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ABSTRACT

Tropospheric moisture is a key factor controlling the global climate and its variability. For instance, moist-

ening of the lower troposphere is necessary to trigger the convective phase of a Madden–Julian oscillation

(MJO). However, the relative importance of the processes controlling this moistening has yet to be quantified.

Among these processes, the importanceof themoistening by shallow convection is still debated. The authors use

high-frequency observations of humidity and convection from theResearchVessel (R/V)Mirai that was located

in the Indian Ocean ITCZ during the Cooperative Indian Ocean Experiment on Intraseasonal Variability/

Dynamics of the MJO (CINDY/DYNAMO) campaign. This study is an initial attempt to directly link shallow

convection to moisture variations within the lowest 4 km of the atmosphere from the convective scale to the

mesoscale. Within a few tens of minutes and near shallow convection occurrences, moisture anomalies of 0.25–

0.5 g kg21 that correspond to tendencies on the order of 10–20 gkg21 day21 between 1 and 4km are observed

and are attributed to shallow convective clouds. On the scale of a few hours, shallow convection is associated

with anomalies of 0.5–1gkg21 that correspond to tendencies on the order of 1–4gkg21 day21 according to two

independent datasets: lidar and soundings. This can be interpreted as the resultant mesoscale effect of the

population of shallow convective clouds. Large-scale advective tendencies can be stronger than the moistening

by shallow convection; however, the latter is a steady moisture supply whose importance can increase with the

time scale. This evaluation of the moistening tendency related to shallow convection is ultimately important to

develop and constrain numerical models.

1. Introduction

A coordinated international campaign occurred during

the boreal winter of 2011/12 over the Indian Ocean. Its

goal was to monitor and understand the physical pro-

cesses that lead to the triggering of large-scale organized

convective perturbations that characterize the Madden–

Julian oscillation (MJO; e.g., Zhang 2005; Yoneyama

et al. 2013). This campaign, the Cooperative Indian

OceanExperiment on Intraseasonal Variability/Dynamics

of the MJO (CINDY/DYNAMO) campaign, consisted

of several projects, including CINDY2011, DYNAMO,

the Atmospheric Radiation Measurement Program

(ARM) MJO Investigation Experiment (AMIE), and

the Littoral Air–Sea Process (LASP) experiment. The

observed increase of moisture in the lower troposphere

prior to the triggering of the convectively active phase of
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the MJO (Johnson et al. 1999; Kemball-Cook and

Weare 2001; Benedict and Randall 2007; Thayer-Calder

and Randall 2009; Riley et al. 2011; Cai et al. 2013) is one

of the fundamental features to be studied with this cam-

paign. The importance of this preconditioning for deep

convection associated with the MJO has been stressed by

many observational (e.g., Johnson et al. 1999; Kikuchi

and Takayabu 2004; Holloway and Neelin 2009) and

modeling studies (e.g., Zhang and Song 2009; Cai et al.

2013). A possible consequence of our lack of un-

derstanding of the origin of this preconditioning is the

limitation of the forecast skill of the timing of the MJO

triggering. Indeed, forecast models have problems simu-

lating the evolution from a dry atmosphere to the moist

phase (e.g., Agudelo et al. 2006; Nasuno 2013). Note that,

in addition to the MJO, the moistening of the lower tro-

posphere may also be important for other phenomena in

which deep convection plays a central role, such as me-

soscale convective systems (MCSs), synoptic convectively

coupled waves (e.g., 2-day waves) (Takayabu et al. 1996),

or equatorial convectively coupled Kelvin waves (Straub

and Kiladis 2002). All of these phenomena, indeed, share

a comparable structure despite their different spatiotem-

poral scales (Mapes et al. 2006; Riley et al. 2011).

Shallow convection and congestus clouds provide

a possible explanation for this preconditioning through

the vertical convective transport of moisture from the

boundary layer into the lower troposphere (e.g., Johnson

et al. 2001; Kuang and Bretherton 2006; Waite and

Khouider 2010; Del Genio et al. 2012; Powell and Houze

2013; Xu and Rutledge 2014). However, the role of the

moistening by shallow cumulus and congestus has been

recently questioned (Hohenegger and Stevens 2013;

Kumar et al. 2013). In particular, Hohenegger and Stevens

(2013) suggest through bulk computations and large-

eddy simulations (LESs) that congestus alone are not

sufficient to explain the observed rapid increases in

lower-tropospheric moisture. They suggest that this

moistening can, however, be attributed to large-scale

ascent. Using 7 years of multisatellite measurements,

Masunaga (2013) showed that, away from organized

convection, vertical moisture flux through the cloud base

is the principal source of free-tropospheric moistening.

This vertical flux is partly due to large-scale updraft and

partly due to convective eddies (shallow cumulus and

congestus clouds). They further showed that a few hours

prior to organized convection, the large-scale updraft term

increases to be the primary source of free-tropospheric

moisture before being dominated by horizontal moisture

convergence. From these results, Masunaga (2013) con-

cludes that congestus eddy moistening is unlikely to be

a major mechanism for preconditioning deep convection

on the scale of a day.However, uncertainties remain in the

evaluation of the large-scalemean updraft and convective

updrafts terms. In addition, Masunaga (2013) notes that

these conclusionsmay not hold for longer time scales, such

as that of the MJO. Indeed, in a case study of boreal

summer intraseasonal variability over Palau (in the west-

ern Pacific Ocean), Katsumata et al. (2013) used sounding

network–derived moisture budgets to show that both

convective-scale and large-scale processes are major

contributors to lower-troposphere moistening prior to

the triggering of deep convection; this could also be the

case for the boreal winter MJO over the Indian Ocean.

