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Analysis of Cloud Water Resources over Fuxin Region
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Abstract Based on the data of microwave radiometers, GPS/MET, and ERAS from Fuxin Mongolian Autonomous County in Liaoning Province, the
changing characteristics of atmospheric water vapor and liquid water in Fuxin City during 2020 — 2021 were analyzed. The results show that during the typ-
ical precipitation processes, the variation trends of integrated cloud liquid water content were basically consistent with those of precipitation. The statisti-
cal analysis of distribution laws of integrated atmospheric water vapor content and integrated liquid water content in clouds at different precipitation levels
1 h before the precipitation had obvious guiding significance for improving the scientific operation ability of artificial precipitation enhancement operations.
The integrated water vapor content and integrated liquid water content in clouds before the onset of precipitation rose with the increase of precipitation in-
tensity from light rain to rainstorms. The evolution characteristics of atmospheric total water vapor content and integrated liquid water content during 33
precipitation processes reveal that the variation rates of atmospheric total water vapor content and integrated liquid water content 1 and 3 h before the pre-
cipitation averaged 0.42 and 5. 05, respectively. Before the precipitation, the total water vapor content and integrated liquid water content in clouds peak-
ed and then decreased briefly. From their sudden increases to the beginning of the precipitation, there was an advance of about 30 —50 min, and the pos-

sibility of precipitation was high, which can be one of the indicators of precipitation occurrence.
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Fuxin City is located in the transition zone between the Inner
Mongolia Plateau and Liaodong Plain in Northeast China, with an
annual mean precipitation of below 500 mm. Here, water re-
sources are scarce, and the seasonal distribution of precipitation is
uneven. The cloud water resources in the air are one of the main
sources of water resources for agricultural production in Fuxin. Ar-
tificial precipitation enhancement is an important measure for agri-
cultural drought mitigation and disaster reduction in Fuxin. There-
fore, accurately analyzing the changing patterns of cloud water re-
sources in Fuxin is of great significance for scientifically conduc-
ting artificial precipitation enhancement operations to resist agri-
cultural drought. At present, many meteorological researchers
have conducted a series of analyses of the distribution of atmos-
pheric water vapor in different regions and have achieved many

[1-6]

practical scientific research results In this paper, based on

the meteorological data of ground-based microwave radiometers,
GPS/MET, and ERAS from Fuxin Mongolian Autonomous County
in Liaoning Province, the changing characteristics of cloud water
resources in Fuxin City from 2020 to 2021 were analyzed to pro-
vide scientific support for artificial precipitation enhancement

operations.

1 Sources of data and methods
Based on the meteorological observation data of GPS/MET

and microwave radiometers in Fuxin Mongolian Autonomous Coun-
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ty (54237) from 2020 to 2021, as well as ERAS reanalysis data,
the changes in atmospheric water vapor in Fuxin City were ana-
lyzed to provide scientific operational guarantees for artificial pre-
cipitation enhancement. The meteorological observation data main-
ly included the data of precipitable water vapor (PWV) , atmos-
pheric water vapor content, liquid water content in clouds, tem-
perature, relative humidity, precipitation, and cloud cover.

The atmospheric water vapor products of GPS/MET, micro-
wave radiometers, and ERAS reanalysis data were compared and
analyzed. The practical performance of the data was evaluated
using average error, root mean square error, and correlation coef-
ficient. The monthly and daily changes of atmospheric water vapor
content were analyzed. Statistical analysis methods were used to
analyze the temporal distribution and vertical variations of atmos-

pheric water vapor products.

2 Results and analysis

2.1 Temporal changes of atmospheric water vapor The
temporal changes of integrated cloud liquid water content before
and after precipitation were analyzed, and the relationship between
the changes in hourly precipitation and integrated cloud liquid wa-
ter content in 6 precipitation processes from April to September
during 2020 -2021 was discussed. As shown in Fig. 1, the chan-
ging trend of integrated cloud liquid water content was basically
consistent with that of precipitation. At 15:00 on April 22, 2021,
integrated cloud liquid water content was relatively small, and that
of microwave radiometers and ERAS was 0. 178 and 0. 185 mm,
respectively, while hourly precipitation was 0 mm (Fig. 1la). At
16:00, that of microwave radiometers and ERAS was 0. 155 and

