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Abstract The isotopic composition of surface water vapor (�v) has been measured continuously in Niamey
along with the isotopic composition of event-based precipitation (�p) since 2010. We investigate the evolution
of water vapor and precipitation isotope ratios during rain events of the 2010, 2011, and 2012 monsoon
periods. We establish a classification of rain systems into three types based on the �v temporal evolution. We
find that 51% of rain events (class A) exhibit a sharp decrease in �18Ov in phase with the surface air temperature
drop, leading to a depletion of water vapor by �1.9‰ on average during rainfall. Twenty-nine percent of rain
events (class B) show a similar decrease in �18Ov in phase with the temperature drop but are characterized by a
progressive enrichment of the vapor in the stratiform region, resulting in a depletion of water vapor by�1.2‰
on average during rainfall. The last 20% of the rain events (class C) are associated with a progressive increase in
�18Ov during rainfall (+0.8‰). We also examine the temporal evolution of water vapor deuterium excess (dv)
which shows a sharp increase as �18Ov decreases, followed by a progressive decrease in the stratiform part
for classes A and B. Using a basic box model, we examine for each class the respective roles that mesoscale
subsidence and rain evaporation play on the evolution of �18Ov. We show that those two processes are
dominant for class A, whereas other processes may exert a major role on �18Ov for classes B and C.

1. Introduction

Watermolecules are present in nature under different forms and abundances, namely, H2
16O, H2

18O, andHD16O
for the most abundant, since hydrogen and oxygen elements have several stable isotopes. They have different
masses and symmetries that create differences in their physical properties (saturation vapor pressure, molecular
diffusivity). Therefore, they are redistributed in the different water reservoirs (solid, liquid, vapor) during phase
changes, due to equilibrium and kinetic processes.

A large number of physical processes can impact the isotopic composition of precipitation in the tropics
[Risi et al., 2008a, 2010; Vimeux et al., 2011]. Among them, processes associated with atmospheric convection
are known to play an important role [Gedzelman and Lawrence, 1990; Lawrence et al., 2004]. It has been
suggested from modeling studies that rain evaporation, diffusive exchanges, and advection of depleted
vapor from unsaturated downdrafts are the primary controls on the isotopic composition of precipitation
in convective environment [Bony et al., 2008; Risi et al., 2008b]. Recently, Kurita [2013] used shipboard
observations to study the isotopic response of water vapor and precipitation to mesoscale convective
systems (hereafter MCS) over the ocean. He suggested that the amount effect reflects the development of
a precipitation system from an isolated to a large-scale system and that past large-scale convective activity
can be reconstructed from isotope records. Monitoring the isotopic composition of precipitation and water
vapor may provide better constraints on the processes related to atmospheric convection.

Atmospheric convection exhibits different types, ranging from isolated convection to well-organized
convective systems, from shallow to deep convection. In the Sahel region, much of the rain is produced by
organized MCS such as squall lines [Mathon et al., 2002] which propagates westward over West Africa. The
dynamical structure and microphysical processes involved in MCS are well documented through several
observational [Zipser, 1977; Chong et al., 1987; Chalon et al., 1988; Hauser et al., 1988; Chong and Hauser, 1989;
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Houze, 2004] and numerical studies [Lafore et al., 1988; Redelsperger and Lafore, 1988; Lafore and Moncrieff,
1989]. The convective part of MCS is associated with strong updrafts and convective subsidence, whereas the
stratiform part is mainly associated with mesoscale subsidence combined with a dry rear-to-front flow. Partial
reevaporation of falling droplets in unsaturated downdrafts induces a cooling of air which spreads as a
density current (also called cold pool) at the surface [Charba, 1974; Liu and Moncrieff, 1996; Moncrieff and Liu,
1999]. Rain evaporation is usually higher in the stratiform zone [Zahiri, 2007]. However, the amount of rain
that is reevaporated is difficult to constrain precisely.

The isotopic composition of precipitation exhibits a robust evolution along squall lines [Taupin and Gallaire,
1998]. Recently, Risi et al. [2010] confirmed this feature and suggested that (1) precipitation reequilibrates
isotopically as it falls and (2) processes controlling the isotopic composition of water vapor also control
the isotopic composition of precipitation. This modeling approach suggests that the main factors controlling
the isotopic evolution are squall line dynamics, especially mesoscale subsidence of depleted air at the rear
of the squall line, and rain reevaporation [Risi et al., 2010]. However, there was no any observation available
in the water vapor phase to validate the results. This highlighted the need for new water vapor observations
in tropical regions where deep convection and rain evaporation are important, like in the Sahel.

Actually, water vapor isotopic measurements are useful for answering remaining questions: Does water vapor
evolve in the same way along different rain systems? What are the dominant processes affecting the isotopic
composition of water vapor? What is the degree of equilibration between raindrops and the low-level water
vapor? Does rain evaporation have a strong isotopic signature on the cold pool water vapor? If so, is it
possible to quantify the proportion of atmospheric moisture which originates from rain reevaporation of
falling droplets and subsiding dehydrated air from higher vertical level?

Indeed, the isotopic composition of water vapor provides information on processes governingmoisture budget
that is not available from humidity measurements alone or by the isotopic composition of precipitation. Since
each process is expected to have a specific isotopic signature [Noone, 2012], changes in water vapor isotope
ratios relative to humidity can help isolate the dominant processes of the atmospheric water cycle. The
importance of rain evaporation and that of dehydration in the tropical midtroposphere in the budget of lower
tropospheric humidity have been illustrated from the Tropospheric Emission Spectrometer satellite humidity/
isotopes data [Worden et al., 2007]. Instrumental devices based on spectroscopic detection in the infrared region
also provide such simultaneous in situ measurements at high frequency [Kerstel et al., 1999]. These new
techniques offer the possibility to investigate the mixing of air masses associated with different moisture
sources [Noone et al., 2011] and more generally a wide variety of processes related to atmospheric convection
and large-scale transport [Webster and Heymsfield, 2003; Galewsky et al., 2011; Tremoy et al., 2012]. Moreover, the
isotopic composition of water vapor offers continuous and higher-frequency information compared to
precipitation alone, and simultaneous measurements in both phases allow us to investigate exchange
processes between water vapor and falling rain droplets [e.g., Lee et al., 2006; Wen et al., 2010].

To that aim, we have been recording simultaneous measurements of near-surface humidity and isotope
ratios of both precipitation and water vapor in Niamey (Niger) since July 2010. These measurements over the
first year (July 2010 to May 2011) showed a strong potential for investigating convective processes during
rain systems and especially those affecting the moisture budget within cold pools [Tremoy et al., 2012]. In this
study, we investigate the relationship between the isotopic composition of both water vapor and rain and
convective activity at the subrain event time scale through measurements from the 2010, 2011, and 2012
West African monsoon seasons.

Data and methods are described in section 2, whereas all the results are included in section 3. Concluding
remarks are given in section 4.

2. Data and Methods

The isotopic composition of water (�18O and �D) is expressed in per mil through the � notation given by

� ¼ Rsample

RVSMOW
� 1

� �
� 1000

where R is the ratio between heavier (HD16O or H2
18O) molecules over lighter molecules (H2

16O). Rsample is
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the ratio of the measured sample (precipitation, atmospheric water vapor), whereas RVSMOW is the ratio of
reference (all data are given relative to the Vienna standard mean ocean water (VSMOW)). Thus, � measures
the enrichment or the depletion in heavier isotopologues relative to VSMOW. To first order, �18O and �D
vary in proportion of about 8. The combination of �18O and �D leads to the second-order parameter d excess:
d= �D � 8 × �18O [Dansgaard, 1964], which reflects differences in HD16O and H2

18O behavior during
nonequilibrium fractionation.

Figure 1 presents the data set recorded in Niamey during the 2010, 2011, and 2012 monsoon periods
(June to October). Near-surface water vapor isotope ratios (see section 2.1 for details) are represented by gray
and black lines for 15 min and daily time scales, respectively. Event-based measurements from a manual rain
gauge (see section 2.2 for details) are represented by colored histograms and overplotted markers with lines for
precipitation amounts and the isotopic composition of rain, respectively.

2.1. Water Vapor Measurements

Water vapor measurements have been recorded by a Picarro instrument (L1102-i model) which is based on
Wavelength-Scanned Cavity Ring Down Spectroscopy. Specific humidity (q) and the isotopic composition
of water vapor (�18Ov and �Dv) have beenmeasured simultaneously in surface air in Niamey (Niger) at Institut
des Radio-Isotopes (IRI, 13.5048°N, 2.0846°E, 218m asl) since July 2010 [Tremoy et al., 2012]. Measurements
started on 2 July 2010 and ran continuously until 13 October (the last rain event of the 2010monsoon) except
from 14 to 28 July when the analyzer malfunctioned. Unfortunately, power problems prevented us from
recording data during the whole 2011 monsoon period. Data were only recorded during the core of the 2011
monsoon, from 29 July to 6 September. The whole 2012 monsoon period was recorded.

Our experimental setup is described by Tremoy et al. [2011]. In short, the instrument is installed in a temperature-
regulated laboratory, around 20°C, with fluctuations on the order of 1°C over 24h. Air is sampled continuously
at 6m above soil (1m above roof ) through a heated intake of 10m, 3/8 inch diameter tubing. The
sample line air is pumped at approximately 0.4 L/min. Unfortunately, the use of Synflex material as inlet
during the 2010 monsoon period led to unsatisfactory precision on dv. This material induces a longer
response time in �Dv compared to �18Ov and leads to an erroneous signal in dv [Schmidt et al., 2010].