The quantification of convectivemoisture transport has

been the subject of previous studies using models (e.g.,

Waite and Khouider 2010; Hohenegger and Stevens

2013), satellites (Zelinka and Hartmann 2009; Masunaga

2013), or sounding networks (e.g., Nitta and Esbensen

1974; Schumacher et al. 2008; Katsumata et al. 2013).

Notably, these different indirect approaches all lead to

a shallow convection–associated moisture tendency on

the order of 1–2 gkg21 day21. This study is the first at-

tempt to directly quantify the moisture tendencies linked

with shallow convection from field observations. This

diagnostic is conducted at various scales. We will first

diagnose the local and instantaneous moisture tendency

in the direct vicinity of the cloud (a few tens of minutes

and a few kilometers) before evaluating the moisture

tendency on themesoscale (a few hours and 10–100 km).

Thus, we take advantage of the collocated high-frequency

observations of cloud populations by C-band-scanning

Doppler radar and lower-tropospheric moisture profiles

by a high-spectral-resolution lidar (HSRL) onboard the

Research Vessel (R/V) Mirai. For technical reasons that

will be discussed in the following sections and owing to

the nature of the convection that was observed by R/V

Mirai during CINDY/DYNAMO, we will focus on situ-

ations characterized by shallow convection and its impact

onmoisture variation below 4kmduring nighttime. It has

yet to be noted that the lower troposphere is where the

moisture variations are the most likely to influence con-

vection (e.g., Jensen and Del Genio 2006; Holloway and

Neelin 2009). In the next section, we present the data that

are used in this study and the approach to quantify the

humidity variations associated with shallow convection.

Section 3 presents the results of our analysis, and section 4

provides a summary and discussion.

2. Data and methods

This study is based on the measurements from the

CINDY/DYNAMO campaign that was conducted over

the near-equatorial Indian Ocean from October 2011 to

March 2012 [see Yoneyama et al. (2013) for a description

of the campaign]. Here, we focus on the observations
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from the special observing period (SOP; 1 October–

28 November) while the station of the R/V Mirai was

nominally located at 88S, 80.58E. In this study, moisture is

observed using the Raman lidar technique and 3-hourly

sounding data, and convection is characterized using the

R/V Mirai C-band Doppler radar and onboard ceilome-

ter. We provide details of these data, which are available

online (http://www.jamstec.go.jp/iorgc/cindy/obs/obs.html),

in the following sections. We then present the compos-

iting approach used for deriving the in situ moisture

variations associated with shallow convection and the

approach to diagnose the large-scale tendencies.

a. CINDY/DYNAMO observations

Weuse observations fromVaisala RS92-SGPD sondes

that were launched every 3 h from R/V Mirai. The

sounding observations were processed using Vaisala

software (V3.64), which contains a built-in correction for

solar radiation dry bias and time-lag errors at cold tem-

peratures. The correction of these errors results in accu-

ratemoisture fields, even in the upper troposphere, where

these corrections are largest (Ciesielski et al. 2014). We

then interpolate the sounding observations to obtain a

90-m vertical resolution dataset.

The vertical distribution of water vapor is also moni-

tored using a water vapor Raman lidar technique (e.g.,

Sakai et al. 2003). The receiver system to measure the

water vapor Raman backscatter signal at 660nm is added

to an HSRL onboard the R/V Mirai (Nishizawa et al.

2012). The deduced water vapor density (gm23) is only

evaluated during nighttime (between 1500 and 2300UTC)

because of the insufficient signal-to-noise ratio during

daytime. The vapor density is observed every 1min with

a vertical resolution of 3.75m.Wefirst remove theHSRL

data with low signal-to-noise ratios and data contami-

nated by clouds and rain. We then divide the water vapor

density by the sounding’s mean air density profile to

convert it intowater vapormixing ratio (g kg21). Figure 1a

shows the vertical distribution of the water vapor mixing

ratio measured by HSRL (colors) and by the sondes

(black dots). The HSRL mixing ratios remain mainly

within the range of the sounding measurements up to

4km. Yet at any height and despite a strong signal-to-

noise ratio, some evidently erroneous values of the water

vapormixing ratio are retrieved from theHSRL. For each

altitude, we only consider HSRL-derived mixing ratios

that fall within the interval defined by the minimal and

maximal values observed by the R/VMirai sondes for the

SOP two legs. Figure 1b shows the proportion of HSRL

data that are removed as a function of height (black line).

This proportion is low below 4km (approximately 5%),

but more than 50% of the HSRL data are rejected for

being outside the reasonable range above 5km. Then we

keep the full 1-min time resolution of the HSRL data but

average them over 90m in the vertical.

To discuss the accuracy of the HSRL-derived water

vapor mixing ratio, we compare the 1-min HSRLmixing

ratio to the collocated sounding observations and report

statistics in Fig. 1. Figure 1c shows the mean and stan-

dard deviation of the relative difference between the

HSRL and sonde water vapor mixing ratios. Following

Sakai et al. (2007), this relative difference is defined as

(HSRL 2 sonde)/[(HSRL 1 sonde)/2] and is expressed

as a percentage. Themean relative difference is less than

15% up to approximately 3.5 km. It then rapidly in-

creases and reaches 120% at 4 km. The standard de-

viation of the relative difference increases steadily from

approximately 10% below 2km to 60% at 4 km. This

actually corresponds to a constant standard deviation of

the difference between the HSRL and sonde mixing

ratios of approximately 1.5 g kg21 for all heights (not

shown). Yet this relative loss in precision with height

should not prevent the use of the HSRL mixing ratio

observations in monitoring the average variations in

moisture between 1- and 4-km heights by a compositing

approach. Figure 1b shows the vertical profiles of the

correlation coefficients between the HSRL and sonde

data: the coefficients are as low as 0.5 above 4 km and

below 1km (despite a low average relative difference).

