Response to Referee #2
We thank the referee #2 for the insightful comments and constructive suggestions. We
have addressed all their comments in the revised manuscript. Below are our response
to the referee’s critical comments (Italics).
General comments
This article outlines a method for combination of ECMWF re-analysis estimates of
integrated water vapour (IWV) over Hong Kong with IWVs derived from GNSS zenith
total delay (ZTD) data in combination with auxiliary data from meteorological sensors
installed at the GNSS sites.
It is not clear what the goal is. Is it to enhance knowledge about historic IWV values
over Hong Kong above what is available from the ECMWF re-analysis product? Is it
to set up a system capable of producing current IWV maps for usage in operational
meteorology? Who are the users, how will the new product help them? There are some
unclear points regarding the combination and the verification.
For this reason I recommend rejection of the current manuscript, but encourage the
authors to make a revision and re-submit.
Authors: We are sorry that the purpose of the proposed PWV fusion model is not
explained clearly. According to our investigation of various PWV measurements,
ECMWF reanalysis product ERA-Interim is a commonly used data source in
meteorological research. However, ECMWF reanalysis has significant errors in the
PWV field. In the meanwhile, the GNSS derived PWV, which is only available in
CORS stations, is proved to be more accurate. Therefore, the merge of ECMWF and
GNSS data is to obtain PWV data with higher accuracy than ECMWF and relatively
higher horizontal resolution as well. The aim of fusion model lies on the precision
improvement of ECMWF PWV and further exploration about its application potential
in geodesy and climatology. The purpose of the study is more specifically emphasized
in the revised manuscript at line 84-85.
On the one hand, accurate measurement of water vapor is vital for improving the
predictability of regional precipitation, weather and visibility. With advances of GPS
technology and spreading the GPS network around the globe, it is a great challenge to
explore the application of GPS such as for rainfall, which is a cost-effective and low
maintenance cost for a satellite tracking solution. The results from rainfall inferred from
GPS observations can be used to improve nowcasting and weather prediction. So the
analysis of spatial and temporal variation of PWV in section 4 is to explore the
application potential of PWV fusion models in meteorological analysis. As we know,
ECMWF data are the main source of data for meteorological research. However, the
spatial resolution of PWV distribution presented in this part is much higher than that of
ECMWF data or GNSS data.
On the other hand, the precision of PWV derived by fusion model is improved

compared with commonly used ECMWF PWV data. This high-precision and highresolution PWV data is more distinct for analyzing weather changes in a region. As
mentioned in the article, the feature of north-south difference and its variation with
precipitation can be clearly obtained. The application in climatology of PWV fusion
model is the focus of section 4. The fusion model can reflect the detailed PWV
distribution, which could provide more accurate data for meteorologists to analyze. As
a result, full use of high-precision, high-resolution PWV data obtained from fusion
model is important for meteorological research. Besides, PWV maps can also be used
for water vapor correction in InSAR. With more precise PWV, the accuracy of the
InSAR measurement will be improved.
Therefore, GNSS and ECMWF can be combined to obtain better-precision regional
PWV products, which can not only serve for geodetic techniques, but also provide more
accurate data for meteorological research.
Some aspects to consider in a revision
The authors refer only to use of GNSS ZTD in regional NWP. However, GNSS ZTDs are
certainly, since many years, assimilated into the NWP global models at Meteo France
and the UK Met Office. I'm almost certain the situation is the same at NCEP,
Environment Canada and the Japan Meteorological Office. (In the Met Office global
NWP the total impact from ground-based GNSS ZTD is modest compared to several
other observation systems, but the impact per GNSS ZTD observation is very large
compared to most other observation types. This indicates the observations are very
useful for the NWP model, but the number of available observations is at present low
compared to the number of other observations. It would be nice if the GNSS ZTDs from
Hong Kong were added to the ZTDs shared internationally for NWP assimilation.)
Authors: The impact of assimilating ZTD observations in numerical weather
prediction (NWP) models has previously been described by authors such as Yan et al.
(2009), Boniface et al. (2009), Macpherson et al. (2008), Poli et al. (2007), Faccani et
al. (2005), and Vedel and Huang (2004). Although they found no improvement in
temperature, wind, and humidity forecasts, these experiments saw positive impact on
improvement in the prediction of precipitation patterns in cases where ZTDs were
assimilated. As we know, GPS network is spreading around the globe, and Hong Kong
is a dense area of GPS network. Accurate measurement of water vapor is vital for
improving the predictability of regional precipitation, weather and visibility, especially
for a highly moist metropolis such as Hong Kong with strong weather variability and
the unique characteristic metorology (Chen and Liu, 2014). Therefore, it is very
necessary to make full use of the available GNSS data here to enhance meteorological
observations. The experiment in this paper shows that the fusion of GNSS data and
ERA-Interim reanalysis data can significantly improve the accuracy of PWV.
In some equations appear variables not defined in the text.
Authors: Thank you for your reminding, we have added the definition of the variables
in each equations.