Figure 1. Data set recorded at IRI during the 2010, 2011, and 2012 monsoon periods: Time series of (a) specific humidity
q (g/kg) along with event-based rainfall amount P (mm): light blue bars for selected events (see section 2.1) and orange
bars for others and (b) �18Ov (‰): gray and dark lines are 15min averages and 24 h running averages, respectively.
Event-based (�18Op � 10) (‰) are in light blue dots for selected events and orange dots for others. (c) Same as
Figure 1b but for deuterium excess. Water vapor deuterium excess is not available during the 2010 monsoon. Vertical
dashed blue lines represent monsoon onset dates (29 June in 2010 and 22 June in 2012, see section 2.3).
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Therefore, the Synflex inlet was replaced with a perfluoroalkoxy (PFA) inlet in March 2011. We showed
in laboratory experiments that the response time to obtain 99% of the change in dv measurements
using a 10m PFA tubing line is shorter than 2min for an instantaneous change in the vapor isotopic
composition of �10‰ and +5‰ for �18Ov and dv, respectively [Tremoy, 2012]. Since �18Ov variations
during rain events in Niamey never exceed �10‰ and are on the order of +8‰ for dv over periods
much longer than 2min (see section 3.2), we can discuss in this study dv measurements of rain events
for the 2011 and 2012 events.

As described by Tremoy et al. [2011], our data processing method consists of the following: first, averaging
the data over a 5min interval to reduce the signal-to-noise ratio (the frequency of data acquisition is about
6 to 10 s) and then, applying corrections to account for (1) humidity dependence and (2) isotopic calibration
to VSMOW reference scale. Both corrections are determined using a home-made syringe pump system
[Tremoy et al., 2011]. They are checked in the field over time to account for eventual drift. This system allows
us to inject vaporized water standards continuously into the analyzer at different water vapor concentrations.
The humidity dependence correction was checked 3 times (October 2010, March 2012, and August 2012),
whereas the isotopic calibrations were performed on a daily to weekly time scale, using two water standards
injected at a reference water vapor concentration of 20,000 ppm.

The syringe pump system also enables us to characterize the performances of the analyzer. The short-term
precision of the instrument (±1σ during a 15min stable measurement of a vaporized water standard) is better
than ±0.2‰ and ±0.8‰ for �18Ov and �Dv, respectively, leading to a measurement precision better than
±1.8‰ for water vapor deuterium excess dv.

2.2. Precipitation Measurements

During the 2010–2012 period, we collected 154 rain events with a manual rain gauge at IRI (cone-shaped
SPIEA model 1650-02). During five events (2, 7, 11, 29 July 2010, and 15 September 2011), we also collected
the rain at a higher frequency with a time step of 5min. For each rain event, starting and ending times and
precipitation rate at a 5min time step were provided by an automatic rain gauge (T. Vischel, personal
communication, 2012) located at IRI as part of the African Monsoon Multidisciplinary Analyses-Couplage de
l′Atmosphère Tropicale et du Cycle Hydrologique observing system [Lebel et al., 2011]. The correlation
coefficient (r) betweenmanual and automatic precipitation amount from both IRI rain gauges is 0.98 (slope of
0.95, intercept of�0.21mm) at the event scale over 2010–2012. The isotopic composition of the rain samples
(�18Op and �Dp) was analyzed by mass spectrometry. The accuracy and precision for �18Op and �Dp are of
±0.05‰ and ±0.5‰, respectively (leading to an accuracy ±0.7‰ for deuterium excess, dp).

The isotopic composition of water vapor was recorded for 74 of these 154 events by our laser instrument
from 2 July 2010 to 1 October 2012 (see Table 1). We call them “selected events” hereafter. Table 2 lists
relevant information about these events (starting and ending times, duration, precipitation amount). We will
only discuss these events when we have simultaneously recorded the isotopic composition of both the
atmospheric water vapor at a 5min step and the precipitation during rain event.

Table 1. June Through October Sahelian Rainfall Indexes Relative to the 1900–2012 Perioda

JJASO Sahel Index All Rain Events at IRI Selected Rain Events at IRI

Relative to 1900–2012 Accumulated P Accumulated P
Period (mm/month) Number (mm) Number (mm)

1930–1969 +9.88 - - - -
1970–2012 �11.56 - - - -
2010 +16.06 64 524.3 31 (0) 242.1
2011 �10.01 41 354.6 9 (9) 113.7
2012 +8.81 49 615.5 34 (34) 512.0
Total 154 1494.4 74 (43) 867.8

aNumber and accumulated precipitation of all rain events at IRI for 2010, 2011, and 2012 and for selected events dur-
ing the same years for which both the isotopic composition of precipitation and water vapor have beenmeasured at the
same time. The number of events where water vapor deuterium excess (dv) is available is indicated into brackets.
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Table 2. List of Rain Events Which Occurred in Niamey During the July to October 2010–2012 Period Where Both the
Isotopic Composition of Water Vapor and Precipitation Phase Have Been Measured, Including Number of Events, Date
and Starting Time, Duration, Accumulated Precipitation Recorded by the Manual Rain Gauge, Isotopic Classification
Based on �

18Ov Trend Along Each Event (See Text and Figure 6 for Details), and Possible Time Gap Between Significant
Depletion of Water Vapor Before Beginning of Rainfall (Only for Classes A and B), With � (+) When Decrease in the
Isotopic Composition of Water Vapor Precedes (Follows) Beginning of Rainfalla

Number Beginning Hour Date Duration (min) P (mm) Class Time Gap (min)

1 1415 UTC 2 Jul 2010 77 10.8 C+
2 1650 UTC 7 Jul 2010 62 1.5 C+ +50
3 2235 UTC 7 Jul 2010 145 1.4 A+ �60
4 2045 UTC 29 Jul 2010 27 11.9 A′ �15
5 0540 UTC 30 Jul 2010 95 3.0 C+
6 1810 UTC 6 Aug 2010 45 1.0 A+
7 1525 UTC 10 Aug 2010 195 33.5 B′
8 1235 UTC 11 Aug 2010 65 0.5 C+
9 1315 UTC 13 Aug 2010 150 10.3 A+
10 0755 UTC 17 Aug 2010 135 5.3 C+
11 0015 UTC 18 Aug 2010 95 10.6 A+ �30
12 0400 UTC 26 Aug 2010 110 3.7 A+ �30
13 0805 UTC 26 Aug 2010 45 9.5 C+
14 1405 UTC 28 Aug 2010 150 7.1 B′
15 1045 UTC 30 Aug 2010 210 8.9 A′
16 1905 UTC 30 Aug 2010 120 18.3 A+
17 1710 UTC 1 Sep 2010 60 0.4 A+
18 0345 UTC 3 Sep 2010 70 20.7 A+ �10
19 2005 UTC 3 Sep 2010 185 17.6 B+
20 1225 UTC 7 Sep 2010 50 2.4 A+
21 1605 UTC 12 Sep 2010 25 4.5 C+
22 1710 UTC 12 Sep 2010 55 0.5 A+
23 2250 UTC 13 Sep 2010 10 2.5 A+ �20
24 0055 UTC 16 Sep 2010 20 5.3 A+ �10
25 1630 UTC 17 Sep 2010 10 5.6 A+
26 0035 UTC 20 Sep 2010 15 12.2 A+ �15
27 1035 UTC 20 Sep 2010 120 10.8 C+
28 2230 UTC 1 Oct 2010 90 2.3 B+ �90
29 0500 UTC 5 Oct 2010 50 2.7 C+
30 2225 UTC 6 Oct 2010 175 13.5 A′ �30
31 0630 UTC 11 Oct 2010 25 4.0 B+ �20
32 0535 UTC 5 Aug 2011 170 12.2 A′ �40
33 0715 UTC 6 Aug 2011 110 32.4 B′ �20
34 0635 UTC 8 Aug 2011 150 7.2 A′ �20
35 1125 UTC 15 Aug 2011 140 18.7 A+
36 2345 UTC 16 Aug 2011 25 16.8 A′ �90
37 2245 UTC 19 Aug 2011 105 1.8 A′ �90
38 2045 UTC 25 Aug 2011 20 8.4 A+ +20
39 1605 UTC 30 Aug 2011 25 4.7 A+ �30
40 1750 UTC 6 Sep 2011 160 11.5 C+
41 2145 UTC 13 May 2012 65 2.8 A′
42 0200 UTC 4 Jul 2012 215 18.4 B+
43 0655 UTC 11 Jul 2012 175 26.3 B+ �45
44 0110 UTC 15 Jul 2012 30 4.7 C+
45 0905 UTC 15 Jul 2012 70 1.9 C+
46 1450 UTC 18 Jul 2012 75 1.4 B+
47 1655 UTC 21 Jul 2012 55 20.5 A+
48 0955 UTC 24 Jul 2012 260 15.3 B+ �20
49 1520 UTC 27 Jul 2012 60 11.0 A′ �20
50 0225 UTC 31 Jul 2012 185 10.7 A′ �60
51 1910 UTC 3 Aug 2012 215 27.0 B+
52 1700 UTC 6 Aug 2012 85 29.1 A+
53 2335 UTC 6 Aug 2012 90 1.9 C+
54 0725 UTC 7 Aug 2012 295 31.4 A*
55 0550 UTC 10 Aug 2012 95 1.1 B+
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2.3. Meteorological and Satellite Data

Classical meteorological variables are recorded at 2m height at IRI with a time resolution of 10min. For the
2010 and 2011 monsoon periods, we used a Thermo-Recorder TR-73U (T&D Corporation, Nagano, Japan) as
presented in Tremoy et al. [2011]. This sensor measures the atmospheric temperature, relative humidity (RH),
and barometric pressure with an accuracy of ±0.3°C, ±5%, and ±1.5 hPa, respectively (at 25°C and for
RH= 50%). We replaced this sensor in September 2011 with a Hobo Pro V2 (U23-001) data logger which
measured temperature and relative humidity during the 2012 monsoon period. The accuracy of this data
logger is ±0.2°C and ±2.5% for air temperature and humidity, respectively.

