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Abstract Based on 5 years of measurements of integrated water vapor (IWV), surface mixing ratio (MR),
and rain rate, we investigate the relationship between the water vapor field evolution and the precipitation
lifecycle. We show that in 76% of the cases the IWV reaches a maximum before the peak of precipitation, with
the precipitation peak occurring on average 20min after the IWV maximum. This delay can be related to the
fall time of the precipitation. We also show that the moister the atmosphere, the greater the precipitation
rates and the longer the delay. Unlike the IWV, the MR reaches a maximum after the precipitation peak in 60%
of the cases, highlighting the interest of IWV compared to surface MR only. This paper and the discussions
within it open a pathway to complementary studies and applications for heavy precipitation prediction.

1. Introduction

The role of water vapor convergence and accumulation for the initiation of precipitation has been shown and
discussed in numerous studies [e.g., Trenberth et al., 2003; Kalthoff et al., 2009; Sherwood et al., 2010], while
accurate knowledge of the water vapor field is needed to produce high-quality precipitation forecasts within
a short time frame [Ducrocq et al., 2002]. Nowadays, the amount of integrated water vapor (IWV) from the sur-
face to the top of the atmosphere can be measured from a Global Positioning System (GPS) receiver [Bevis
et al., 1992] with good accuracy for ground-based [Tregoning et al., 1998; Van Baelen et al., 2005; Bonafoni
et al., 2013] and ocean-based measurements [Kealy et al., 2012]. The GPS measurements can be performed
continuously, at a high temporal resolution and under all weather conditions, with condensed water (preci-
pitation and clouds) having only negligible impact on the GPS-based IWV retrievals [Solheim et al., 1999]. The
GPS-derived IWV is therefore sensitive only to the water vapor field and with everything else held constant
any condensation of vapor will lead to the expected decrease in the GPS-IWV. Water vapor retrievals obtained
from GPS have proved to be useful for case studies of precipitation formation and water vapor field evolution
[Champollion et al., 2004, 2009; Bastin et al., 2005; Sato and Kimura, 2005; Van Baelen et al., 2011; Manning
et al., 2012; Labbouz et al., 2013; Planche et al., 2013; Weckwerth et al., 2014].

In this context, the aim of this paper is to investigate the links between the temporal evolution of IWV and the
formation of precipitation, based on 5 years of collocated GPS and rain gauge measurements. From 2months
of measurements, Brenot et al. [2014] have shown that high IWV values are usually associated with precipita-
tion. Several other studies have shown similar results and have tried to analyze the relationship between IWV
evolution and precipitation formation [e.g., Champollion et al., 2004, 2009; Van Baelen and Penide, 2009; Van
Baelen et al., 2011]. Longer-term microwave radiometer (MWR) measurements from a tropical island have
shown that high IWV tends to be measured an hour after the peak of precipitation [Holloway and Neelin,
2010]. However, they also showed that high IWV is associated with increased probability of precipitation
for the following 10–12 hours and conceded that they cannot claim that their results are applicable to any
area other than the tropical ocean.

Our study, based on the use of a GPS receiver for the measurement of IWV, allowed for continuous measure-
ment during heavy precipitation events (which is not usually the case using an MWR, as mentioned by
Holloway and Neelin [2010]). This allows us to provide a detailed analysis of the links between the water vapor
field and the formation of precipitation, over medium to short (5min) time scales, at a midlatitude continen-
tal site. Our analysis is based on a simple statistical method, inspired from the ideas developed by Mazany
et al. [2002], who combined IWV temporal evolution from GPS measurement with other data in order to build
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an index for short-term lightning prediction. For their analysis they used lightning discharges as a temporal
reference and studied the evolution of IWV before the first lightning stroke. Here we follow a similar approach
using rain rate peaks as a temporal reference.