What is meant by "earth surface"? (line 168 for example). Are you converting from the
ECMWF NWP surface to the real altitude at that geographical location, or to mean sea
level?
Authors: In this paper, we convert from the ECMWF NWP surface to the real altitude
at that geographical location, the PWV derived from the fusion model is a twodimensional product, providing the PWV value at earth surface height.
You are combining two different sources of IWV. They have different error
characteristics with respect to the true IWV. When combining them the weight given to
each of them is important for the end result. What determines the weight given to each
of them?
Authors: According to the formula (5), the term  accounts for the error, and is
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assumed to follow a normal distribution with 0 mean and   variance, i.e.

 ~ N (0,  2 ) .

In the ideal case of a perfect fitting, that is when the model f (vi ) of the

underlying surface is appropriate and the related coefficients are correctly estimated, 
should represent the measurement error. Since ECMWF data lack the information about
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the variable uncertainties, for simplicity we used one parameter   for the GNSS and

ECMWF data in Gaussian Process model.
You use the radiosonde (RS) and GNSS site CORS for validation. In doing so you use a
specific formula to correct for altitude differences between the IWV model gridpoints
and the location of the RS and CORS sites. I expect this formula to perform less well
than average for mountainous regions on days with significant orographic forcing. In
addition the IWV field might vary over Hong Kong due to the weather pattern, even if
Hong Kong was flat. For these reasons I recommend to do a more detailed validation,
in order to see if the distance to the RS and CORS has an impact on the score, likewise
whether the altitude difference between the RS and CORS versus the model points has
an impact.
Authors: The PWV involved in modelling have been height (m)-reduced to the earth
surface using coefficients obtained from Ref (Means, 2011). And the height should not
exceed 1000m in this formula). The height of CORS stations and Radiosonde stations
in the Hong Kong area is generally below 1000m. We believe that the comparison
between PWV values of the RS and CORS stations after height conduction is more
accurate.
Many people have looked for relations between IWV and precipitation, for example in
the hope of making a nowcasting tool. However, it takes both water vapour and cooling
(e.g., caused by buoyancy or orographic forcing) to create precipitation, the amount of
cooling necessary in part depending on relative humidity, making purely IWV based
approaches in general not sucessfull. This does not rule out exceptions, that for a
certain specific region one might be lucky and identify a special pattern in the IWV time

variations that often relates to subsequent precipitation. However, that would require
looking at a much longer time period than in this study。
Authors: According to Yao Y, Shan L, Zhao Q. Establishing a method of short-term
rainfall forecasting based on GNSS-derived PWV and its application [J]. Sci Rep, 2017,
7(1):12465, it is feasible to predict rainfall based on single factor of PWV. Considering
the fact that ECMWF products currently have not assimilated ground GNSS data, our
paper provides an idea of integrating GNSS data to improve PWV accuracy issued by
ECMWF, other meteorological elements are not involved.
Thank you for your suggestion, we are sorry that the reason for the period used for the
evaluation in this paper is not explained clearly. The primary purpose of the merge of
ECMWF and GNSS data is to obtain PWV data with higher accuracy than ECMWF.
The typical weather experiment in two weeks shows that the precision improvement is
significant. From the perspective of fusion model establishment, there are not much
difference in accuracy whether the period used is two weeks or several years. As far as
we concerned, the main meteorological impacts on PWV are rain and no rain. Therefore
the period we select include two typical weather conditions, which have influence on
the PWV variation.
The aim of fusion model lies on the precision improvement of ECMWF PWV. Further
discussion in climatology is an additional exploration about the application potential of
fusion model. The PWV response to simple weather are therefore analyzed. If largescale climate change is to be studied, the long-term GNSS observations and ECMWF
data should be considered in PWV fusion model. So far this paper only put emphasis
on proving the feasibility of PWV merge to improve accuracy using Gaussian Process
method. Thank you for your useful suggestion, we will select a longer period of time in
the study of PWV and precipitation.
Regarding potential users: The user is not likely to be an institution running an NWP
model. In NWP one prefers to assimilate data in their original format. In other words
assimilate GNSS ZTD directly, not an IWV value found by combining GNSS data with
other data. If there is a barometer at the GNSS site, one would assimilate also that
pressure observation, not use it to convert GNSS ZTD to something else.
Authors: There are plenty of research about the GNSS ZTD assimilation in NWP, and
to persuade ECMWF (and others) to assimilate the GNSS data is not the Not the main
purpose of this article, we target at the single factor PWV.
We have to identify that the user of the fusion model might be meteorologist. As we
know, ECMWF is an important resource for conducting meteorological research. With
the fusion model established in our paper, we can obtain PWV data with higher
accuracy than ECMWF, providing more precise and detailed information for
meteorological analysis.
In addition, our paper provides an idea of integrating GNSS data to improve PWV
accuracy issued by ECMWF, other meteorological elements are not involved.Another
users might be geodetic surveying users, because PWV maps can be used for water
vapor correction in InSAR. With more precise PWV, the accuracy of the InSAR
measurement will be improved.

Detailed comment
The driver of the weather is the sun. But don't speak about an engine. Just say water
vapour is important because of its direct relation to precipitation, its role as a transport
agent of energy, and its role as a green house gas. Three good causes to get more
observations of water vapour.
Authors: We are sorry for the overstatement. Water vapor is an important component
of the atmosphere, which affects the radiation balance, energy transportation, and the
formation of cloud and precipitation. We have changed the description in the revised
manuscript.