However, the correlation between the two datasets is

generally between 0.8 and 0.9 from 1 to 4 km. One can

note that this reduced correlation at higher levels may

be due to limitation in the Raman lidar technique as

suggested by the increase in the number of erroneous

data with height (Fig. 1b). This may also be partly due to

the horizontal drift of the balloon away from the ship

location during its ascent. At a given height, sondes and

HSRL techniques would then measure two distinct air

parcels.

The cloud population is monitored using the C-band

Doppler radar onboard R/V Mirai. Reflectivity and

Doppler velocity are available on a Cartesian grid with

dimensions of 200km 3 200 km (1-km resolution) in the

horizontal and 20 km in the vertical (0.5-km resolution)

with a temporal resolution of 10min. FollowingKatsumata

et al. (2008), the radar reflectivity is corrected for at-

tenuation by rain and the atmosphere before being

validated using Tropical Rainfall Measuring Mission

(TRMM) Precipitation Radar (PR) observations for all

overpasses during the cruise. Convective and stratiform

features are flagged following the texture-based algo-

rithm of Yuter et al. (2005), which is based on Steiner

et al. (1995) using 2-km-height echoes. Local maxima in

reflectivity or reflectivity above a certain threshold are

flagged as convective. The remaining precipitation ech-

oes are flagged as stratiform. Finally, echo-top heights are

FEBRUARY 2015 BELLENGER ET AL . 643

http://www.jamstec.go.jp/iorgc/cindy/obs/obs.html


defined here as the top of the first cloud layer using

a 10-dBZ threshold by scanning the observed volume up-

ward. To detect the presence of clouds in the direct vicinity

of R/VMirai, we also use 1-min ceilometer observations of

the cloud-base height (with a 30-m vertical resolution).

b. In situ moisture variation composites

Themain issue that we face in linking convective clouds

with changes in humidity is the lack of collocated obser-

vations of moisture profiles and vertical structures of

clouds. No vertically pointing cloud radar data are avail-

able at the present time from R/VMirai, and the C-band

radar produces volume scans with a maximum elevation

of 408. Thus, no radar observations are available directly

above R/VMirai, and the full-troposphere observation is

done for distances of at least 20km from the ship. It is

thus not possible to determine the depth of the clouds

that are passing over R/V Mirai, nor is it possible to as-

sociate an observed moisture variation with a particular

type of convection. Therefore, it is necessary to link

moisture variations and convection depth on a statis-

tical basis. Here, we use (i) the C-band radar data to

characterize the convection around the research vessel

and (ii) the ceilometer-derived cloud-base height to

select time steps that correspond to convection occur-

rence over R/V Mirai:

(i) The radar observations are used to characterize the

convection around the research vessel. Johnson et al.

(1999) showed that tropical convection can be roughly

separated into three categories: shallow cumulus with

echo-top heights below 4km, congestus with echo-top

heights between 5 and 9km, and cumulonimbus with

echo tops above 10km. Zuluaga and Houze (2013),

Rowe andHouze (2014), andXu andRutledge (2014),

usingCINDY/DYNAMOdata, andRiley et al. (2011)

and Barnes and Houze (2013), using CloudSat and

TRMM observations, showed that all types of con-

vective clouds can be observed during all phases of the

MJO and that their relative proportions change with

time. Any radar scene is thus likely to be a mix of

convective clouds that certainly have different impacts

on their environmental moisture: shallow convection

is likely to moisten the first few kilometers of the

atmosphere, whereas deep convection tends to dry

it (e.g., Schumacher et al. 2008). Therefore, in an

attempt to define the scene’s most representative

convective cloud type, we characterize each 10-min

FIG. 1. (a)Distributions of thewater vapormixing ratios (gkg21) fromHSRL (colors) and sounding data (black dots). TheHSRLdata that

are flagged as noisy or cloudy are removed prior to the computation of the distribution. (b) Proportions of HSRL data that are removed for

being outside the range of values observed by the sounding (black) and the correlation between the remaining HSRL and collocated

sounding data (red). (c) Mean relative difference between the HSRL and sounding data (solid) and the corresponding standard deviation

(dashed). The relative difference is defined as (HSRL 2 sonde)/[(HSRL 2 sonde)/2].
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radar scene by themean echo-top heights zmof echoes

classified as convective in the 200km3 200km region

covered by the radar. Then we define each 10-min

radar observation with zm # 4km as shallow convec-

tion scenes.

(ii) To capture moisture changes linked with convective

activity, we must determine when convection is

actually occurring at the R/V Mirai position; thus,

we use observations from the ceilometer. Convec-

tive clouds are characterized by low cloud bases

(e.g., Takayabu et al. 2006), and we therefore con-

sider that convection is occurring above R/V Mirai

when clouds with base heights below 1.2 km are

detected. Convective cloud cover is simply defined

as the percentage of clouds detected by the ceilom-

eter with bases below 1.2 km. For shallow convec-

tion situations as defined from the C-band radar

observations [see (i)], the convective cloud cover is

on the order of 10%, on average. The average

duration of continuous convective clouds above

R/V Mirai is 1.9min (with a 1.8-min standard

deviation), and 80% of the durations are shorter

than 3min. On the other hand, the average duration

between two convective clouds is approximately

30min (with an 80min standard deviation), and

approximately 75% of the durations are longer than

3min. Hence, the shallow convective clouds appear

as isolated 1–3-min events separated by larger

periods without convective clouds.

Using the radar and ceilometer information, we con-

struct time–height composites of moisture following one

of two methods, depending on the scale of interest:

d To focus on instantaneous and then local scales, we

use all ‘‘convective clouds’’ (cloud bases below 1.2 km)

detected for at least two successive minutes during

shallow convection situations. The zero lag is taken as

the time center of the convective cloud. We only

consider convective occurrences during nighttime

when HSRL data are available (1500–2300 UTC).

