E 200009 1045670 + 11,531,519 L)
g v i % § " e a0 o L
A i .
§ § . ¢ * e Oo.r.\a * e
& - . o e
Z 10,000 £ 10,000 . ) o
¥
1 o8 °°3° 1 .
o °y 58° R’—ﬂml Pﬂlﬂ‘ L oo ) 10,031 P<005
0 : ; ; ; 0. ; i I = 70—1 435: + ‘I?S ?"9 0 ; : P " v =204 435x + 3|?8.?291
0 5 10 15 20 . 30 35 0 10 20 30 40
TEM (“C) GST (°C)

Figure 5. Scatter plot of NAIs concentrations versus meteorological factors on rainy and non-rainy
days. (a—f) Scatter plots of PRS, RHU, VAP, VIS, TEM, and GST with NAIs concentrations.
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3.4. Important Values of Meteorological Factors That Affect NAIs Concentrations on Rainy
and Non-Rainy Days

The RF model could automatically select the model corresponding to the optimal pa-
rameters. The parameters for rainy days were n_estimators for 20, max_features for 0.7, and
max_depth for 7. Meanwhile, the parameters for non-rainy days were n_estimators for 20,
max_features for 1, and max_depth for 7, respectively.

The feature importance scores on rainy and non-rainy days are ranked in Figure 6.
The feature importance scores of PRE, WIN_S, and VAP ranked the top three on rainy
days, and PRS_Sea, TEM, and RHU ranked the top three among the meteorological factors
on non-rainy days.

@) 020
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1 1

Feature importance scor
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Figure 6. Feature importance scores ranking of the importance of the meteorological factors on (a)

rainy and (b) non-rainy days.

The RF models on rainy and non-rainy days fit well with R? > 0.600, and the MSE,
RMSE, and MAE values were relatively low (Table 4). Furthermore, the Pearson’s corre-
lation coefficients for rainy and non-rainy days were above 0.8 under the significance level
of 0.05.

Table 4. Comparison of the parameters fitted by the RF model on rainy and non-rainy days.

Pearson’s Correlation Coefficient

MSE RMSE MAE R?
Correlation Coefficient Significance

Rainy days 0.028 0.166 0.130 0.652 0.839 <0.05
Non-rainy days 0.018 0.134 0.083 0.679 0.841 <0.05
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4. Discussion
4.1. NAIs Concentrations on Rainy and Non-Rainy Days

The NAIs concentrations were significantly higher on rainy days than on non-rainy
days (p < 0.05). Furthermore, the environmental factors that contributed to NAIs concen-
trations differed on rainy and non-rainy days. As Wuyi Mountain National Park (WMNP)
is famous for its beautiful scenic and air quality, we further analyzed the relationship be-
tween Visibility (VIS) and NAIs concentrations and found that VIS is highly correlated
with NAIs concentrations on non-rainy days (Figure 5d), which confirms that NAIs could
reduce particulate matter (PM). The forest environment has better air quality, and the
mechanism is that NAIs could absorb PM with positive charges, making PM gain weight
and fall out of the air, reducing secondary particle generation and purifying the atmos-
phere [29]. Additionally, NAls could reduce the adsorption of volatile organic compounds
(VOCs) and thus prevent further chemical reactions and the formation of PM:2s pollutants
[30]. Moreover, higher concentrations of NAIs could translate PMs from gas to particle
conversion under high humidity and high saturation [19]. Therefore, NAIs could improve
the air quality and VIS by eliminating air pollutants.