Building an index as done byMazany et al. [2002] but for local precipitation prediction would be very challenging
knowing the complexity and the variety of precipitation processes. Nonetheless, this paper can be considered as a
first step in that direction, as we investigate the relative timing of the IWVmaximumwith respect to precipitation.
Moreover, we aim to open a new pathway for further studies of water vapor-precipitation interaction processes.

In section 2 we present the instruments and the data processing technique as well as the methodology
applied. Section 3 focuses on the presentation and discussion of the results. Finally, section 4 provides a
summary and outlines the perspectives opened by the current study.

2. Methodology

The data used in this study come from a rain gauge, a GPS receiver, and meteorological probes for pressure,
temperature, and water vapor mixing ratio (MR hereafter) located on the roof of the Laboratoire de
Météorologie Physique, in Aubière, France (3.111°E, 45.761°N). The tipping-bucket rain gauge has a resolution
of 0.2mm of accumulated rain and data is recorded every 5min. The GPS receiver is part of the two perma-
nent French GPS networks: RGP (Réseau GNSS Permanent) and RENAG (Reseau National GPS permanent),
and the data have been processed by the Institut national de l’information géographique et forestière
(IGN). The zenith total delay (ZTD) is retrieved every 15min and then the corresponding IWV is calculated
using the pressure and temperature measured alongside the GPS antenna:

IWV ¼ ZTD–ZHD½ �=Q Tð Þ
with ZHD the zenith hydrostatic delay, obtained from the pressure, geoidal height and latitude of the
antenna [Saastamoinen, 1972a, 1972b; Davis et al., 1985], and Q(T) an empirical term derived by Emardson
and Derks [2000] for central Europe, which depends only on the temperature at the GPS station. The IWV
obtained are then linearly interpolated on a 5min time scale. The data used in the following analysis
correspond to the period 30 January 2007 to 29 January 2012.

In order to investigate IWV evolution with respect to precipitation events, we develop a simple method taking
the precipitation peaks as temporal references. First, we determine the time t0 of the heaviest rain rate peak
in the 5 years of data considered here. Then we select all the meteorological data in the interval [t0� 9 h ; t0
+ 9 h]. The choice of an 18 h interval allows for a description of the prerain and postrain situations and pre-
vents us from considering two events close in time as distinct or considering successive peaks of a single
event as separate. Reasonable changes in the interval size have been tested without any significant effect
on the results. After excluding the data already selected (i.e., the data within the 18 h interval), we then select
the “next” highest rain peak and repeat the procedure. As the detection threshold of the rain gauge is 0.2mm,
in order to avoid “false events,”we consider only precipitation peaks with at least 0.4mm of rain accumulated
over 5min (i.e., more than one bucket oscillation), corresponding to a rain rate of 4.8mmh�1. Finally, we keep
only the N time intervals with more than 90% of available data for all the variables and calculate the sample
average G of each meteorological variable g (IWV, MR, and rain rate):

G tð Þ ¼
XN

i¼1

g t0i þ tð Þ
N

; t ∈ �9 h ;þ9 h½ �

where t0i is the time of the precipitation peak for the interval number i.

3. Results

In this section we focus on the results and their direct implications. More interpretations and discussions are
provided in the next section.

3.1. Initial Results

We would like first to highlight the fact that all the analyses made hereafter describe an average behavior,
whose sense is also discussed. Over the 5 years of data considered in this study, applying the criteria previously
described, we identify 191 precipitation events. We observe that, on average, both IWV andMR increase before
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the onset of precipitation and decrease afterward (Figures 1a and 1b). However, zooming in on the precipitation
peak (Figures 1c and 1d) shows that the IWV maximum is reached 20min before the precipitation peak,
whereas the MRmaximum occurs at the same time as the precipitation peak and then remains somewhat con-
stant for the following 10min. Very similar results in terms of the shape and timing of the IWV andMR curves are
also observed using another pluviometer located 250m from the GPS (cf. Figure S1 and Text S1 in the support-
ing information), far enough away to show that the well-known rain field heterogeneity [e.g., Ciach, 2003] does
not significantly affect our results but still close enough to be within the GPS-sampled atmosphere.