The composite is then performed on the convective

cloud–free time period around each retained convec-

tive cloud to avoid combining the information on

neighboring convective occurrences. To increase the

composite significance while keeping a sufficient time

resolution to resolve rapid variations of moisture, we

compute the composite with averages over 3-min time

steps from the 1-min HSRL data.
d To focus on mesoscale moisture variations, we use

local maxima in shallow convective cloud cover com-

puted over 30min or 3h to compare HSRL to sounding

data; we then construct composites in between these

maxima using 30-min and 3-h time steps, respectively.

For the 3-h composites, we only retain maxima that

correspond to a convective cloud cover of at least 5%.

We use the Student’s t test to determine whether the

obtained mean moisture anomalies are significantly dif-

ferent from zero. To evaluate the number of degrees of

freedom, we simply assume that all the convective events

that are averaged are independent, as the time slices that

are used do not overlap with one another. For each

composite, the number of degrees of freedom, which

decreases away from lag 0, is shown in the figure caption.

Then, we evaluate the moisture tendencies at each height

by fitting a straight line using the least squaresmethod.Of

course, the obtained tendencies are sensitive to the time

interval chosen to compute the linear regression. We

select this interval to be centered on lag 0 (convection

occurrence), and its extent is fixed to capture statistically

and physically significant moisture anomalies. This in-

terval changes depending on the time resolution of the

considered composite (3min, 30min, or 3 h). The choice

of the time interval and its influence on the obtained

tendencies is specified for each particular case in the re-

sults section. The HSRL data are only available during

nighttime; thus, to present consistent results, we consider

only nighttime soundings/radar and reanalysis data to

construct the corresponding composites. However, tak-

ing into account both night and day does not change the

order of magnitude of the diagnosed moisture variations,

nor does it change our conclusions.

Note that if C-band radar captures well the amount of

precipitating shallow convective clouds, it underestimates

nonprecipitating shallow convection (e.g., Feng et al.

2014). Note also that, if the C-band radar data used to

define the shallow convective scenes may underestimate

the amount of nonprecipitating clouds, then the compos-

ites are based on ceilometer observations. Therefore, we

take into account both precipitating and nonprecipitating

clouds in our analysis. Furthermore, some echoes classified

as ‘‘stratiform’’ correspond to echo tops lower than the

freezing level (approximately 5-km height). Such echoes

should, in fact, be classified as shallow convection. Thus,

we certainly underestimate the number of scenes for

which shallow convection is the dominating feature.

However, our goal here is to avoid selecting scenes with

too many high congestus clouds or deep convective

clouds. So the underestimation of shallow convective

features leads us to consider only the most clearly

shallow convective scenes. Yet some deeper convective

clouds can pass over R/V Mirai when it is mainly sur-

rounded by shallow convection. Thus, we possibly

combine these deeper clouds with the shallow convec-

tive cases in our composite. Congestus clouds are

thought to mainly detrain at approximately 5–6 km and
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to have weak impact on the moisture below 4km (e.g.,

Schumacher et al. 2008). Furthermore, deeper cumu-

lonimbi tend to dry the lower troposphere (Schumacher

et al. 2008). Thus, the inclusion of deeper cloud cases in

our shallow convection composites would lead us to

underestimate the moistening of the lower troposphere

associated with shallow cumulus clouds. We tested the

sensitivity of our approach to themean echo-top-height

threshold to define shallow convective scenes and to

the radar area used to compute this mean echo-top

height. The composited moisture anomalies and the

associated moisture trends are sensitive to these choices.

However, they exhibit comparable orders of magnitude

(not shown).

c. Large-scale moisture tendencies

We also use the Interim European Centre for Medium-

RangeWeather Forecasts (ECMWF) Re-Analysis (ERA-

Interim;Dee et al. 2011) to compare the local variations

of humidity with large-scale tendencies. The use of

ERA-Interim is justified by the high correlation be-

tween the reanalysis and R/V Mirai sounding moisture

below 10 km (linear correlation coefficient of ap-

proximately 0.85). The large-scale moisture tenden-

cies are computed every 6 h following Trenberth

(1991) and averaged on a 28 3 28 box centered on the

position of R/V Mirai. This box is chosen to have

comparable size as the region covered by the R/V

Mirai radar. The moisture budget is computed from its

advective formulation:

›q

›t
52v$q2v

›q

›p
2
Q2

L
, (1)

where the 2Q2/L term is computed as a residual [con-

densation minus evaporation and transport by un-

resolved eddies; Yanai et al. (1973)], v is the horizontal

wind, and v is the vertical velocity (Pa s21). The time-

and space-centered derivatives are computed before

averaging over space. The fields are not filtered over

time, as strong variations of humidity can occur on very

short time scales (e.g., Powell and Houze 2013). As

noted previously, for each 6-h moisture trend, the type

of convection is characterized by the 6-h convective zm
values observed by the R/V Mirai radar. In particular,

shallow convective situations are defined as 6-h periods

in which zm # 4 km. Again, we only provide results for

nighttime (1800 and 2400 UTC, corresponding to 2330

and 0550 local time). However, the results are similar

when considering daytime time steps.

The mass imbalance (model errors and interpolation

on standard pressure levels) can be diagnosed by the

residual r of

$v1
›v

›p
5 r ; (2)

the ratio of theRMSof r above theRMSof the horizontal

divergence quantifies the relative error of the mass bud-

get (Trenberth 1991). This relative error is approximately

25% below 200hPa (not shown). Both the ERA-Interim

vertical velocity and the vertical velocity deduced from

horizontal divergence will thus be used to assess the un-

certainty of the computed vertical advection.