We used outgoing longwave radiation (OLR) gridded data set from the National Oceanic and
Atmospheric Administration polar-orbiting satellites [Liebmann and Smith, 1996] in order to calculate
the monsoon onset dates. Based on Fontaine and Louvet [2006] study, we averaged OLR data between
two domains (10°W–10°E, 0°N–7.5°N) and (10°W–10°E, 7.5°N–15°N), and we calculated an OLR index by
taking the temporal difference between the northern and southern regions. Then, the monsoon onset is
detected when the lower frequency (10 day running mean) of this index becomes negative (on 29 June 2010,
13 June 2011, and 22 June 2012, see Figure 1).

In order to study the basic characteristics of each rain system, we used satellite precipitation estimates (3-hourly
rain rate at 0.25° × 0.25° resolution) from Tropical Rainfall Measuring Mission (TRMM 3B42) [Huffman et al., 2007].

We also used radio-sounding TEMP data from fixed land stations (available at http://weather.uwyo.edu/
upperair/sounding.html) from Niamey airport (13.48°N, 2.70°E). For this period, two launches per day were
available, the first one at 00:00 UTC and the other one at 12:00 UTC.

2.4. Simple Box Modeling

We used a basic conceptual model based on water budget analysis to discuss the water isotopic response to
MCS in Niamey. A description of the processes involved and their representation in the model is detailed below.
2.4.1. Processes Involved
The isotopic composition of water (vapor, condensate, and precipitation) in a MCS is sensitive to the phase
changes and moisture transports which occur in the different parts of the system. Its temporal and spatial
variability is controlled in part by the condensation height, the strength of mesoscale subsidence, the

Table 2. (continued)

Number Beginning Hour Date Duration (min) P (mm) Class Time Gap (min)

56 1150 UTC 11 Aug 2012 315 13.2 A+
57 1640 UTC 14 Aug 2012 225 43.5 B+
58 1550 UTC 15 Aug 2012 15 5.1 B+
59 0205 UTC 19 Aug 2012 330 55.7 B*
60 0450 UTC 21 Aug 2012 105 34.9 A+ �15
61 0755 UTC 21 Aug 2012 105 0.3 C+
62 1045 UTC 24 Aug 2012 30 6.1 A+ �15
63 1335 UTC 31 Aug 2012 25 8.3 B+ +20
64 0240 UTC 2 Sep 2012 115 44.5 B+ �10
65 2120 UTC 3 Sep 2012 10 2.1 A+ �10
66 2125 UTC 11 Sep 2012 15 3.3 A′ �20
67 2145 UTC 12 Sep 2012 65 0.3 B+ +30
68 1605 UTC 14 Sep 2012 25 41.9 B+
69 1900 UTC 16 Sep 2012 390 6.4 A′ �30
70 1755 UTC 17 Sep 2012 25 3.3 B+ �15
71 0535 UTC 19 Sep 2012 180 3.2 B+ �30
72 0430 UTC 20 Sep 2012 60 3.5 A′*
73 0055 UTC 2 Sep 2012 110 3.3 A′ �10
74 1750 UTC 1 Oct 2012 205 29.8 C+

aNote that the isotopic classes include subclassifications: * stands for events where water vapor depletion is progres-
sive during rain stage, instead of sharp; ′ stands for events for which fluctuations occur during rain stage; and + (different
from positive gap symbol) stands for all other events (see section 3.2.1).
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proportion of rain which is reevaporated, the diffusive exchanges between falling rain and water vapor, the
entrainment of environmental air, and the surface evaporation.

Risi et al. [2010] suggested that the isotopic composition of precipitation along squall lines is mainly controlled
by mesoscale subsidence of isotopically depleted air in unsaturated downdraft and admixture of isotopically
enriched vapor from reevaporation of falling rain. Based on these results, we present here a conceptual simple
model. The objective is to determine the relative contribution of mesoscale subsidence and rain evaporation to
the isotopic composition of surface water vapor throughout rain events. Our model will thus focus on these two
processes, not accounting for the others, as we would like to test the Risi et al. [2010] hypothesis.

Our model is based on the assumption that the isotopic composition of near-surface water vapor is only
controlled by the advection of moisture from higher levels (mesoscale subsidence) and by rain evaporation
processes. We present a box model that simulates the isotopic fractionation associated with the
condensation of vapor in the convective column and the rain reevaporation in the stratiform part through
mesoscale subsidence (Figure 2). The model contains four different boxes (condensation, subsidence, rain
evaporation, and wake). Each of them represents a component of the convective system where a single
process occurs and contributes to the final isotopic composition of water vapor in the cold pool (wake box).
The objective is to describe the evolution of the isotopic composition of water vapor at the surface as a
function of the relative contribution of these processes involved in the moisture budget. We detail below the
four boxes.
2.4.2. Condensation Box
First, we simulate the isotopic composition of in-cloud water vapor and liquid condensate during the
convective ascent (see Figure 2 and its legend). Mass conservation in the condensation box gives the
following equation:

dqv þ dqc þ dqp ¼ 0 (1)

where qv is the water vapor mixing ratio, qc is the mixing ratio of condensate, and qp is the mixing ratio
of precipitation.

Figure 2. Schematic representation of the simplemodel applied to a MCS, where specific humidity q and isotope ratios R of
condensate, vapor, and precipitation (subscript “c,” “v,” and “p,” respectively) are calculated in the different boxes. The initial
air mass (superscript “i”) is dehydrated in the convective column (superscript “up”) through condensation, depleting the
water vapor with increasing altitude z*. Condensate and water vapor at z* are then transferred to the subsidence box
(superscript “sub”) where all condensate is converted to precipitation. In the stratiform region, a dry airflow enters the
system at the rear toward the base of the convective part. Precipitation partially reevaporates and cools the subcloud
region. Cold pool (wake box, superscript “w”) is fed both by the depleted air advected by mesoscale subsidence and
admixture of moisture from rain evaporation (superscript “ev”) in unsaturated downdrafts. The resulting water vapor in the
cold pool can also partially reequilibrates with the surrounding raindrops.
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Assuming that only vapor and cloud droplets coexist in the condensation box (no ice particle) and that
the condensate forming the precipitation is at equilibrium with the water vapor and does not reevaporate
in this box, the vertical evolution of the isotopic ratio of the vapor phase can be expressed following
Merlivat and Jouzel [1979]:

dRv
Rv zð Þ ¼

α� 1ð Þ� dqvs � qc � dα
qvs zð Þ þ α zð Þ� qc (2)

where α is the equilibrium fractionation coefficient for liquid-vapor which only depends on temperature
and should also take into account kinetic fractionation during solid condensation for negative
temperature, but we neglect it in this model. At saturation qvs is the specific humidity qv. The fraction
of condensate which is converted to precipitation during the condensation is usually defined as the
precipitation efficiency ε (0< ε< 1):

ε ¼ � dqp
dqv

(3)

Using equations (1) and (3), the mixing ratio of condensate qc can be expressed as

qc ¼ 1� εð Þ� qiv � qv zð Þ� �
(4)

where superscript i stands for initial.

In the case where ε= 1, all the condensate is immediately removed from the system and the condensation
process follows a classical Rayleigh distillation. In the case where ε=0, no precipitation falls out the
condensation box; the system is closed.

Considering an air mass with an initial thermodynamic state corresponding to observations (temperature,
specific and relative humidity, dew point), we define a linear vertical gradient of temperature and
corresponding qvs, based on radio-sounding measurements in Niamey before the arrival of the MCS
(see Figures 3a and 3b). We thus calculate the vertical gradient of the fractionation coefficient α as it
depends on temperature. Equation (2) is numerically solved with a simple iterative method, from the
lifting condensation level (LCL, estimated from surface measurements) to an altitude z*. At the LCL,
we initialize the water vapor isotope ratio using the mean isotopic composition during initial stage of
the considered event and of the condensate (Rc) which is assumed to form in equilibrium with the
vapor at all level (Figures 3c and 3d).
2.4.3. Subsidence Box
We define z* as the level where air masses depleted by previous condensation are transferred to the
subsidence box, before being advected downward in the stratiform part (Figure 2). Taking z* ≤ 5 km
(~550 hPa) represents a reasonable approximation for this level in the stratiform part [Houze, 2004]
(see section 3.3 for sensitivity tests on z*).