0.265 mm, respectively, while hourly precipitation was still
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0 mm. Integrated cloud liquid water content increased rapidly
from 17:00 to 1800, reaching the maximum ( microwave radiome-
ters: 1.785 mm, ERAS: 1.954 mm) at 19:00, and hourly pre-
cipitation also peaked, up to 0. 6 mm. At 21:00, the integrated
liquid water content and hourly precipitation both slightly de-
creased. After the precipitation ended at 23.00, integrated cloud
liquid water content rapidly dropped to below 0.2 mm. As the pre-
cipitation began at 01:00 on April 23, integrated cloud liquid wa-
ter content rose again, and that of microwave radiometers and
ERAS increased to 2.129 and 2.029 mm at 07.00, while hourly
precipitation was 1. 1 mm. With the end of precipitation at 20:00,
integrated cloud liquid water content rapidly decreased to around
0.2 mm.

At 05:00 on July 13, 2021 (Fig. 1d), integrated cloud lig-
uid water content was below 0.2 mm. Before the precipitation be-
gan, integrated cloud liquid water content rose above 1.0 mm. At
08.00, the precipitation started, and integrated cloud liquid water
content increased. That of microwave radiometers and ERAS rose
to 2. 838 and 1. 85 mm, respectively, and hourly precipitation was
0.5 mm. At 14:00, hourly precipitation reached the maximum
(7.7 mm) , and integrated cloud liquid water content increased to
12.403 mm for microwave radiometers and 13. 153 mm for ERAS.
At 1500, the precipitation showed a pause, and integrated cloud
liquid water content dropped below 1 mm. At 17:00, integrated
cloud liquid water content remained above 3.0 mm as the precipi-
tation continued. At 09;00, hourly precipitation was the largest,
up to 6.5 mm, and integrated cloud liquid water content reached
12. 047 mm for microwave radiometers and 11. 126 mm for ERAS.
At 23.00, hourly precipitation began to decrease again until 02 ;00
on April 14. At 06:00, hourly precipitation was up to 7 mm, inte-
grated cloud liquid water content was 11. 820 mm for microwave
radiometers and 12. 340 mm for ERAS5. At 09:00, the precipitati-
on ended, and the liquid water content dropped below 0.5 mm.

From Fig. 1, it can be seen that before the precipitation be-
gan, there was a significant increase in integrated cloud liquid wa-
ter content, and the precipitation cloud system was in the develop-
ment stage. Seizing the favorable opportunity to carry out artificial
precipitation enhancement operations could accelerate the occur-
rence of precipitation and was also beneficial for increasing total
precipitation. Integrated cloud liquid water content was positively
correlated with precipitation. That is, their peaks, troughs and
brief drops during the precipitation process were consistent. As the
precipitation continued, integrated cloud liquid water content was
basically above 2.0 mm. After the precipitation ended, integrated
cloud liquid water content rapidly dropped to below 1. 0 mm.
Therefore, integrated cloud liquid water content can better indi-
cate the distribution pattern of precipitation, which has a signifi-
cant indication effect on artificial precipitation enhancement
operations.

2.2 Analysis of water vapor content and liquid water con-
tent at different precipitation levels Based on 50 precipitation

cases in Fuxin Mongolian Autonomous County, Liaoning Province

from April to September in 2020 and 2021, the integrated water
vapor content and integrated liquid water content in clouds 1 h be-
fore the precipitation, as well as the weather conditions, were sta-
tistically analyzed ( Table 1). Before the occurrence of rain-
storms, integrated cloud liquid water content exceeded 5.7 mm,
and the integrated water vapor content surpassed 6.4 cm. Before
the occurrence of heavy rain, integrated cloud liquid water content
was above 5.0 mm, and the integrated water vapor content was
more than 5.1 cm. Before the occurrence of moderate rain, inte-
grated cloud liquid water content ranged from 3.9 to 4.9 mm, and
the integrated water vapor content varied from 4.0 to 5.7 cm.
During light rain processes, integrated cloud liquid water content
was between 0.7 and 2. 8 mm, and the integrated water vapor con-
tent was 2.0 —4.7 cm. In general, the integrated water vapor
content and integrated liquid water content in clouds rose with the
increase of precipitation intensity.