3. Results

a. Convective activity observed by R/V Mirai during
CINDY

Figure 2 shows the time series of the distributions of

the echo-top heights for convective clouds observed by

the R/V Mirai radar together with the sounding’s water

vapor mixing ratio anomalies relative to the mean of the

two legs. After the first convective event at the begin-

ning of October, the convective activity remains weak

with echo tops mainly below 6 km (Fig. 2). The con-

vection is relatively more active throughout November,

with short periods that are characterized by clouds

reaching approximately 12-km heights. The stronger

signal of humidity is found below 8km, with a link be-

tween cloudy periods andmoist periods. The correlation

coefficients between the convective cloud-top distribu-

tion and mixing ratio for each altitude are computed

as 0.4–0.5 from 1- to 8-km heights. As also stated by

Yoneyama et al. (2013) and Johnson andCiesielski (2013),

there is no clear increase in convective activity associ-

ated with the active MJO phase at the end of October

(at least when R/V Mirai was on site) and at the end of

November, whereas it does increase over the northern

part of the Indian Ocean. R/VMirai was indeed located

south of the region where two MJO events were trig-

gered during the SOP [see Fig. 13 of Yoneyama et al.

(2013)], and it mainly sampled scenes characterized by

shallow convection. Thus, the R/V Mirai observations

are suitable to focus on the impact of shallow cumulus

clouds on the moisture in the lower troposphere.

A simple way to obtain a synthetic view of the ob-

served cloud distribution characteristics is to use the

distribution of the number of radar scenes as a function

of convective and stratiform mean echo-top heights

(Fig. 3a). R/V Mirai mainly monitored scenes with shal-

low convection mean echo tops lower than 5km. Note

that most echoes flagged as stratiform with diagnosed

echo-top heights below the freezing level (approximately

at 5 km) should be interpreted as shallow convection,

as discussed in the previous section. Some periods are,
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however, characterized by higher convective echo tops.

In particular, there is a secondarymaximumof the number

of scenes with mean convective and stratiform echo tops

at approximately 6–7 km. In Fig. 3a, we reported (ver-

tical dashed lines) the intervals chosen to define the three

main convective cloud categories following Johnson et al.

(1999). Figure 3b shows the mean distributions of the

convective echo tops and the associated standard

deviations for the situations sorted according to zm.

Despite the shallow convection underestimation by the

radar, 60% of the scenes are characterized by mostly

shallow convection (zm # 4 km). This type of scene

corresponds to shallow cumuli and shallower congestus

(Fig. 3b). Additionally, 38% of the situations have

mainly congestus clouds (4, zm # 8 km). Finally, deep

convective cases account for 2% of the situations.

Shallow convective clouds occur in the three categories

of scenes, but it is clear that for zm # 4 km, the con-

vective cloud population is unambiguously dominated

by shallow convection.

The relative humidity profiles corresponding to the

three convective cloud categories are presented in Fig. 3c.

The mean RH profiles show a large spread comparable

with that found by Holloway and Neelin (2009) when

sorting the profiles by column water vapor rather than

rainfall (see their Fig. 4b). This suggests a link between

the echo-top distribution and the water vapor column

(mainly the lower-free-troposphere moisture). The shal-

low convective situations are associated with a very dry

troposphere (relative humidity of less than 40%) above

3 km (Fig. 3c). This may explain the limitation of the

convective cloud-top height (e.g., Jensen and Del Genio

2006). The main difference in the mean relative humidity

profiles between shallow convective and congestus cases

can be seen at heights of approximately 3–5km. Finally,

for deep convective cases (up to 10km), the upper tro-

posphere clearly has a higher relative humidity. In addi-

tion to a drier troposphere, shallow convective cases were

also characterized with higher stability in the ;2–3-km

layer (not shown), with vertical temperature gradients

from approximately 23.5 to 24Kkm21 on average,

whereas congestus situations have a gradient of approx-

imately 25Kkm21. This could also contribute to the

limitation of the vertical extension of the clouds (e.g.,

Zuidema 1998; Davison et al. 2013).

b. Instantaneous moisture variations associated with
shallow convection

In this section, we analyze the local and instantaneous

moisture anomalies and tendencies in the vicinity of

FIG. 2. Time–height distribution of (a) convective echoes observed by theC-band radar onboard

R/VMirai for the period 7Oct–26Nov2011 and (b) 3-hourly soundingmixing ratio anomalies from

the mean of the two SOP legs. The gray shading shows the period when R/VMirai was not at its

position between legs 1 and 2 of the SOP. The 10-min time steps corresponding to shallow con-

vection situations are also indicated with black ticks at the bottom of each panel.
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shallow convective clouds (cloud base below 1.2 km and

mean convective echo-top height below 4 km). Figure 4a

shows the composited moisture anomalies derived from

1-min HSRL nighttime observations associated with the

occurrence of shallow convective clouds. Despite aver-

aging over three time steps and the relatively large

amount of cases used to construct the composite, the

composite remains noisy. Yet a significant moist anom-

aly of more than 0.2–0.5 g kg21 is observed below 1km

from the 0.5 h prior to the convection, and it disappears

gradually after lag 0. Between 1 and 4 km, a comparable

moist anomaly appears slightly before lag 0 and remains

until it dissipates around lag10.25 h. This feature could

suggest a net upward transport of moisture from the first

kilometer of the boundary layer to the 1.5–4-km-height

layer by the convection occurring around lag 0. In ad-

dition, cold pools can also be associated with compara-

ble moisture anomalies in the boundary layer (Zuidema

et al. 2012).