Water transport from convective to stratiform zone mainly occurs above z* altitude [Chong and Hauser, 1990;
Caniaux et al., 1994]. We assume that specific humidity, condensate content, and isotope ratios entering
the subsidence box are taken at z* in the condensation box (Figure 3c). This hypothesis may
underestimate qv

sub and �v
sub when the entrainment of environmental air below z* is important. qv

sub,
Rv

sub, and Rp
sub (see Figure 2 caption) are then transported downward by mesoscale subsidence.

They constitute the initial composition of the vapor and precipitation into the unsaturated downdraft
where evaporation of falling rain occurs.

It is worth noting that no isotopic fractionation occurs in this box, which can be considered actually as a
transfer box.
2.4.4. Evaporation Box
In the evaporation box, the isotopic fractionation associated with droplet reevaporation and diffusive
exchanges between vapor and rain are based on the theory developed by Stewart [1975] (also well described
in Bony et al. [2008]). Physically, it depends on the relative humidity h in the unsaturated downdraft. The
reevaporated fraction of an average droplet frev is all the more important when relative humidity is low. We
make the simplification that the evaporation box is homogeneous along a vertical profile.
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Figure 4 illustrates the behavior of the isotopic composition of vapor and raindrop as a function of frev. We
observe that evaporation tends to enrich the isotopic composition of water vapor and that deuterium excess
in water vapor is higher after the evaporation process. It is important to underline that for certain cases, the
combination of low frev and low relative humidity leads to a decrease in the isotopic composition of vapor.
Moreover, the isotopic composition of precipitation and water vapor is not linearly dependent on frev, and
water vapor deuterium excess can sharply increase for low frev and then progressively decreases with
raindrops getting more and more reevaporated.

It is worth noting that when the relative humidity tends toward 1 (air is closed to saturation), reevaporation
cannot occur (frev tends toward 0), and diffusive exchanges take place between the droplets and the
surrounding vapor. This enables the precipitation to reequilibrate with the surrounding vapor. On the other
hand, when h tends toward 0, precipitation cannot reequilibrate with the vapor, and the rain evaporation
process dominates [see also Bony et al., 2008].
2.4.5. Wake Box
Water vapor in the wake box results from the combination of water vapor from subsidence and evaporation
processes as defined in the corresponding boxes (see Figure 2 and sections 2.4.3 and 2.4.4). The isotopic
composition of water vapor in this box will be compared to our observations. For the sake of simplicity, we

a)

b)

c)

d)

Figure 3. This is an example based on the 15 August 2011 event (initial state: temperature of 30.8°C, specific humidity
qv

i = 17.9 g/kg, relative humidity of 62.4%, and dew point of 23.3°C). LCL is at 1500m (~985 hPa) and final z* at 775 hPa,
and the isotope ratio at this level is �18Ov

i = �13.3‰ and dv
i = 11.3‰. Vertical profiles of (a) temperature T and

(b) specific humidity qv (qv = qvs for T< Td) defined along the condensation box. Evolution, in the condensation box,
of (c) �18O and (d) d� excess versus qv along the condensation process. Black lines are for vapor, whereas red lines
are for liquid condensate which is assumed to be in equilibrium with the vapor. Solid and dashed lines correspond
to a Rayleigh distillation (ε= 1) and a closed system (ε= 0), respectively. In-cloud reevaporation of the condensate is
neglected in the model. Frost point is represented by the blue dashed line and dew point by the green solid line. The
intersection between qv(z*) = qv

sub (orange solid line) and �
18O of vapor or condensate in Figure 2c gives the isotope

ratios in the subsidence box (Rp
sub and Rv

sub).
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assume that the wake box is vertically homogeneous. Mass conservation for humidity and water vapor
isotopic ratio gives

qwv ¼ qevv þ qsubv (5)

Rwv ¼ rev � Revv þ 1� revð Þ� Rsubv (6)

where rev is the percentage of water vapor in the wake box arising from the reevaporation of rain:

rev ¼ qevv
qevv þ qsubv

(7)

An estimate of frev is deduced from qv
ev (moisture arising from rain evaporation) and thus from rev. Indeed,

this parameter is needed in the isotopic calculation at evaporation and accounts for the liquid/vapor ratio,
named M= qv0/qp0 (see Bony et al. [2008] and Appendix A).
2.4.6. Main Model Characteristics
We describe below the main successive steps of the model, introducing the temporal evolution of each
parameter and thus the evolution of the isotopic composition of both water vapor and rain:

1. First, we define an arbitrary temporal evolution of z*. At the initial stage, z* is taken at LCL level (~985 hPa).
Then z* increases from t= t0, corresponding to the arrival of the gust front, to the rear of the system in the
subsidence region (z*≤ 700 hPa, sensitivity to z* is discussed in section 3.3).

2. Then, the vertical profiles of the isotopic composition are calculated into the condensation box, depending
on the vertical profiles of temperature and humidity which are forced in the box. In the following, we set ε=1
for simplicity (all the condensate is removed). However, we briefly discuss the sensitivity on ε in section 3.3.

Figure 4. Evolution, in the evaporation box, of the isotopic composition of water vapor and precipitation as a function of
the fraction frev of an average droplet that is reevaporated. Initial conditions are �

18Ov
i= �22.7‰, �18Op

i= �11.8‰,
dv

i=12.2‰, and dp
i=11.5‰. They correspond to the outputs of condensation box at z* = 775 hPa (subsidence box) for the

15 August 2011 event. The ratioM [see Bony et al., 2008] between initial vapor and rain masses is taken at 2 in this example.
Sensitivity to the relative humidity (hb) in the unsaturated downdraft is shown by the different color lines.
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3. Both water vapor mixing ratio and isotopic composition at z* are transferred to the subsidence box
without fractionation. If z* does not vary with time, then qv

sub and Rv
sub are constant.

4. We calculate qv
ev from the difference between specific humidity measurement qv

meas and qv
sub

estimation (equation (5)) and then rev from equation (7).
5. We calculate the temporal evolution of frev andM using equations (A4) and (A6) as defined in Appendix A.
6. We calculate Rv

ev, using the equations of Stewart [1975] and Bony et al. [2008], relative humidity measure-
ments, and the estimate of frev.

7. Finally, we calculate the isotopic composition of water vapor (of the wake box) resulting from both
processes as a function of time, using equation (6). The final isotopic composition of precipitation
corresponds to the one calculated in the evaporation box.

3. Results
3.1. Rainfall Events Features

At the regional scale, the Sahel rainfall index (the June through October precipitation anomalies with respect to
1900–2012 and averaged over 10°N–20°N and 20°W–10°E [Janowiak, 1988, available at http://jisao.washington.
edu/data/sahel/] reveals that the 2010, 2011, and 2012 monsoons over West Africa (June to October) have
contrasting rainfall characteristics (see Table 1). The wettest year is 2010 and 2012 is the fourthwettest year since
1970 and the severe drought that started in the Sahel. On the contrary, 2011 is more representative of the
drought period. Indeed, the June through October precipitation average over (10°N–20°N, 20°W–10°E) is +16.06,
�10.01, and +8.81 cm/month relative to the 1900–2012 period in 2010, 2011, and 2012, respectively.

Interestingly, although there were 15 fewer rain events in 2012 compared to 2010, the 2012 monsoon was
wetter at the local scale (the annual precipitation amount at IRI was 524.3, 354.6, and 619.5mm in 2010, 2011,
and 2012, respectively, Table 1).

Figure 5a presents the distribution of the amount of precipitation for the 154 rain events collected between
2010 and 2012. Seventy rainfall events have a precipitation amount lower than 5mm (46% of all events).
The other 84 events explain 91% of the total precipitation amount over the 3 years (1494.4mm). The
distribution of precipitation amount for the 74 selected events is quite consistent with that of all events,
despite a smaller number of extreme weak rainfall events (see Figure 5b). Forty-one percent of the selected
rainfall events (30 events) have precipitation amount lower than 5mm, and the other half explain 92% of
the total precipitation (867.8mm).

The mean duration of selected events is 107 ± 84min (ranging from 10 to 390min), suggesting that
we recorded different types of rain events, from local convective events to well-organized long-lived
MCS (Table 2).

Figure 5. (a) Distribution of precipitation amounts at IRI for all rainfall events during 2010–2012 (gray histrogram), 2010
(blue points and line), 2011 (red points and line), and 2012 (green points and line). (b) Same as Figure 5a but only for
the 74 selected rain events reported in Table 2.
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3.2. Robust Isotopic Features
3.2.1. Water Vapor Isotopic Classification
Among the 74 selected rain events, we observe several types of evolution regarding the isotopic composition
of water vapor. A first step consists of classifying these different events, based on the evolution of �18Ov

at different temporal stages: the initial stage is defined as the 30min period before the rain starts or before
the decrease in surface temperature when it occurs with a delay with respect to the rain start. Indeed, the
arrival of convective systems is associated with a decrease in surface temperature, due to the propagation
of cold pool initiated by the evaporation of falling precipitation in unsaturated downdrafts [Zipser, 1977;
Caniaux et al., 1994]. The second stage corresponds to the rain period, and the after rain stage corresponds
to the 30 min period after the end of rainfall.