2.3 Changing characteristics of atmospheric total water va-
por content and integrated liquid water content before and af-
ter the precipitation Based on the data of atmospheric total wa-
ter vapor content (V) and integrated liquid water content (I.) ob-
served by microwave radiometers, as well as the data of precipita-
tion from ground automatic observation stations during 33 precipi-
tation weather processes from April to September in 2020 and
2021, the evolution characteristics of V and L before and after the
precipitation were analyzed. Meanwhile, the changing rates of V
and L 1 and 3 h before the precipitation were calculated according
to the following formulas: f, = (V, =V,)/V,, f. = (L, - 1,)/L,,
where f; and f; are the changing rates of V and L; V, and L, are
the total water vapor content and integrated liquid water content
1 h before the precipitation; V, and L, are the total water vapor
content and integrated liquid water content 3 h before the precipi-
tation. Besides, the changing characteristics of V and L before
and after precipitation were explored.

As shown in Table 2, the average of V 3 h before the precipi-
tation was 30. 84 mm. As the precipitation process approached, V
increased significantly. The average of V 1 h before the precipita-
tion was up to 44.24 mm, and the average of f, was 0.42. Simi-
larly, the change of L before the precipitation was also quite obvi-
ous. The averages of L 1 and 3 h before the precipitation were
4.78 and 0.81 mm, and the average of f; was 5.05. Within 3 h
before the precipitation, the change of L was greater than that of
V, and f; was much larger than f, , indicating that the integrated
liquid water content changed more significantly before the precipi-
tation began. During the precipitation process on August 17,
2020, V and L reached 73.5 and 5. 12 mm 1 h before the precipi-
tation began, and f, and f; were 1.07 and 18. 69, respectively.
During the precipitation process on June 24, 2021, V and L were
up to 42.4 and 2.52 mm 1 h before the precipitation began, and
fv and f; were 0. 86 and 3. 58, respectively. In all precipitation
cases, the averages of V and L 1 h after the precipitation ended
were 31.46 and 0.70 mm, and the averages of V and L 3 h after
the precipitation ended were 28.00 and 0.33 mm, which were al-
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most all lower than the background values of V and L 3 h before
the precipitation. This indicates that V and L decreased signifi-
cantly after the precipitation ended, and the change of L was grea-
ter than that of V. During the precipitation process, liquid water
in clouds formed raindrops and fell to the ground, resulting in a
significant reduction in the liquid water content in the air and the
atmospheric water vapor content after the precipitation ended. Be-

fore the precipitation occurred, the monitoring results of the radi-
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ometers show that both the water vapor content and integrated lig-
uid water content reached peaks and then dropped briefly. From
the sudden increases of V and L to the start of the precipitation,
there was an advance of about 30 —50 min. The rapid increase of
V and L indicated the rapid aggregation of water vapor above the
observation stations, and the possibility of precipitation was high,

which could be one of the indicators of precipitation occurrence.

s BRAS liquid water content
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Note: a. April 2021 ; b. May 2021; c. June 2021; d. July 2021; e. August 2020; f. September 2020.
Fig.1 Changes in precipitation and liquid water content from microwave radiometers and ERAS during 6 precipitation processes in 2020 and 2021

Table 1 Integrated water vapor content and integrated liquid water content in clouds at different precipitation levels in 2020 and 2021

Integrated liquid ~ Integrated water Weather Integrated liquid ~ Integrated water Weather
Year Date . Year Date .
water content // mm vapor content // cm condition water content // mm vapor content // cm condition
2020 08 - 18 7.4 8.4 Rainstorm 2021 08 -09 4.3 4.1 Moderate rain
2020 08 -24 7.1 6.4 Rainstorm 2021 08 -20 4.0 4.6 Moderate rain
2021 09 -20 5.7 9.4 Rainstorm 2021 08 -21 4.0 4.0 Moderate rain
2020 05 -31 5.7 6.3 Heavy rain 2021 09 -06 4.3 4.5 Moderate rain