The results from Figure 1 show that, on average, there is an increase in atmospheric water content before the
onset of precipitation. Between�9 h and�20min, the IWV increases by 13%. The role of moisture accumula-
tion in precipitation formation is well known, but more interesting is the anticipation of the IWV maximum
with respect to the rain rate maximum. The results presented in Figure 2 confirm that in most of the cases
the IWV maximum is reached before the peak of precipitation. More precisely, 76 % (69%) of the data have
their IWV maximum between �5min and �9 h (�8 h) before the rain rate maximum. The highest numbers
of occurrences are found between �15min and �45min, corresponding to 23% of the cases. The MR
maxima (Figures 2c and 2d) are delayed compared to the IWV maxima (Figures 2a and 2b). In 60% (55%)
of the cases, the MR reaches its maximum between +5min and +9h (+8 h) after the precipitation peak, with
the highest number of occurrences found between 0 and +30min (22% of the cases). To avoid any arbitrary
selection thresholds, Figure 2 does include all the 191 cases considered in this study although some of
them do not have a well-defined IWV maximum (e.g., because of a secondary local maximum or because
the IWV variation is small).

The differences betweenMR and IWV observed in both Figure 1 and Figure 2 highlight the importance of IWV
measurement from a forecasting perspective. They also indicate that the processes controlling the full tropo-
sphere IWV and the surface MR are different, the increase of the MR associated with rain being mostly due to
evaporation at the surface. This will be discussed section 4.2.

3.2. Validation and Further Results

The results presented in Figure 1 are the average over 191 different 18 h time intervals, encompassing various
meteorological situations encountered over the 5 years of this study. It can be seen that the standard

Figure 1. Mean rain rate (blue lines), and mean values of (a and c) IWV and (b and d) mixing ratio (red lines) from 191 rain
events with precipitation peak of at least 4.8mm/h. The grey shading (Figures 1a and 1b) indicates the standard deviation
(±1σ). The red arrow and label (Figure 1a) indicate the relative increase of IWV between �9 h and �20min (maximum
of IWV). The bottom plots (Figures 1c and 1d) are zooms of the top graphs (Figures 1a and 1b, respectively).
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deviation is higher than the mean variation observed during the period: the standard deviation approaches
40%, whereas the relative variation of IWV is 13% between the beginning of the period and the maximum.
Figure 2a shows that the time distribution of the IWV maximums is highly non-Gaussian, with large tail
explaining the high standard deviation. This means that we cannot yet claim our results to be a general
conclusion about the links between water vapor and precipitation.

Thus, in order to test the significance of our results, we compare them to those obtained when applying the
method described in section 2 to rain-free periods of more than 60 consecutive hours and defining t0i as the
time of the middle of that dry period (the corresponding graphs are shown in Figure S2). We observe that
the mean variation of IWV and MR associated with precipitation events (Figures 1a and 1b) are much larger
than those observed during the dry periods (nearly constant; cf. Text S1 and Figure S2), while variances are
quite similar, demonstrating that the observed signal in the mean evolution of IWV and MR associated with
precipitation peaks carries a clear physical significance.

To further test the validity of our results and to discriminate between different meteorological conditions, we
select different subsets of data based on IWV values. The histogram of the IWV measured 20min before the
precipitation peaks (Figure 3) shows two distinct maxima: one maximum corresponds to medium values of
IWV (MIWV cases), between 12.5mm and 22.5mm (100 cases, i.e., 52% of the cases), while the other corre-
sponds to high values of IWV (HIWV cases), between 27.5 and 32.5mm (31 cases, i.e., 16%).