We defined three different classes (see Figure 6). The first category (class A) corresponds to events where
�18Ov decreases in phase with the decrease in air temperature and stays relatively constant during the rain
below the initial value. Class B corresponds to events for which we also observe a decrease of �18Ov with
temperature at the beginning, but then, �18Ov increases significantly during the rainfall, and the final value is
higher than (or close to) the initial value. For these two classes, the decrease in �18Ov and temperature may
sometimes occur before the rain start. This is in agreement with the fact that cold pools propagate around
the convective system and thus can be detected even in the absence of rain. For those cases, the observed
possible time gap between changes in �18Ov and the onset of rain is indicated in Table 2. For both classes,
we also distinguished events where depletion at the beginning is sharp or more progressive, reflecting that
the drop at the initial stage lasts longer for isotopes than for temperature (2 and 1 events for classes A and B,
respectively, in this latter case, denoted by * in Table 2 and represented in Figure 6), and events where
strong fluctuations occurred during the rain stage (14 and 3 events for classes A and B, respectively,

Figure 6. Idealistic representation of the three isotopic classes (A, B, and C) based on �
18Ov temporal evolution along

rain systems at IRI. The initial stage is defined as the 30min interval preceding the rain start (t0). Rain stage spans from
t0 to the end of rain t1, and the after rain stage corresponds to the 30min interval succeeding t1. Classes A and B generally
record a drop in �

18Ov in phase with temperature drop associated with raindrops evaporation; these drops do not
necessarily occur at the beginning of rain but may sometimes happen with some delay before rain start (at t0, dashed line).
Contrary to class A, class B events show an increasing trend in �

18Ov during rain stage. Events A and B showing a pro-
gressive isotopic decrease are denoted by asterisk. This asterisk classification reflects that the isotopic drop at the initial
stage remains longer than the temperature one. Events A and B where strong � fluctuations occurred during rain stage are
denoted by prime (see Table 2). �18Ov from class C events also increases during rain stage but do not record a drop at t0.
Both classes A and B include cross-, prime-, and asterisk-type events, whereas class C only includes cross-type events. The
distribution of all subclassifications is also represented by the pie chart. Classes A, B, and C account for about 51.35%,
28.38%, and 20.27% of the 74 selected rain events, respectively.
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inthis case, denoted by ′ in Table 2 and represented in Figure 6). For both classes, the events which are
not included in ′ and * subclassifications are denoted by + (see Figure 6 and Table 3). The sharp
decreases in �18Ov between the initial and the rain stage ranges from�1.1‰ to�4.5‰ (m=�2.5 ± 1.1‰)
considering class A events (A* discarded) and from �0.6‰ to 5.‰ (m = 2.7 ± 1.5‰) considering class B
events (B* discarded). Class C is associated with increasing in �18Ov from the beginning to the end of the
rainfall, and no sharp depletion is seen between the initial stage and the rain stage. Class A accounts for
51.35% of the selected rain events and explains 43.32% of the total precipitation, whereas class B and class
C account for 28.38% and 20.27%, respectively, and explain 45.24% and 11.43% of the total precipitation,
respectively (see Table 3).

This qualitative classification is only based on the general behavior of �18Ov with time (we do not use dv
behavior here). Figure 7 shows examples of the temporal evolution of temperature, humidity, and the
isotopic composition of water vapor during rainfall events which are representative of these three categories.
We observe that humidity measurements may sometimes have a different behavior than �18Ov during the
rain stage. For example, on 15 August 2011, specific humidity strongly decreases, from 19 to 16 g/kg along
with �18Ov at the beginning of the event, but it increases over the second half of the event (Figure 7). This
demonstrates that the isotopic composition of water vapor brings additional information regarding the
control of humidity at the surface during rainfall.

Moreover, we observe a robust and sharp increase in dv in phase with �18Ov and temperature drop at the
transition between the initial stage and the rain stage for classes A and B. This sharp increase ranges from
+4.0‰ to +16.0‰ (m= 8.8 ± 3.6‰) considering class A events and from +2.4‰ to +16.2‰ (m=8.6 ± 4.3‰)
considering class B events (Figure 7). This feature is not a measurement artifact due to a tubing line memory
effect (see section 2.1). The sharp increase in dv is then followed by a progressive decrease as rain falls, which
is usually more pronounced for class B events. On the contrary, class C events do not systematically record
any significant sharp increase in dv at the initial rain stage transition and/or significant decreasing trend
during rainfall.
3.2.2. Temporal Evolution of � and Meteorological Parameters for Each Class
For each class, we performed statistical analyses on the isotopic composition of water vapor and on
meteorological parameters as a function of the temporal stages of the rain event. To that aim, we averaged
the different parameters over the three stages as defined in section 3.2.1, after having removed the daily
mean to each value. To illustrate the temporal evolution of these parameters, we show their distributions
for each class on box plot diagrams (lower extreme values, extreme of the lower whisker, lower quartile,
median, upper quartile, extreme of the upper whisker, upper extreme values), using a definition of 1.5 times
the interquartile range for the whisker. The distributions are represented as the difference from the initial
stage for each class.

Table 3. Statistics for Each Class and Subclassification: Number of Events Represented by Each Class, Percentage of the
Number of Events, and Total Precipitation for the 74 Selected Events Reported in Table 2a

Class Subclass
Number of

Selected Events
Percentage of
Selected Events

Percentage of Total
Precipitation

Mean Duration of Rainfall
(min) ±1σ

A A+ 23 (9) 31.08 26.79 76± 70
A′ 13 (10) 17.57 12.64 130± 102
A* 1 (1) 1.35 3.62 295± 0
A′* 1 (1) 1.35 0.40 60± 0
Total 38 (21) 51.35 43.45 100± 90

B B+ 17 (14) 22.97 30.35 118± 84
B′ 3 (1) 4.05 8.41 152± 43
B* 1 (1) 1.35 6.42 330± 0

Total 21 (16) 28.38 45.18 133± 90
C C+ 15 (6) 20.27 11.37 89± 50

C′ 0 (0) - - -
C* 0 (0) - - -

Total 15 (6) 20.27 11.37 89± 50

aNote that +, ′, and * subclassifications are included in the total of each class. The number of events where water vapor
deuterium excess (dv) is available is indicated into brackets.
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Figure 8 shows the box plot diagrams for q, �18Ov, and dvmeasurements during the three stages, considering
all selected events. These diagrams illustrate the isotopic classification we have described above and the
different effects that rain events may have on the isotopic composition of cold pools water vapor. We clearly
observe the three different types of �18Ov evolution. On average, class A events exhibit a decrease in q and
�18Ov by�0.7 ± 1.1 g/kg and�1.9 ± 1.3‰, respectively, whereas class C events tend to have an increase in q
and �18Ov by +1.0 ± 0.6 g/kg and +0.8 ± 0.9‰, respectively. Differences between the rain stage and the initial
stage for class B events are �0.4 ± 1.0 g/kg and �1.2 ± 1.0‰ for q and �18Ov, respectively. Class B is actually
an intermediate between classes A and C, as it includes rain events where depletion dominates at the
beginning (as in class A) and where enrichment dominates at the end of the event (as in class C). During rain
stage, dv increases by 2.3 ± 2.1‰, 1.1 ± 2.1‰, and 0.5 ± 1.5‰ for classes A, B, and C, respectively. This may
reflect the role rain evaporation plays in the control of the isotopic composition of water vapor as deuterium
excess is very sensitive to this process (see section 2.4.4).

Regarding the temperature evolution, Figure 9a indicates that class B events record the strongest
cooling of surface air (�5.2 ± 1.8°C), whereas temperature drops are weaker for class C (�2.2 ± 2.2°C),
and intermediate for class A (�4.3 ± 2.0°C). This suggests that class B events are mostly associated with
more intense cold pools. This temperature feature is consistent with the temporal evolutions of relative
humidity which show larger increases for class B (+16.5 ± 8.9%) than for class A (+13.4 ± 10.7%) and for

Figure 7. Three examples of events corresponding to the three isotopic classes (A: left column, B: middle column, and C: right column) as defined in section 3.2:
temporal evolution at a 5min resolution of surface relative humidity (in %) along with precipitation amount (right blue axis, in mm), air temperature (in °C),
specific humidity q (in g/kg), and �

18O and d of water vapor (solid and colored line, in ‰). Pink dotted lines are limits between initial, rain, and after rain stages.
Mean �

18O and d theoretically in equilibrium with the water vapor (horizontal blue dashed line) are calculated from precipitation mean composition averaged
over the rainfall period (see section 3.2.4).
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class C (+11.0 ± 10.8%) during the rain stage compared with the initial stage (Figure 9b). Moreover,
relative humidity during the different stages shows different distributions for each class (Figure 9c). We
observe that relative humidity is generally higher for class B events than for classes A and C. For
example, during the rain stage, the median (lower quartile) is 78.4% (70.6%), 85.0% (76.5%), and 77.5%
(65.8%) for classes A, B, and C, respectively.
3.2.3. Characteristics of Precipitation Versus Isotopic Classification
For each class, we computed the mean duration of rain events (Table 3). The distribution of rain events
duration (see Figure 10a) show that class B includes longer rain events than class C. We also calculate for each
class the average precipitation rate from TRMM data during each selected rain event over the 10°W–10°E
and 0°N–20°N domains (Figure 11a). These composite maps clearly show that classes A and B rain events
correspond to more organized and intense convective systems than class C. This feature is even more
obvious when looking at the median of TRMM precipitation rate (Figure 11b). Indeed, precipitation rates
averaged over a 3° × 3° resolution box and centered onto the Niamey coordinates are 1.4mm/h, 1.5mm/h,
and 0.5mm/h for classes A, B, and C, respectively. Locally, the mean precipitation rate in Niamey grid point is
quite similar for class A (2.3 ±4.1mm/h) and for class B (2.8 ±4.3mm/h) and weaker for class C (1.2± 1.8mm/h).
These values are in agreement with the precipitation rates recorded by the rain gauge at IRI, which are on
average of 11.0 ±11.7mm/h, 12.8±21.3mm/h, and 4.8± 4.1mm/h for classes A, B, and C, respectively, although
class B exhibits higher precipitation amounts (see the precipitation amount distributions at IRI in Figure 12a). The
local distribution of number of rain events as a function of precipitation amount ranges for each class
(Figure 10b) confirms that classes A and B correspond to more intense rainfalls.