(To be continued)
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( Continued )
Integrated liquid ~ Integrated water Weather Integrated liquid ~ Integrated water Weather
Year Date . Year Date .
water content // mm vapor content // cm condition water content // mm  vapor content // cm condition

2020 08 -13 6.2 8.4 Heavy rain 2021 09-21 4.9 4.1 Moderate rain
2020 08 - 19 5.4 7.0 Heavy rain 2021 09 -27 3.9 4.1 Moderate rain
2020 08 -27 5.1 6.2 Heavy rain 2020 04 -17 2.6 4.3 Light rain
2020 09 -05 8.2 5.8 Heavy rain 2020 04 -20 1.8 3.8 Light rain
2020 09 -15 4.9 5.5 Heavy rain 2020 07-03 2.4 3.8 Light rain
2021 06 -25 5.1 5.7 Heavy rain 2020 07-14 1.1 3.8 Light rain
2021 07 -03 5.4 5.1 Heavy rain 2020 08 -12 1.3 4.7 Light rain
2021 07 -13 5.4 5.2 Heavy rain 2020 08 -17 1.0 4.3 Light rain
2021 07 -14 5.8 6.1 Heavy rain 2020 09 -09 1.4 2.9 Light rain
2020 07 -05 4.0 5.7 Moderate rain 2021 04 -12 1.1 2.1 Light rain
2020 07 -29 3.9 4.1 Moderate rain 2021 04 -22 1.5 3.3 Light rain
2020 08 -02 4.6 4.1 Moderate rain 2021  05-06 0.7 1.9 Light rain
2020 08 -03 4.0 4.3 Moderate rain 2021  05-23 1.5 2.4 Light rain
2020 09 -16 4.3 4.1 Moderate rain 2021 05 -27 1.2 3.1 Light rain
2021 06 -02 3.9 4.3 Moderate rain 2021 06 -12 2.4 3.3 Light rain
2021 06 -15 4.0 4.0 Moderate rain 2021 06 - 14 1.7 4.4 Light rain
2021 06 - 17 4.1 4.8 Moderate rain 2021 06 —24 2.6 2.8 Light rain
2021 06 -21 4.6 4.2 Moderate rain 2021 07 -08 2.8 3.7 Light rain
2021 06 -26 4.2 4.7 Moderate rain 2021 08 -01 2.3 4.9 Light rain
2021 07 -30 4.5 5.5 Moderate rain 2021 08 -11 2.3 4.3 Light rain
2021 07 -31 4.1 4.9 Moderate rain 2021 09 -08 2.2 3.7 Light rain