NAIs concentrations increased as the RHU increased, in agreement with another
mountain tourist place [16]. However, the origins of the relative humidity (RHU) differed
on rainy and non-rainy days. On rainy days, the RHU was raised as the rainfall increased,
and then, the NAIs concentrations increased. Furthermore, cloudiness and thunderstorms
could also significantly infect the electrical state of the surface atmosphere and generate
NAIs during rainfall [8,31]. On non-rainy days (especially at and after noon), the RHU
increased as stagnant water evaporated as a result of the temperature increase, which also
resulted in NAIs concentrations increasing. Moreover, we found that the ranking of fea-
ture importance of the temperature (TEM) and ground temperature (GST) was relatively
higher on non-rainy days, according to the RF model, and with a positive correlation be-
tween the NAIs concentrations and evaporation (EVP). For instance, NAIs concentrations
improved rapidly and reached the peak value with the TEM and GST during 11:00-14:00
during the whole day on non-rainy days. The reason was that WMNP is located in a sub-
tropical region, where vegetation, heat, and water resources are abundant, and the peak
temperature appears after noon, which consequently leads to water evaporating mas-
sively from different sources, eventually raising the NAIs concentrations to the peak
value. This conclusion agreed with the distribution of NAIs in various landscapes in the
Dapeng Peninsula of Southern China [32].

4.2. NAIs Concentrations in Different Types of Non-Rainy Days

To understand NAIs concentrations on different types of non-rainy days, we divided
the non-rainy days into the 1st day after rainy days, 2nd day after rainy days, 3rd day
after rainy days, and three days after rainy days. The results verified that the NAIs con-
centrations were similar among the rainy days, the 1st day, and the 2nd day after rainy
days, with no significant differences. However, the NAIs concentrations on the 3rd day
and three days after rainy days were significantly lower than on the 1st and 2nd days after
rainy days. As the rainfall stopped, the NAIs concentrations declined nonlinearly for the
subsequent non-rainy days, descending slowly at the beginning and then sharply. This
exciting finding further emphasized that rainfall exerted a lag effect of two days on the
decline of NAls concentrations on non-rainy days, especially on the recent non-rainy days
after the rain.

The mechanism of NAIs purifies the air, and NAls attract and deposit PM in the air
[1,33]. The air quality was better on non-rainy days in WMNP. The reason was that VIS
occupied relatively high feature important scores on non-rainy days. Simultaneously, VIS
was significantly positively correlated with NAlIs concentrations, reflecting that the higher
the NAls, the better the air quality. WMNP has excellent air quality, is rich in RHU and
NAIs concentrations, and is the most famous tourist and forest recreation place in China.
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4.3. The Effect of Precipitation on Relative Humidity and NAIs

With the water scissor force (Lenard effect) generated by rainfall on rainy days, the
increase in the flow rate of waterfalls and streams generated more water scissor force and
a longer lifespan of NAIs [10]. The balloelectric effect could produce numerous negative
ions on the splash of water drops during rain [34]. On non-rainy days, especially those
close to recent rainy days, rainwater with rising temperatures evaporates in large quanti-
ties and produces large amounts of NAIs. Furthermore, NAIs tend to form clusters of wa-
ter with water molecules, which increases the stability and useful life of NAIs [11]. Fog
and mist weather conditions could affect the electric field of the surrounding atmosphere
and produce more NAlIs [7]. In addition, WMNP has more than 100 days of fog [18]. As
the RHU increased, vegetation leaves transpired less, and stomata opened to promote
photosynthesis to produce NAls [35]. WMNP has had abundant plant biodiversity and
increased annual precipitation in the last 30 years [36]. Additionally, NAls concentrations
could also be produced by the Lenard effect of the water molecules from waterfalls [10].
The nearest waterfall is located about 50 m from the FR500 station. Therefore, its environ-
ment benefits NAIs production and keeps them at high levels. In future works, more neg-
ative ion monitoring instruments will help us to gain more useful information to under-
stand the influence of meteorological factors on NAls during rainy and non-rainy days.

5. Conclusions

The negative air ions (NAls) concentrations were higher on rainy days than on non-
rainy days in Wuyi Mountain National Park in China. The NAls concentrations decreased
slowly within two days after rainy days, indicating that rainy days have a lag effect on the
subsequent non-rainy days. On rainy days, the increase in NAIs concentrations was
mainly due to PRE and the resulting rapid increase in RHU. On non-rainy days, especially
midday and afternoon after rainy days, the air relative humidity (RHU) increased as the
accumulated rainwater evaporated, further leading to increased NAIs concentrations.
Our study gives insight into the distribution of NAIs concentrations and their influencing
factors on rainy days, and we will study the duration and intensity of rainfall on NAIs
concentrations in the future.
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