Selecting these two “modes,” we apply our analysis method to the respective data subsets to produce the
results shown in Figure 4. As expected, we notice that the standard deviation is reduced significantly,
whereas the shape of the IWV temporal evolution remains similar to that in Figure 1a. This helps to confirm
the validity of our analysis. Furthermore, we also observe that the MIWV cases correspond to lighter rain and
to a smaller IWV maximum in absolute value and in relative variation, with an average increase of 11% for the

Figure 2. Distributions of the time differences between the peak of precipitation and the maximum of (a and b) IWV and
(c and d) mixing ratio for the 191 cases considered in this study. The bin sizes are 15min (Figures 2a and 2c) and 5min
(Figures 2b and 2d). As mentioned in the text the resolution of the data is 5min.
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MIWV cases, compared to 16% in the HIWV cases. Finally, we also observe that the anticipation of the IWV
maximum with respect to the precipitation peak is slightly longer in the HIWV case (25min; cf. Figure S3a
for a zoom) than in the MIWV case (15min; Figure S3b). On the contrary, the MR time evolution in the
HIWV cases does not exhibit a clear unique maximum, but instead exhibits nearly constant MR for up to
1.25 h after the precipitation peak (Figure 4b), whereas the MIWV exhibits MR evolution very similar to the
one observed on average (Figure 4d compared to Figure 1). The possible implications of these results in term
of cloud lifecycle are discussed in the next section.

Figure 4. Mean rain rate (blue line), IWV (red line, a and c) andmixing ratio (red line, b and d). The red numbers indicate the
relative increase in IWV between �9 h and the maximum of IWV. The top (Figures 4a and 4b) and bottom (Figures 4c and
4d) plots correspond respectively to the MIWV and HIWV data subsets as defined in Figure 3 and in the text. The grey
shading shows the standard deviation (±1σ from the mean values).

Figure 3. Distribution of the IWV measured 20min before the peak of precipitation for the 191 cases considered in this
study. The medium IWV (MIWV) mode corresponds to IWV between 12.5 and 22.5mm (100 cases), whereas the high
IWV (HIWV) mode corresponds to IWV between 27.5 and 32.5mm (31 cases).
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4. Conclusions and Discussion
4.1. Conclusions

Based on 5 years of collocated meteorological data (mixing ratio and rain rate) at ground level and IWV GPS
retrievals in Aubière, France, we provide a simple analysis to investigate the relative timing of IWV andmixing
ratio maxima with respect to rainfall maxima.

We show that in the vast majority of cases (76%) the IWV reaches its maximum before the rain rate, while
most of the time the mixing ratio at the ground reaches its maximum after the precipitation peak (in 60%
of the cases).

A simple method allows us to analyze 191 time series and to show that on average the IWV increases before
the onset of precipitation and reaches its maximum 20min before the peak of precipitation. Both this delay
and the relative increase of IWV before the onset of rain are more marked in the cases of high IWV, corre-
sponding to high precipitation rates. The IWV evolution can hence be used as an indicator of precipitation
formation, especially in cases of high IWV.

4.2. Discussion

We have seen that on average the IWV increases before the onset of precipitation and decreases afterwards.
As a system is forming, we can suppose that there is (on average) a moisture flux convergence, which is the
source of water vapor enhancement [cf. e.g., Banacos and Schultz, 2005; Kalthoff et al., 2009; Labbouz et al.,
2013]. In the case of a convective cloud, the deeper the cloud, the higher the vertically integrated amount
of condensate. The cloud development implies water condensation/deposition, and hence is a sink for water
vapor, which has to be balanced by increased water vapor convergence in order to sustain the system.
Indeed, if the source of water vapor becomes smaller than the condensation sink the entire column will
become drier. This is likely to correspond to the most mature stage of the system, as it will start to decay
afterward due to lack of incoming humidity.