Table 2 Changes in V and L before and after the precipitation

3 h before the precipitation

1 h before the precipitation

1 h after the precipitation

3 h after the precipitation

Year Date V //mm L//mm V //mm L//mm fv fu V //mm L//mm V //mm L//mm
2020 05 -31 20.10 0.15 30.80 1.12 0.53 6.47 17.50 0.170 15.8 0.021
2020 07 -03 32.70 0.45 49.80 2.11 0.52 3.69 33.90 0.080 32.5 0
2020 07 -05 33.60 0.52 38.80 1.17 0.15 1.25 33.50 0.180 30.6 0
2020 07 -14 30.70 1.13 36.00 3.21 0.17 1.84 33.40 0.025 31.5 0
2020 08 -02 35.70 1.55 49.00 4.64 0.37 1.99 38.00 0.590 34.9 0. 190
2020 08 -03 32.90 1.29 39.70 4.34 0.21 2.36 49.20 0.610 34.2 0
2020 08 -12 39.70 0.37 42.00 3.14 0.06 7.49 44.20 0.039 43.5 0
2020 08 -13 34.20 0.25 63.50 3.69 0.86 13.76 46.10 0.270 37.1 0
2020 08 - 17 35.50 0.26 73.50 5.12 1.07 18.69 48.60 0.015 48.1 0
2020 08 -18 38.10 0.32 47.30 2.22 0.24 5.94 43.90 0.025 42.2 0.017
2020 09 -05 29.50 0.86 57.30 2.51 0.95 1.92 26.10 0.215 23.8 0
2020 09 -09 29.80 0.31 31.90 0.75 0.07 1.42 26.70 0.170 26.6 0.110
2020 09 -15 26.90 0.53 30.20 2.15 0.12 3.06 22.30 0.110 16.7 0
2021 04 -12 18.30 0.53 21.00 1.41 0.14 1.66 12.40 0.190 9.0 0.007
2021 04 -22 19.50 0.64 21.20 1.53 0.08 1.39 34.90 1.520 25.1 0.500
2021 05 -06 14.10 0.90 16.50 2.44 0.17 1.71 9.90 0.027 .1 0.001
2021 05-23 20.50 0.48 23.30 1.32 0.14 1.75 9.50 0.071 .1 0.002
2021 05 -27 16. 60 0.65 19.20 1.91 0.15 1.94 18.30 0.590 14.1 0.077
2021 06 -02 30.60 0.92 43.90 3.22 0.43 2.50 23.80 0.460 10.7 0.028
2021 06 - 12 26.00 0.89 32.90 2.41 0.26 1.71 20. 60 0.130 18.9 0.013
2021 06 -21 21.30 0.13 23.80 0.32 0.12 1.46 23.90 0. 100 21.7 0
2021 06 -24 22.80 0.55 42.40 2.52 0.86 3.58 23.90 0.180 21.6 0
2021 06 -25 30.10 0.15 38.30 1.10 0.27 6.33 31.40 0.670 31.1 0.460
2021 07 -03 32.40 0.43 37.30 0.78 0.15 0.81 31.70 0.350 30.3 0. 140
2021 07 -08 31.40 0.56 49.70 3.74 0.58 5.68 33.40 0.080 31.9 0
2021 07 -13 45.80 0.26 62.60 2.56 0.37 8.85 43.20 0.052 42.1 0.093

(To be continued)
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( Continued )
Year Date 3 h before the precipitation 1 h before the precipitation 1 h after the precipitation 3 h after the precipitation
V //mm L//mm V //mm L//mm v fu V //mm L//mm V//mm L//mm
2021 08 -01 50.60 3.50 58.20 12.78 0.15 2.65 45.90 3.700 41.4 1.910
2021 08 -09 35.40 1.03 94.10 23.05 1.66 21.38 41.10 2.190 40.6 1.340
2021 08 -20 42.60 1.85 55.20 9.74 0.29 4.26 45.10 2.900 41.0 1.390
2021 09 -06 42.70 1.93 73.90 32.91 0.73 16.05 39.80 2.830 38.0 1.710
2021 09 -08 30.40 0.55 68.10 2.52 1.24 3.58 33.20 0.760 30.5 0.570
2021 09 -09 36.40 1.37 56.10 12.70 0.54 8.27 30.90 2.610 28.1 2.130
2021 09 -27 30.40 1.29 32.70 2.72 0.08 1.11 22.30 1.070 14.2 0.120
Average 30.84 0.81 44.24 4.78 0.42 5.05 31.46 0.700 28.0 0.330

3 Conclusions and discussion

(1) During the 6 typical precipitation processes, the varia-
tion trends of integrated cloud liquid water content were basically
consistent with that of precipitation. From the statistical analysis
of 50 different precipitation cases, the distribution laws of integrat-
ed atmospheric water vapor content and integrated liquid water
content in clouds at different precipitation levels 1 h before the
precipitation were obtained. The discriminant indicators for agri-
cultural drought mitigation and precipitation enhancement opera-
tions were established, which had obvious guiding significance for
improving the scientific operation ability of artificial precipitation
enhancement operations in Fuxin City.

(2) The integrated water vapor content and integrated liquid
water content in clouds before the onset of precipitation rose with
the increase of precipitation intensity from light rain to rainstorms.

(3) Based on the data of atmospheric total water vapor con-
tent and integrated liquid water content observed by microwave ra-
diometers during 33 precipitation processes, their evolution char-
acteristics were analyzed. The results show that the averages of f,
and f; 1 and 3 h before the precipitation were 0.42 and 5.05, re-
spectively. Before the precipitation appeared, the total water va-
por content and integrated liquid water content in clouds peaked
and then declined briefly. From the sudden increases of V and L

to the beginning of the precipitation, there was an advance of

about 30 —50 min. The rapid increase of V and L indicated that
the possibility of precipitation was high, which could be one of the

indicators of precipitation occurrence.
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