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Abstract To develop atmospheric water resources reasonably over the Liupan Shan area based on precipitation

enhancement techniques, it is necessary to first understand the influence of the water vapor field and topography on local
precipitation, the characteristics of water resources in the air, and the hydrometeor precipitation efficiency of clouds in
typical precipitation processes over this area. On the basis of the high spatial and temporal resolution reanalysis dataset
issued by ECMWEF (European Centre for Medium-Range Weather Forecasts) and MODIS (moderate resolution imaging
spectrometer) data, the features of water vapor transport, the convergence and ascending motion of water vapor flux
forced by topography, and the orographic cloud characteristics were investigated using statistical analysis methods.
Moreover, during several precipitation events with stratus clouds embedded in convective systems moving from west to
east in the summer of 2016 and 2017, the hydrometeor precipitation efficiency was calculated on the basis of the
simulation results of the WRF model and ERAS reanalysis dataset. The results are as follows. In the eastern part of
Northwest China, abundant atmospheric precipitable water and strong water vapor transport are observed over the Liupan
Shan area. Under the influence of the Asian monsoon, abundant water vapor is transported by the southerly wind to this
mountain area in summer, thereby making it a high relative humidity zone. The CF (cloud fraction) reaches 70% over the
Liupan Shan in the afternoons of spring, summer, and autumn. Moreover, CWP (cloud water path) and optical thickness
(COT) in summer are considerably larger than those over the surrounding areas. The dynamic field caused by topography
has a considerable impact on summer precipitation. Obvious convergence and ascending motion of water vapor flux
forced by topography occurs in the process with daily precipitation exceeding 5 mm. Furthermore, when the convergence
and ascending motion are more intense, the corresponding rainfall intensity is stronger. In typical precipitation systems in
summer, the average hydrometeor precipitation efficiency is approximately 48.1% and a considerable amount of
hydrometeor in the air does not undergo precipitation. Therefore, in terms of water conservation, the Liupan Shan area has
relatively abundant atmospheric water resources; however, precipitation in summer is insufficient, which indicates that

potential exists for developing atmospheric water resources in this area.
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Fig. 1 Annual average precipitation (units: mm) distribution in the
eastern part of Northwest China during the period 1987-2017. The red
rectangular and green elliptical frame represent the Liupan Shan and

Qilian Mountain areas, respectively
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Fig. 2 (a) Annual and (b) summer average distribution of atmospheric precipitable water (units: mm) in the eastern part of Northwest China during

the period 2010-2017
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during the period 2010-2017
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Fig. 6 Average vertical distribution of water vapor flux divergence (shadings, units: g s cm >hPa") along (a—d) 35.5°N, (e—h) 106.2°E under the (a,
e) second (5-10 mm), (b, f) third (10-15 mm), (c, g) fourth (15-25 mm), (d, h) fifth (>25 mm) rainfall intensity in the Liupan Shan area during the
period 2010-2017. The black shadow shows the terrain, the red circles indicate the location of the top of the Liupan Mountain
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Fig. 8 Average zonal distribution (along 35.5°N) of (a) CWP (units: g mfz) and (b) COT of precipitation clouds in spring, summer, and autumn in the

Liupan Mountain area
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Table 1 Weather system, moving direction, spatial correlation coefficient R and root mean square error (RMSE) (units: mm)

between the simulated and real precipitation of five precipitation processes

AN H # KEERG RGN R RMSE/mm
201656 H22~23H 500 hPa7s; == f#+700 hPaX 1] 28 i 0.820 6.228
201746 H3~4H 500 hPa7s; %5 f+700 hPa X\ 1] 28 ZR— 0.759 3.939
20174E7H26~27H A T+ e 7 A0 7 R R T S HR—i 0.664 5.320
201748 H6~T7H 1o SR A+ AL BRI b —%&Eg 0.709 7.801
201748 H21~22H 500 hPa7s % fi+700 hPa X\ )48 R—rh 0.718 4.358
VE: RIEIYIEIT0.001 &35 MK P 1 B35 AT IS .
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Fig. 9 The double nested simulation domains used in the WRF (Weather Research and Forecasting) model
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Table 2 Total hydrometeor content and precipitation efficiency in the Liupan Mountain area during five assessment periods

estimated from the results of the WRF model

AN H P B (UTO) KEE) 10" ke IR K 2
201646 422~23H 6322 H 128 2k H 02 5 49.5%
20176 43~4H 6H4H00~12HF 2.9 50.2%
201747 H26~27H 7H26H 158 £ HO3E 1.5 47%
201748 H6~7H 8 H6H20% ¥ H o8 2.1 53.9%
201748 H21~22H 8H21H164 K Ho2i 4.6 40.1%
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Fig. 10 Mean precipitation (units: mm) obtained from (a) automatic meteorological stations and (b) the WRF model in five precipitation processes



xR M 44

432 Chinese Journal of Atmospheric Sciences

Vol. 44

104.5E 105.5E 10.5E 107.5E

10% 15% 20% 25% 30% 35% 40% 45% 50%

11 FI ] WRF IS5 SR A 55 0 0 B K i R o A I BE A K
B KRB 5 A . SR B SER RN IEHGE T 2000 m,
RN T

Fig. 11 Average distribution of the hydrometeor precipitation
efficiency during five assessment periods estimated from the results of
the WRF model. The dark green solid lines indicate the altitude over
2000 m, and the black lines denote the provincial boundary
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