Figure 8. Statistical values (lower and upper quartile, median, spread, and mean represented by black crosses) of temporal
changes in surface (a) q (g/kg), (b) �18Ov (‰), and (c) dv (‰) relative to the mean distribution during the initial stage for
each of the three classes (A, in green; B, in yellow; and C, in red) as defined in section 3.2.

Figure 9. Same as Figure 8 but for (a) changes in surface temperature (°C); (b) changes in relative humidity (%), relative to
the mean distribution during the initial stage; and (c) relative humidity (%) during the three stages for each classes (A, in
green; B, in yellow; and C, in red) as defined in section 3.2.
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This demonstrates that the temporal evolution of the isotopic composition of surface water vapor depends
on the type of convection. In particular, the observed decrease in �18Ov at the transition between the initial
and the rain stage seems to correspond to well-organized convective systems (classes A and B) which bring
high precipitation amount like MCS. On the contrary, class C consists of local convective systems which
preferentially enrich the water vapor during rainfall. This may be explained by a weaker subsidence and a
stronger control of �18Ov by rain evaporation in those cases [Risi et al., 2010]. These processes are discussed in

Figure 10. (a) Statistical values (lower and upper quartile, median, spread, and mean represented by black crosses) of rain
events duration (min) associated with each class (A, B, and C) as defined in section 3.2. (b) Number of rain events corre-
sponding to each class in function of precipitation amount (mm) recorded by the IRI rain gauge.

Figure 11. Precipitation rate (mm/h) from TRMM-3B42 during each selected event in function of their class between 10°W–10°E
and 0°N–20°N: (a) average and (b) median. Niamey location is indicated by the cross at the center of the 3°×3° red box.
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more details in section 3.3. Interestingly, we also observe that, on average, the highest precipitation rates
(which occur for class B events) are not associated with the strongest �18Ov drops (which occur for class A
events, see Figure 8b). This may eventually reflect that the proportion of moisture arising from rain
evaporation is more important for class B compared to class A as rain evaporation tends to enrich the vapor
[Risi et al., 2010].
3.2.4. Comparison of the Isotopic Composition of Water Vapor and Precipitation
Figures 12b and 12c show the distribution of the isotopic composition of precipitation as a function of
the different classes. We clearly observe distinct distributions for each class. Indeed, precipitation is on
average more depleted for class A (�18Op = �4.7 ± 2.2‰) and class B (�18Op = �4.2 ± 2.6‰) than for class
C (�18Op = �2.3 ± 3.0‰). Interestingly, class A events record highest precipitation deuterium excess
(dp = 9.3 ± 5.2‰), whereas class B and class C dp are lower and quite similar on average (dp = 6.6 ± 4.7‰
and dp = 6.4 ± 6.9‰, respectively) but with different distributions (Figure 12c). This suggests that the
isotopic composition of precipitation is more influenced by reevaporation process for classes B and C than
for class A, provided that other variables are constant, as evaporation tends to lower dp at the same time
that it increases �18Op (Figure 4).

To confirm this idea, we investigated the difference between the isotopic composition of precipitation
and surface water vapor as it brings information on the degree of rain that is reevaporated and diffusive
exchanges that take place between falling raindrops and the surrounding water vapor. We estimate for each
class the degree of equilibration during the rain stage, through the difference between �18Ov and �18Ov,eq

(the isotopic composition of the water vapor theoretically in equilibrium with that of the precipitation).
In the ideal case where rain falls into a saturated atmosphere, there is no reevaporation. Precipitation
and surface water vapor progress toward isotopic equilibrium through diffusive exchanges between
both phases (�18Ov tends to �18Ov,eq). On the other hand, when rain falls into unsaturated downdrafts,
rain evaporation tends to enrich the precipitation and thus increase �18Ov,eq compared to �18Ov

(see also the discussion in section 2.4.4). Thus, the more rain evaporation in the subcloud layer, the
more negative �18Ov� �18Ov,eq.

We estimated �18Ov,eq from the isotopic composition of precipitation and the temperature-dependent
equilibrium fractionation coefficient αeq between water vapor and precipitation:

�v;eq ¼ αeq � �p þ 1000
� �� 1000

We calculated αeq using the formulation given by Majoube [1971] and the hypothesis that temperature is
the mean temperature between 1000 and 300 hPa, weighted by specific humidity at each vertical level
[Tremoy et al., 2012]. To that aim, we used here radio-sounding TEMP data from Niamey airport.

Figure 12. Statistical values (lower and upper quartile, median, and spread, andmean represented by black crosses) for each of
the three classes (A, B, and C) as defined in section 3.2 for (a) precipitation amount (mm/event) at IRI (in Niamey), (b) �18Op (‰),
(c) dp (‰), (d) �18O disequilibrium between vapor and vapor in equilibrium with precipitation. (e)Same as Figure 12d but for
deuterium excess d.
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According to Figure 12d, the distributions of �18Ov � �18Ov,eq are quite similar for classes A and B with a
weaker disequilibrium compared to class C (�18Ov� �18Ov,eq =�0.4 ± 1.1‰, �18Ov� �18Ov,eq =�0.3 ± 1.4‰,
and �18Ov � �18Ov,eq = �1.1 ± 1.5‰ for classes A, B, and C, respectively). This suggests a strong influence of
rain evaporation for class C rain events which is consistent with increasing �18Ov during rain stage (Figure 6).
On the contrary, precipitation, and water vapor are generally closer to the equilibrium for classes A and B.
Moreover the distributions of dv� dv,eq (Figure 12e) considering the 43 rain events selected in 2011 and 2012
are quite consistent with these features. We observe higher differences for class C (dv � dv,eq = 14.1 ± 4.2‰)
and class B (dv � dv,eq = 12.5 ± 3.6‰) events compared to class A events (dv � dv,eq = 10.0 ± 5.8‰).

We also observe that the deviation from the equilibrium (�18Ov � �18Ov,eq) varies during the monsoon for all
the selected events (Figure 13a). Precipitation and water vapor are closer to the equilibrium during the core
of the monsoon in August, whereas the difference between �18Ov and �18Ov,eq increases at the beginning
and at the end of the rainy season. This behavior is consistent with the monthly evolution of rain event
occurrence (Figure 13b) and with the relative humidity of the atmosphere, which is weaker at the beginning
and the end of the monsoon season and thus tends to favor rain evaporation at these times.

3.3. Simulations of �18O in MCS

In order to improve our understanding of the meteorological regimes in MCS associated with the different
isotopic classes A, B, and C, we compare here the isotopic composition of water between the observations
and model outputs. The model is run following the steps described in section 2.4.6. We tuned the model to
reproduce at best the observations presented in Figure 7. In this section, we examine the relative
contribution of mesoscale subsidence versus rain evaporation, and we discuss the sensitivity to the tuning
parameters z* and ε.

Figures 14a and 14b present the model/data comparisons for the 15 August 2011 (class A) and 3 August 2012
(class B) events, respectively. Model/data comparison for class C is not shown since the model fails to
reproduce this type of evolution (see section 3.3.3). These figures represent the evolution with time of z*, frev
along with rev, the relative and specific humidity as recorded in the observations, and the isotopic
composition (�18O and d) of water vapor and precipitation both observed and simulated in the different
boxes of the model. The resulting vapor in the wake box is intermediate between the vapor arising from the
subsidence box (green dotted line) and the evaporation box (red dotted line) as it results from a mixing of
both processes.
3.3.1. Class A Events
Figure 14a shows the results of a simulation applied to the 15 August 2011 rain event. The model reproduces
well the �18O observations when z* varies from 840 hPa at the beginning of the rain stage to 775 hPa at
the end, with the assumptions that ε= 1 and that Fsub/Fup = 1 (see Appendix A). Indeed, the mean �18Ov over