To understand the link between these anomalies and

the shallow convective clouds, we must consider the as-

sociated horizontal wind profiles. Shallow convective

clouds mainly detrain on their downshear side (Telford

and Wagner 1980; Perry and Hobbs 1996). The down-

shear side is simply the direction the vertical shear vector

›w/›z points. Here, the wind tends to be stronger below

1km than between 1 and 4km (Fig. 5a). Therefore, an

active convective cloud should be tilted so that, as ob-

served from the ship, its summit follows its base [see

Fig. 17b of Perry and Hobbs (1996)]. Then the detrained

moisture or ‘‘halo’’ should also follow the convective base

[see Fig. 18 of Perry and Hobbs (1996)]. In Fig. 5b, we

plotted the normalized distribution of the vertical shear

between 0.5 and 4km corresponding to each shallow

convective situation. The vertical shear considered here is

the projection of the 0.5–4-km vertical shear vector in the

direction of the 0.5–4-km mean wind. For most of the

cases, the vertical shear is negative. Thus, the mean wind

and the vertical shear often have opposite signs. Ne-

glecting the cloud’s propagation and assuming that it is

mainly advected by themeanwind, the downshear side of

the cloud tends to pass above the ship after the cloud

base. This result corresponds to a positive lag between the

observation of the convective cloud base and the 1–4-km-

height positive moisture anomaly passing over the vessel,

as observed on the average (Fig. 4a).

Figure 4a also shows the mean evolution of the con-

vective cloud cover from the ceilometer. Away from lag 0,

themean convective cloud cover quickly drops to less than

20%. Convective clouds are observed by the ceilometer

for 2min (62min) on average (see previous section).

Between 0.5- and 4-km heights, the wind speed is 5ms21

(62.5ms21) on average (Fig. 5b). Thus, the horizontal

scale is approximately 0.5–1km for each convective cloud.

In comparison, the impact of the cloud on the moisture

field above 1km remains statistically significant for ap-

proximately 12min. Thus, the horizontal scale is approxi-

mately 3.5km (61.7km) for the moisture anomaly and

is approximately 4–5 times larger than the convective

cloud extent. Yet the moisture halo is usually a similar

FIG. 3. (a) Number of radar-observed scenes as a function of themean echo-top heights for echoes classified as convective (abscissa) and

stratiform (ordinate); (b)mean vertical distribution (solid) and standard deviations (dashed) of the number of convective echo tops for the

mean convective echo-top height below 4 km (shallow convection scenes; blue), between 4 and 8 km (congestus scenes; red), and above

8 km (deep convection scenes; black); and (c) mean relative humidity (%; standard deviation is shaded) for the same three scene cate-

gories. The number of scenes in each category is also reported in (b). The three category boundaries are reported in (a) (vertical dashed

lines). Note that only nighttime data were used to create this figure.
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magnitude to the cloud radius and rarely reaches 4 times its

value, even in strong wind shear conditions (Perry and

Hobbs 1996; Laird 2005). This discrepancy may arise from

the fact that previous studies of humidity halos considered

isolated clouds, which is not necessarily the case here. In

addition, our estimate of the horizontal scale of clouds is

based on the assumption that these clouds are simply ad-

vected by the mean wind. However, active convective

clouds can propagate at a speed that is roughly equal to the

difference of the wind below and above the cloud base

(Telford and Wagner 1980). Here, this mean speed dif-

ference is approximately 2ms21 on average (Fig. 5a).

Thus, adding this propagation speed to themean advection

speed leads to an average cloud extent of about 1km.

Figure 4b further shows the moisture tendency profile

associated with shallow convection. It is computed based

on the meanmoisture anomalies within612min (Fig. 4a).

Shallow convection is associated with drying below 1km

on the order of210 g kg21 day21 and moistening on the

order of 10–20 g kg21 day21 between 1.5 and 4 km. Such

strong tendencies on such a short time scale suggest that

rapid processes, such as convection, are at work here.

For this reason, this tendency is noted as ›q/›tCloud on

Fig. 4b and herein. Further analysis (see section 3d) will

show that indeed large-scale advections act on a slower

time scale. Interestingly, the strong near-surface drying

corresponds to the maximum of the cloud-base height

distribution at approximately 600m. Above 1.5 km, the

strong moistening reaches its maximum at approxi-

mately 3 km, which also corresponds to the top of the

stable layer (not shown) and to the maximum of the

shallow convective echo-top distribution (Fig. 4b), where

FIG. 4. (a) Time–height composites of HSRL mean moisture anomalies (colors; g kg21 day21) around shallow

convective cloud occurrences of at least 2min (260 cases): the small (large) dots show where the anomalies are

different from zero at the 95% (99%) level (the number of degrees of freedom varies from 50 to 160 close to lag 0),

and the black curve (above the abscissa) is the mean convective cloud cover (proportion of clouds with cloud-base

height lower than 1.2 km using the ceilometer). (b) Mean instantaneous moisture tendency profile (›q/›tCloud; solid

thick line) associated with shallow convective cloud occurrence. This tendency is computed from (a) on a 25-min

interval centered on lag 0 [time interval highlighted in (a) by vertical lines] and vertically averaged every 500m (the

error bars are the standard deviation of the moisture tendencies within each 500-m bin). Also superimposed is the

normalized distribution of the ceilometer cloud-base heights lower than 1.2 km (dotted) and radar convective echo

tops (dashed with plus signs).
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most of the detrainment is likely to occur. Note that

changing the time interval from69 to615min does not

change the order of magnitude of the moisture tendency

(not shown). Note also that the moisture tendency re-

ported here is an evaluation of the local and instan-

taneous tendencies at the shallow convective cloud

scale. The tendency is approximately 10 times stronger

than previous estimates (e.g., Waite and Khouider

2010; Hohenegger and Stevens 2013), which provided

diagnostics of the moisture tendencies on a larger scale.