Hence, the peak of IWV is likely to correspond to the most active part of the system in terms of condensation
and subsequent precipitation formation (via autoconversion and accretion), and the observed delay of on
average 20min may be interpreted as the fall time of the precipitation. A droplet with a radius of 2mm will
have a terminal fallspeed of about 5m s�1 [Beard, 1976]. Assuming that this was its fallspeed from formation
(neglecting the vertical wind and all microphysical processes), the droplet would have fall 6 km in 20min. The
delays are longer in case of high IWV and heavier precipitation than in the case of smaller IWV, which is con-
sistent with our analysis as heavy precipitation is usually formed by deeper clouds [e.g., Gagin et al., 1985;
Rosenfeld et al., 1990] and hence likely to fall from a higher average altitude.

We have implicitly assumed a Lagrangian perspective in our analysis, although the precipitating systems
move with respect to the instruments. This means that we might not observe the actual mature stage of
the systems, but we can still define a “mature” stage relative to the observation and not to the system (i.e.,
this is the most mature stage observed). The motion of the systems with respect to the instruments makes
it difficult to untangle the effects of the in-cloud processes from advection. Additional measurements will
be needed to deepen the analysis (see next section). The observed decrease of IWV can be interpreted as
a consequence of the subsidence often associated with the decay of a precipitating system and/or the
condensation/deposition occurring without compensation by moisture convergence. In case of a stationary
system being advected over the measurement site, the observed evolution of IWV should be interpreted in
terms of the system’s spatial structure rather than its lifecycle. For instance, cold-frontal precipitation
rainbands in midlatitude cyclones have a leading warm sector [Houze, 1993], which will have a higher IWV.
However, the surface air temperature (not shown) does not show any sign of such cold-frontal systems pre-
dominating, as on average there is no significant temperature increase before the precipitation (but rather a
decrease associated with the precipitation).

Like IWV, the MR increases before the start of the precipitation, but then increases even faster after the onset
of precipitation and does not decrease significantly before precipitation ends. At the start of precipitation the
increase in MR can be explained by both the evaporation of precipitation and the moisture flux convergence.
The strength of the increase can be explained by the combination of these two effects and the absence of any
compensating mechanism. Indeed, unlike at higher altitudes, at the surface there is no cloud formation and
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hence no condensation sink. After the precipitation peak, MR stays constant. Although we could expect a
divergence of the water vapor flux associated with the decay of the system (as well as being synoptically-
induced), evaporation of falling precipitation and evapotranspiration from the surface can supply enough
water vapor to maintain constant MR.

In the cases of high IWV, we observed higher precipitation likely to lead to a moister surface and hence larger
evaporation for a longer time. This can explain the longer delay between the end of precipitation and the
decrease in the MR observed in the HIWV cases (compared to the MIWV cases).

4.3. Perspectives

This study presents some results and hypotheses, as well as posing questions for future work. It could be inter-
esting, for instance, to combine the data with meteorological analysis or model output and satellite observa-
tions to discriminate between different precipitation regimes. It could be then possible to determine the
structure and likelihood of occurrence of different types of precipitating systems (e.g., frontal rainbands, mesos-
cale convective systems, local summertime convection, and orographic precipitation; cf. Houze, 1993) and then
investigate the specific relationship between IWV and precipitation for each type of system. An extension of this
study to other locations could also be interesting in order to identify any site-dependencies and to perform
inter-comparisons using the numerous GPS data available worldwide [e.g., Sguerso et al., 2015].

In order to further the understanding of the precipitation lifecycle, it would also be highly valuable to com-
bine GPS measurement of IWV with MWR and polarimetric cloud radar measurements of cloud liquid water
and cloud ice content. Such a network of combined continuous GPS and MWR measurements could then
provide a 3-D reconstruction of water content in its three phases, although achieving the required high reso-
lution would be challenging. Likewise, a more complete description of precipitation measurement could be
complemented by the use of a network of pluviometer and high-resolution precipitation radar. Such a
comprehensive study would allow the effects of advection to be separated from those of in-cloud processes
and enable the importance of the different parameters in play to be determined, alongside the importance of
changes from one phase of water to another. Finally, detailed water budgets and comparisons with cloud
resolving models could lead to a better understanding of the underlying microphysical processes and
pathways in various precipitating systems.
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