Figure 13. (a) Monthly evolution of �18Ov � �
18Ov,eq for all selected events. (b) Monthly evolution of rain events occur-

rence (%) associated with each class (A, B, and C) as defined in section 3.2 (note that the number n of events is different
from month to month and is indicated on top of each bar: n=1, n=0, n=14, n=32, n=22, and n=5 in May, June, July,
August, September, and October, respectively; see Table 2).
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Figure 14. Comparison between data (solid blue lines) and model outputs from the different regions of the MCS (green
dotted line for the subsidence box, red dotted line for the evaporation box, and black line for the resulting wake box)
considering three different simulations corresponding to (a) 15 August 2011 event (class A) where detrainment height z*
has been fixed between 840 hPa and 775 hPa, (b) 3 August 2012 event (class B) where z*ranges from 800 hPa to 830 hPa,
and (c) 3 August 2012 event (class B) where z* ranges from 650 hPa to 680 hPa. For these three different simulations, we
present the temporal evolution of (from top to bottom): the detrainment height z* (hPa) where water vapor is transported
from the convective to the stratiform part, the fraction frev of an average droplet that is reevaporated (solid black line) along
with the percentage rev of vapor in the wake box arising form rain evaporation (dashed black line), the observed relative
humidity h, the specific humidity q (in g/kg) as observed and simulated in the subsidence box as well as in the evaporation
box, the isotopic composition �

18Ov and dv (in‰). The average isotopic composition of precipitation during the storm, �18Op
and dp (in ‰), from the observations and the model are also shown. Dashed vertical lines correspond to rain stage.
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the rain stage is �17.1 ± 0.8‰ and �17.0 ± 0.7‰ in the observations and the model, respectively. The
isotopic composition of precipitation is also well simulated. The difference between observed and modeled
event-based �18Op is 0.3‰. In those conditions, the simulated rev ranges from 12% to 34% (Figure 14a). This
suggests that for class A, the water vapor in the wake box mostly arises from the subsidence process. The
decrease in �18Ov corresponding to the arrival of the wake seems to reflect the previous condensation
process that is imprinted in water vapor advected downward by mesoscale subsidence.

Indeed, humidity and isotope ratios in the subsidence box result from the detrainment of convection along
the convective column. Since the dynamic mainly advect air from higher levels down to the surface in the
stratiform part, the isotopic composition of the water vapor which is transported downward is controlled by
the degree of condensation that occurs in the convective zone. The isotopic composition of the advected
water vapor is thus dependent on the altitude z* (it is worth noting that we do not account for the evolution
of the isotopic composition of the surface layer that initiates the convection).

For instance, with an initial vapor of �18Ov= �13.3‰, condensation from LCL to z* = 775 hPa leads to a
decrease in �18Ov in the subsidence box to �18.9‰ (�17.8‰), and �18Op from �3.9 to �8.6‰ (�7.5‰) in
the case where ε= 1 (ε=0). Figure 3c shows that �18Ov and �18Op in the subsidence box are increasingly
sensitive to ε as the condensation level z* increases.

As the air mass becomes dehydrated, the remaining vapor is more andmore depleted in heavier isotopologues
since they are preferentially redistributed into the condensed phase (equilibrium fractionation). The
higher the condensation level, themore depleted the vapor, since isotopic fractionation during condensation is
more important at lower temperatures. Thus, water vapor in the subsidence box is more andmore depleted as
z* increases from the beginning to the end of the rain stage (�18Ov

sub = �15.9‰ for z* = 840hPa, whereas
�18Ov

sub =�18.9‰ for z* = 775hPa; see Figure 14a). This sensitivity to cloud top height z* is also consistent with
observations reported from Scholl et al. [2009].

If the water vapor recycling by mesoscale subsidence (1 � rev) is on the order of 66% on average during the
rain stage in this simulation, the intensity of rain evaporation is significant, in particular at the end of the rain
stage (frev ranges from 32% to 68%). As expected, rain evaporation tends to counterbalance the decreasing
effect of subsidence on �18Ov in the wake box. Indeed, the evaporation box tends to enrich the water vapor
arising from the subsidence box (see the difference between the green and the red dotted lines in
Figure 14a). On average, during the rain stage, �18Ov

sub =�17.4 ± 1.0‰, whereas �18Ov
ev =�15.9 ± 0.5‰. Yet

the evaporation effect on the vapor simulated in the wake box is increasingly important as the fraction rev is
important along the rain event. Since z* is weak in this simulation (z*< 775 hPa), the proportion of vapor
arising from the evaporation box rev does not exceed 34% on average. Therefore, qv

ev is weaker than qv
sub

(qv
sub � qv

ev = 9.8 ± 2.6 g/kg on average during the rain stage). This explains why the simulated isotopic
composition of water vapor in the wake box (black curve) is closer to that in the subsidence box (green curve)
rather than in the evaporation box (red curve) in this case.
3.3.2. Class B Events
Figure 14b shows the results of a simulation applied to the 3 August 2012 rain event. In this case, z* ranges
from 800 hPa at the beginning of the rain stage to 830 hPa at the end, with the assumptions that ε= 1 and
that Fsub/Fup = 1. This simulation illustrates the difficulty for the model to reproduce correctly the �18O
observations for this type of events. The model fails to reproduce the correct increase in �18Ov during the
rain stage.

Similar to class A event (15 August 2011), the drop in �18Ov associated with the beginning of rainfall is well
reproduced by the tuning of z*. However, the progressive increase in �18Ov during the rain stage which follows
cannot be purely explained by a decrease in z* with time. Indeed, z* values must be higher than the LCL level;
otherwise, there is no vapor to detrain in the subsidence box, and consequently, there is no vapor to transport to
the wake box bymesoscale subsidence, nor precipitation in the evaporation and wake box. In this simulation, z*
must be higher than 830hPa. Thus, the possible change in z* is very weak (+30hPa) and induces an increase in
�18Ov of only +1.4‰ between the beginning and the end of rainfall. Therefore, themodel underestimates �18Ov

by 3.3‰ on average during the rain stage (see Figure 14b). Moreover, the precipitation �18O is also
underestimated by 2.7‰ on average during the rain stage. These underestimations suggest that vapor recycling
by mesoscale subsidence cannot explain alone the increase in �18Ov which is typical of class B events.
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Thus, we suggest that rain evaporation could explain this feature. The intensity of rain evaporation and its
contribution to the specific humidity budget in the wake is very weak from the beginning to the end of
rainfall (frev = 19 ± 9% and rev = 7 ± 3%). Thus, the effect of rain evaporation on �18Ov in the wake box is very
weak. Figure 14b shows that the simulated �18Ov in the evaporation box (red dotted line) follows the
simulated �18Ov in the subsidence box (green dotted line).

This small effect of rain evaporation could be explained by the following reason: z* values are weak (z*< 800hPa)
which lead to weak values for qev and thus for rev (see equations (5) and (7)). Figure 14c presents, for this event, a
second simulation where z* has been shifted by �150hPa. This change leads to a strong increase in both the
proportion ofmoisture arising from the evaporation box (rev =55±1%) and the fraction of an average droplet that
is reevaporated (frev =67±6%). Therefore, the rain evaporation effect is stronger compared to the subsidence
effect, and the water vapor simulated in the evaporation box is enriched by +3.5‰ on average compared to that
in the subsidence box (see Figure 14c). However, the shift of z* also induces a decrease in �18O of bothwater vapor
and precipitation simulated in the subsidence box. As a result, the simulated �18Ov and �18Op in the wake box are
still underestimated compared to the observations.

The difficulty for our model to simulate correctly �18O in the wake box suggests that mesoscale subsidence
and rain evaporation are two processes which are not dominant and that other processes exert a major role
on the evolution of �18O in MCS. For instance, we suggest that the entrainment of environmental air should
be taken into account in the model in order to examine if this process could explain the increase in �18Ov

during rain stage. Indeed,Yoshimura et al. [2010] studied a rain event similar to class B using a regional model
and suggested that moisture convergence contributes to the isotopic enrichment.
3.3.3. Class C Events
For the same reason as class B events, these types of event are not well simulated by ourmodel. These events do
not record any depletion of the vapor associated with the beginning of rainfall. Using different values for the
tuning parameters of the model, we did not succeed in not simulating a decrease in �18Ov. This feature reflects
that, in our model, the effect of the subsidence process is alwaysmore efficient than the rain evaporation process
in controlling the budget of �18Ov in the wake box. Again, this suggests that other processes should be taken into
account to improve the representation of reality. In particular, if moisture convergence contributes to an isotopic
enrichment [Yoshimura et al., 2010], class C events could reflect strong entrainment rate of environmental air.
This result is not in contradiction with a major effect of rain evaporation on the isotopic composition of
precipitation as explained in section 3.5 (but other stronger effects contribute to the water vapor isotope ratios).

3.4. Simulations of d Excess in MCS

From Figures 14a–14c, we observe that the model fails to reproduce the evolutions and the mean level of dv
and dp in the wake box. For instance, the simulation of the class A event underestimates dv by 2.3‰ on
average during the rain stage. This underestimation can be explained by two possible mechanisms:

1. First, a compensation effect between rev and frev. Indeed, rev depends not only on frev but also on z*. In the
model, increasing z* will advect a drier water vapor in the wake and thus will increase the percentage of
vapor arising from evaporation rev and also the fraction of an average droplet that is reevaporated frev.
Therefore, simulated dv in the evaporation box tends to decrease (Figure 4). Moreover, when z* becomes
lower, qv

sub becomes higher, and qv
ev decreases as well as rev and frev. Therefore, simulated dv in the

evaporation box increases (Figure 4), but low rev explains that simulated dv in the wake box is not very
influenced by rain reevaporation processes.