In the following section, we discuss moisture tenden-

cies on the mesoscale and their links with the local and

instantaneous tendencies presented here.

c. Mesoscale moisture tendencies

The previous section focused on local moisture ten-

dencies in the direct vicinity of shallow convective

clouds. In this section, we aim to evaluate moisture

anomalies and tendencies linked with shallow convec-

tive clouds on the mesoscale (from 10km to several

hundred kilometers). For each time step, we evaluate

the size of the region where shallow convection occurs

using the mean distance between convective echoes. An

example of an observed shallow convective scene is

provided in Fig. 6. The radar reflectivity shows convec-

tive echoes with most of the echo tops below 4km and

that spread over a region with a characteristic scale of

60 km. Shallow convection typically spreads over re-

gions with equivalent radii ranging from 20 to 100 km

and a mean equivalent radius of approximately 60 km,

which is characteristic of the mesoscale. Note that the

evaluation of the cluster extensions is, however, limited

by the range of the projected radar data (200 km 3
200 km). Because the mean wind in the lower tropo-

sphere is approximately 5m s21, 20–100-km regions

should correspond to moisture anomalies on the time

scale of approximately 1–5 h. Figure 7a shows the 30-min

averaged composite of the moisture anomalies based on

the nighttime HSRL data. A distinct 0.25–1 g kg21 moist

anomaly is visible up to 4 km after lag 0. It lasts at least

until15 h and thus corresponds to mesoscale anomalies.

Figure 8 shows the associated evolution of the convec-

tive echo-top distributions. The ceilometer-derived con-

vective cloud cover quickly decreases away from lag

0 (Fig. 7a), whereas there is clearly a statistically signifi-

cant positive anomaly of the number of shallow convec-

tive clouds from 21 to 15 h (Fig. 8). Thus, the moist

anomaly shown to persist for a few hours (Fig. 7a) may be

linked with the surrounding shallow cloud population, as

also observed by Powell and Houze (2013).

Figure 7b shows the mean moisture tendencies com-

puted at 65.5 h. Note that changing the time interval to

65 or 66 h does not change the order of magnitude

of the moisture tendency (not shown). The moisture

tendency profile of approximately 2–4 g kg21 day21 be-

tween 2 and 4.5 km can be compared to the tendencies

simulated by Waite and Khouider (2010, their Fig. 6).

We can also compare this tendency profile with the

FIG. 5. (a) Mean horizontal wind speed profile for shallow convective situations; the standard deviation is rep-

resented by the gray shading and (b) mean wind (black) and vertical wind shear (red) distributions over 0.5–4-km

heights. The vertical wind shear is computed from the linear fit of the horizontal wind vector as a function of height

using the least squares method and is projected on the 0.5–4-km-height mean wind direction.
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resultant on themesoscale of the local and instantaneous

mean moisture tendencies ›q/›tCloud (Fig. 4b). If the

observedmesoscale moisture tendency is actually due to

shallow convection, then we should obtain:

a›q/›tCloud ’ ›q/›tMesoscale , (3)

where a is the mean convective cloud cover. Of course,

a›q/›tCloud depends on the value of a. Figure 7b shows

that the simple relationship of Eq. (3) seems to hold

when taking the average convective cloud cover at lag 0.

This suggests that the mesoscale moisture tendency

(Fig. 7b, thick solid line) can be interpreted as the re-

sultant on the mesoscale of the ensemble of local

moisture tendencies associated with shallow convective

clouds (Fig. 4b). The relationship expressed by Eq. (3)

with a convective cloud cover of approximately 10%–

20% would indeed explain the difference between the

local moisture tendencies ›q/›tCloud of approximately

10–20 g kg21 day21 (Fig. 4b) in the direct vicinity of the

cloud and the moisture tendencies of few grams per

kilogram per day obtained from bulk analyses or nu-

merical models on larger scales reported in previous

studies (Waite and Khouider 2010; Hohenegger and

Stevens 2013). Of course, at this scale, horizontal and

vertical advections certainly play a role, and we can thus

not expect a perfect agreement between the two sides of

Eq. (3).

The moisture anomalies associated with the shallow

convection shown in Fig. 7a last for several hours. Using

3-h soundings should produce comparable moisture

variations. Figure 9a shows the moisture variation

composites based on nighttime sounding data. Note that

including daytime data does not strongly affect the re-

sult. The moisture anomalies that can be observed

within 5 h of lag 0 have comparable orders of magnitude

(0.5–1 g kg21) (Fig. 9a). The values are, however, par-

ticularly strong and statistically significant below 2 km,

whereas they are stronger above 2 km, according to

HSRL. Figure 9b shows the mean moisture tendency

profile computed at 67.5 h. According to the sounding

observation, the moistening associated with shallow

convection peaks at approximately 2 km and is approx-

imately 1–2 g kg21 day21. Note that below 3 km, this

tendency retains the same order of magnitude when

computed at64.5 or610.5 h (not shown). Figure 9b also

shows the moisture tendency obtained from composites

of 3-h-average HSRL data and the moisture tendencies

deduced from local instantaneous tendencies and aver-

aged cloud cover (as in Fig. 7b). The discrepancy be-

tween the vertical profile of the mesoscale moisture

tendencies diagnosed from the HSRL data (peaking

above 2 km) and sounding data (peaking below 2km)

may be partly due to the relatively low temporal reso-

lution of the sounding observations (one every 3 h) and

partly due to the relatively small number of maxima of

the shallow convective activity used in this analysis

(about 35 cases). Despite this discrepancy, comparable

moisture tendencies are found from two independent

measurements and are on the same order of magnitude

as previous estimates (Waite and Khouider 2010;

Hohenegger and Stevens 2013). This strengthens the

confidence in our direct evaluation of moisture ten-

dencies associated with shallow convective clouds.

