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A study of water vapor variability associated with deep convection using a dense 

GNSS receiver network and a non-hydrostatic numerical model 

 

Abstract 

 

OIGAWA Masanori 

 

Chapter 1 General Introduction 

Relationships between local-scale water vapor variability and deep convection are 

still unknown because it is difficult to observe meso-γ scale (2-20 km) water vapor 

distribution by the conventional observation networks. The objective of this thesis is to 

investigate influence of meso-γ scale water vapor variability on initiation and 

development of deep convection by analyzing precipitable water vapor (PWV) data 

derived from a dense Global Navigation Satellite System (GNSS) receiver network as 

well as high resolution model output of Japan Meteorological Agency Non-Hydrostatic 

Model (JMA-NHM). A dense GNSS receiver network with a mean inter-station distance 

of 1-2 km was installed in and around Uji, Kyoto, Japan (hereafter referred to as Uji 

network). This network is able to figure out meso-γ scale PWV distribution and its 

temporal variation, which was not detected by the existing nationwide network,  

GEONET (GNSS Earth Observation Network). The GEONET derived PWV is 

estimated by averaging all slant tropospheric delay data above 10° elevation angle. Thus, 

horizontal resolution is too coarse (~20 km) to observe meso-γ scale water vapor 

fluctuations. In this study, high elevation Quasi-Zenith Satellite System (QZSS) (higher 

than 80°) and GPS (higher than 60°) were selectively used to estimate PWV, taking 

advantage of the denseness of the Uji network. 

 



Chapter 2 Numerical simulation on retrieval of meso-γ scale PWV distribution 

with the Quasi-Zenith Satellite System 

In this chapter, an observation system simulation experiment (OSSE) was 

conducted to investigate the feasibility of high resolution retrieval of meso-γ scale 

PWV distribution with the QZSS and dense GNSS receiver network using output from 

a non-hydrostatic model before analyzing the PWV data observed by the Uji network. 

The simulation result showed that meso-γ scale PWV fluctuations can be observed by 

using only high-elevation slant paths. It was proven that the QZSS will enable us to 

observe meso-γ scale PWV distribution without artificial discontinuity because the 

QZSS continuously stay overhead of Japan for about eight hours each day whereas a 

GPS satellite at the highest elevation angle stay higher than 60° only for about one 

hour. 

 

Chapter 3 Study of water vapor variations associated with meso-γ scale 

convection: Comparison between GNSS derived PWV and non-hydrostatic model 

data 

   In this chapter, an example of meso-γ scale water vapor variation associated with a 

heavy rain event in Uji is discussed by analyzing GNSS derived PWV and numerical 

model data. The event took place on 13-14 August 2012 during which GNSS-derived 

PWV rapidly increased 15 minutes before the start of rainfall at the ground. A numerical 

downscaling experiment using horizontal mesh size of 250 m was conducted to 

understand the PWV variation.  

In the model, PWV values began to increase 16 minutes before the rainfall occurred 

at the surface. A local maximum of PWV was formed because of the generation of 

shallow free convection and surface water vapor flux convergence due to a lifting of an 



air parcel at approximately 1 km elevation by a preceding surface wind convergence. 

Due to the existence of a stable inversion layer between 2.2 and 3.5 km elevation, the 

shallow free convection took 11 min to rise above the inversion layer to form a deep 

convection. Although the simulated PWV variation associated with the convection was 

generated at slightly different time and place compared to the observed phenomenon, 

the observed rapid increase of PWV was simulated well. These results suggest that 

observation of local distributions of GNSS-derived PWV is useful for monitoring the 

generation of deep convection. 

 

Chapter 4  Data assimilation experiment of high resolution precipitable water 

vapor data using a nested NHM-LETKF system 

In this chapter, possibility of improving the forecast accuracy is explored by 

assimilating the high resolution PWV data into a numerical weather forecasting model. 

Local ensemble transform Kalman filter (LETKF) based on the JMA-NHM known as 

NHM-LETKF was used for the assimilation experiment. Analysis of Zenith Wet Delay 

(ZWD) data derived from the Uji network showed that the characteristic length-scale of 

water vapor variability during rainfall was from 1.9 to 3.5 km, suggesting that 

assimilation of PWV with high horizontal resolution (few km) will improve the forecast 

accuracy. Based on this fact, a sensitivity experiment was conducted in which horizontal 

resolution of the assimilated PWV data around Uji was changed from 1.7 km to 8.0 km 

by thinning out the PWV data. As a result, it was found that there is an optimum spatial 

resolution of PWV measurement for data assimilation. In the case of the heavy rainfall 

event on 13-14 August 2012, simulation accuracy of one hour rainfall amount was most 

improved when the horizontal resolution of the assimilated PWV data was 3.5 km. 

 

 



 

Chapter 5  Characteristics of water vapor variability associated with tropical 

convection observed in Indonesia 

In this chapter, the study is expanded to tropical environment in Southeast Asia 

where disasters caused by tropical deep convection frequently occur. In recent years, 

GNSS receiver network has been constructed in Indonesia. With this network, a 

coordinated observation campaign using seven GNSS receivers, radiosondes and an 

X-band radar was conducted in the Bandung basin, West Java, Indonesia from January 

to March 2013. Numerical downscaling experiment using the JMA-NHM was also 

conducted to reproduce a case in which strong diurnal variation was observed. Analysis 

of the observational and model data revealed that water vapor variability caused by 

valley wind circulation inside the basin strongly influenced the convective initiation in 

Bandung by changing static stability of the atmosphere. 

 

Chapter 6  Summary and Future Aspects 

This study demonstrated the close relationship between convective initiation and 

meso-γ scale water vapor variability by analyzing high horizontal resolution PWV data 

derived from the dense GNSS receiver network as well as high resolution 

non-hydrostatic model data. In addition, in the practical aspect, it was proven that the 

high resolution water vapor measurement using the dense GNSS receiver network will 

provide useful information for predicting deep convection. 

 