2. Second, relative humidity, as measured at the surface, might not be representative of the relative humidity
at which rain evaporation occurs. Indeed, the dv increase due to rain evaporation is more efficient when
relative humidity is low. Thus, high relative humidity at the surface is partly responsible for the underesti-
mated increase in dv. To test this hypothesis, we lowered the relative humidity in the evaporation box by
50% compared to the measurements recorded at the surface in the simulation applied to class A event. We
also increased z* so that it ranges from 800hPa to 700hPa. This modification of z* enables us to increase
the proportion of moisture arising from rain evaporation rev. With these modifications, we observe that the
increase in dv between the initial stage and the rain stage is greater by 1‰ compared to the initial
simulation (not shown). We still underestimate the mean increase in dv, but we match the observations
better (1.3‰ of difference).
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3.5. Summary of Simple Model Results

Although we only consider two processes, the model is able to reproduce the main features of the water
vapor observations to first order for class A events. Specifically, the depletion of the water vapor is consistent
with the fact that z* increases from the convective to the stratiform part, suggesting that mesoscale
subsidence plays a major role along the MCS in feeding surface layer moisture. Similarly, the water vapor
depletion recorded at the beginning of rainfall for class B events can be interpreted as the effect of mesoscale
subsidence. However, the model fails to reproduce the enrichment of vapor correctly. If the decrease in
detrainment height z*, or the intensification of rain evaporation process, can explain an enrichment of the
vapor in the model, this increase remains underestimated. For the same reason, the model fails to reproduce
the isotopic evolution of class C events.

One of the objectives of the paper was to test the dominant role of mesoscale subsidence and reevaporation
of droplets in controlling the isotopic composition of surface water vapor. Our model confirms this dominant
role for 51% of rain events (class A). The mixed results for classes B and C reveal how complex convective
systems are: the 1-D model does not resolve explicitly the dynamic structure of a MCS, which prevents us
from estimating correctly the different flux of moisture in the convective and stratiform parts of the MCS. The
mixed results for classes B and C also reveal that other major controls on the isotopic composition of water
vapor may exert a dominant role, strong enough to offset both subsidence and reevaporation of droplets. We
cite among them (1) the influence of soil evaporation, which contributes to the remoistening of the low levels
and may act like rain evaporation on the isotopic composition of the water vapor; (2) the entrainment of
environmental air which can bring moisture with a specific isotopic composition; (3) the evaporation of
droplets from ice crystals in mixed phase clouds [Bolot et al., 2013], since we do not take into account the
existence of solid particles; and (4) transpiration of water vapor from vegetation. However, taking into
account such additional processes requires the use of more elaborated and realistic models, fitted with a
convection scheme for instance.

4. Conclusion and Perspectives
4.1. Conclusions

We document here the high-frequency evolution of the near-surface water vapor isotopic composition
associated with different rain events in the Sahel region. This region is characterized by intense deep
convection and strong rain evaporation processes during the monsoon period. We generally observe three
different types of evolution regarding �18Ov (classes A, B, and C).

We demonstrate the potential of these measurements to investigate the role of convective processes and
simulate the isotopic evolution of water in MCS using a simple box model. In particular, we quantify the
respective roles of mesoscale subsidence and rain evaporation in controlling the proportion of moisture and
the isotopic composition of subcloud vapor. We applied this model to the different isotopic classes A, B, and
C. The model replicates well the isotopic composition of water vapor for class A; however, it fails to reproduce
well the increasing isotopic composition of water vapor occurring during rain stage for classes B and C. This
implies that if subsidence and rain evaporation play a dominant role in cold pools on water vapor ratio for
class A, other processes must offset the effects of both rain reevaporation and mesoscale subsidence for
classes B and C.

We summarize below the main characteristics of each isotopic class, as well as the interpretation of their
water isotopic evolution in terms of atmospheric mechanisms:

1. The most frequent type of evolution (class A, 51.35%) corresponds to events where water vapor depletion
is strong and dominates during rain stage. Class A events exhibit a depletion in the near-surface water
vapor by�1.9‰ for �18Ov on average and an increase in its deuterium excess by 2.3‰. This category also
corresponds to events for which precipitation and vapor composition are the closest to equilibrium,
because high relative humidity favors diffusive exchanges between falling droplets and surrounding
vapor. Our modeling study demonstrates that for class A events, mesoscale subsidence is the major
control of the isotopic composition of surface vapor. The model shows that the recycling of surface vapor
by mesoscale subsidence (1 � rev) is on the order of 66% for the simulation of the 15 August 2011 event.
Deuterium excess of the vapor first records a sharp increase and then a progressive decrease. The
sharp increase may reflect the influence of rain evaporation in the stratiform part below the cloud base,

Journal of Geophysical Research: Atmospheres 10.1002/2013JD020968

TREMOY ET AL. ©2014. American Geophysical Union. All Rights Reserved. 5100



where relative humidity is lower than at the surface. The progressive decrease in dv could be explained
by the progressive reequilibration of vapor with precipitation.

2. Class B events (28.38%) correspond to intense convective systems with high precipitation rates. Class B
also records depletion of water vapor right after the transition between the initial stage and the rain
stage. Unlike class A events, �18Ov increases during rain stage. On average, class B events exhibit a
depletion in the near-surface water vapor by�1.2‰ for �18Ov and an increase in its deuterium excess by
1.1‰. This suggests that more intense convective systems show a stronger rain evaporation effect,
weaker reequilibration processes, and stronger entrainment rate of environmental air into the stratiform
part of the MCS.

3. Class C events are the least frequent (20.27%) and usually correspond to small precipitation rates. The
particular isotopic signature of water vapor which increases during rain stage (by +0.8‰ for �18Ov on
average) seems to indicate a weaker intensity of the mesoscale subsidence as well as a stronger
entrainment rate of environmental air into the stratiform part of the MCS. Although our model fails to
capture the evolution of �18Ov, precipitation is relatively enriched and presents high disequilibrium with
water vapor in those cases. This suggests that rain partially evaporates even if this process is not dominant
to explain water vapor isotope ratios.

Our study demonstrates that there are other processes besides mesoscale subsidence and rain evaporation
which contribute to the control of the isotopic composition of near-surface water vapor. The simultaneous
measurements of precipitation and water vapor are essential to improve our understanding of the
interactions between both phases.

4.2. Perspectives

We are aware that the temporal evolution of our measurements strongly depends on convective systems spatial
stationarity. Having more instrumented sites around Niamey station would allow us to measure several points
in latitudinal and longitudinal transects and to go further into these questions. More systematic measurements
of the isotopic composition of the rain at high frequency would have been also helpful.

In addition, high-frequency measurements in the middle-to-high troposphere, coupled with surface
measurements, would be very helpful to improve our understanding of (1) how air is dehydrated in the
convective column by condensation processes and constrain parameters such as εmore precisely (Does the
depletion strictly follow a Rayleigh distillation? Are equilibrium processes with cloud droplet or lofted ice
important?) and (2) how rain is reevaporated in the various vertical levels in the stratiform part.

Such high-frequency near-surface measurements represent an unprecedented data set to evaluate the
representation of convection schemes in numerical models equipped with an isotopic scheme [Risi et al.,
2012]. For example, the physics of Laboratoire de Météorologie Dynamique Zoom version (LMDZ) general
circulation model, which is fitted with a water isotopes scheme, has been recently improved [Hourdin et al.,
2013]. It now includes a new parametrization of the boundary layer, thermals, and a parametrization of cold
pools [Rio et al., 2009]. Comparing model simulations with observations would be a first step to evaluate the
role of cold pools in the control of the isotopic composition of water vapor in the model. This could also bring
information on possible biases related to these processes.

Appendix A: Calculation of frev and M

The isotopic composition of water vapor and precipitation during rain evaporation depends, among other
parameters, on the fraction of an average droplet that is reevaporated frev [Stewart, 1975]. In the wake box
(see section 2.4.5) we begin by calculating the proportion of moisture rrev arising from rain evaporation and
the corresponding specific humidity qev. This enables us to calculate frev using the following equations.

Considering that the precipitation rate P is proportional to the mass of rain and the convective large-scale flux Fup

P ¼ Fup � qp (A1)

In a similar way, the evaporation rate E can be expressed as a function of the subsiding flux Fsub:

E ¼ Fsub � qev (A2)

We assume that the unsaturated downdraft is in a steady state and that the surface is constant with the altitude.
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The evaporation flux can also be expressed as a function of the precipitation rate and frev:

E ¼ f rev � P (A3)

Injecting equations (A1) and (A2) into equation (A3) and writing qp as a function of ε, qp= ε.(qv
i� qsub), we get

the following expression for the fraction of an average droplet that is reevaporated:

f rev ¼ qev
ε � Fup

Fsub
� qiv � qsub
� � (A4)

It is important to emphasize that the modification of the isotopic composition of vapor and precipitation
during rain evaporation also depends on the relative proportion of initial liquid droplet and water vapor
(M= qv0/qp0) [see Bony et al., 2008]. For instance, a small amount of rain falling into a big amount of water
vapor will have less influence on the isotopic composition of water vapor and especially on its deuterium
excess. This initial ratio M can be expressed as follows:

M ¼ Fsub � qsub
P

(A5)

Using equation (A1) and the definition of qp, we find

M ¼ Fsub
Fup

� qsub
ε � qiv � qsub

� � (A6)

We assume in section 3.3 of this study that the ratio between large-scale flux Fsub/Fup is constant along rain
stage and discuss the sensitivity to ε (0< ε< 1).
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