d. Large-scale moisture tendencies

The large-scale circulation strongly impacts the local

moisture budget through horizontal and vertical ad-

vection (e.g., Masunaga 2013). Figure 10 shows the SOP

mean and standard deviation of the different compo-

nents responsible for the local moisture tendencies, as

described by Eq. (1). These components are computed

for nighttime shallow convective situations from the

ERA-Interim data on a 28 3 28 box centered on the R/V

Mirai position. The mean moisture large-scale tenden-

cies (Fig. 10a) and their variability (Fig. 10b) are the

same order of magnitude as the tendencies related to

convection (although weaker; see Figs. 7b and 9b) and

one order of magnitude below the local tendencies

(Fig. 4b). This suggests that large-scale advection acts on

a slower time scale than convection and that its impact

FIG. 6. Example of a shallow convective scene observed by the

radar onboard R/VMirai; reflectivity at 2-km height (dBZ; colors)

and distribution of convective echo tops as a function of height

(inset; black line). The size of the region where shallow convection

occurs is approximated by the average distance between convective

echoes and is here 60 km.
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can be neglected when considering local instantaneous

moisture variations. In other words, local composites

(Fig. 4) isolate the effect of shallow convection on lower-

tropospheric moisture. On the other hand, mesoscale

composites of Figs. 7 and 9may also contain the effect of

advection together with that of convection. The local

moisture tendency (thick black line on Fig. 10a) exhibits

weak drying when shallow convection is observed. The

unresolved processes (2Q2/L . 0 in green) tend to

oppose the drying by horizontal advection (in red) and

the drying by vertical advection (in blue) because of

large-scale subsidence (Fig. 10c). The opposing ten-

dencies are particularly strong below 2km, where some

detrainment of shallow convective clouds can occur

(e.g., Nitta and Esbensen 1974). Yet the negative local

moisture tendency from ERA-Interim (Fig. 10a) does

not correspond to the moistening tendencies observed

using HSRL (Fig. 7b) and soundings (Fig. 9b). This

could be due to the coarse temporal resolution of the

reanalysis data used here (every 6 h). It is interesting to

note that, although weaker, the mean apparent moist-

ening term (green in Fig. 10a) resembles the mesoscale

moisture tendency from the sounding data (Fig. 9b),

with a moistening peaking below 2 km. This raises the

question as to how the reanalysis is able to reproduce the

effect of shallow convection on lower-tropospheric

moisture. Figure 10 also shows the vertical advection

tendency computed using the horizontal divergence

[Eq. (2)]. This tendency is very close to the direct esti-

mate. We thus verify that, for shallow convective cases,

the uncertainty associated with the mass imbalance due

to interpolating the modeled vertical velocity on stan-

dard pressure levels is small.

Figure 11 shows the time series of the 1–4-km mean

horizontal and vertical advections from ERA-Interim

and an evaluation of convective cloudmoisture transport.

The convective cloud moistening is simply diagnosed

using Eq. (3), with the mean ›q/›tCloud (Fig. 4b) and the

convective cloud cover defined as the percentage of time

steps with cloud bases below 1.2km, as observed by the

FIG. 7. (a) As in Fig. 4a, the composite of the HSRL moisture anomalies is constructed relative to the maxima in

the 30-min convective cloud cover for shallow convection situations (38 cases; see text for details); the number of

degrees of freedom is decreasing gradually from 32 close to lag 0 to about 10 at lag65.5 h and no data beyond68 h.

(b) As in Fig. 4b, the mean moisture tendency (›q/›tMesoscale; solid) is computed from (a) at65.5 h [vertical lines in

(a)], and the moisture tendency is evaluated following Eq. (3), with a mean convective cloud cover at lag

0 (a›q/›tCloud; dotted line; a 5 23%).
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ceilometer within 6 h. For consistency, this convective

cloudmoistening is only evaluated for shallow convection

situations, when deeper convection is rare and when

convective clouds dominantly detrain between 1 and

4km. The total number of convective echoes is also re-

ported (bars on the bottom axis). The vertical advection

term can reach over 65–6 g kg21 day21, which is consis-

tent with the results of Hohenegger and Stevens (2013).

These peaks in vertical moisture advection often occur in

association with strong convective activity (e.g., 9–10

October), but some strong vertical advection events can

also be observed during shallow convection situations

(e.g., 15 October). Yet the convective moistening cannot

be neglected and is often on the same order of magni-

tude as the vertical advection (e.g., 16–18 October and

09–11 November) or even stronger (e.g., 11–12 Octo-

ber). The same is true when comparing convective

moistening with horizontal advection, which can also

reach 65–6 g kg21 day21 [e.g., 12 November or during

the dry intrusion on 20 November as described by Kerns

and Chen (2014)]. Still, horizontal moisture advection

and convectivemoisteningmay also have the sameorder of

magnitude (e.g., 17 October and 5 November). According

to our diagnostic, convective moistening is a relatively

steady source of moisture in the 1–4-km layer, whereas the

two large-scale advection terms tend to vary rapidly and

can change their signs on time scales from approximately

12h to 2 days. Thus, the advection terms may cancel out

when integrated over time, in contrast with the steady

moisture source associatedwith convection. Note that even

more shallow convection is observed for deep convective

scenes (Fig. 3b) and may also be a local and constant

source of moisture for the lower troposphere, particularly

throughout the life cycle of an MJO event. This illustrates

the potential importance of the moistening associated with

shallow convection for synoptic to intraseasonal time

scales, as noted in other studies (e.g., Zhang and Song 2009;

Waite and Khouider 2010; Katsumata et al. 2013; Powell

and Houze 2013; Xu and Rutledge 2014).

4. Summary and discussion

One of the main scientific goals of the CINDY/

DYNAMO campaign is to understand the processes that

drive the observed gradualmoistening of the troposphere

prior to the triggering of an MJO event (Yoneyama et al.

2013). Using high-frequency atmospheric moisture mea-

surements (HSRL and soundings) with cloud observa-

tions (C-band radar and ceilometer) on board R/VMirai,

we have been able to show the rapid variations of mois-

ture associatedwith shallow convection on various scales.

Specifically, we provide the first estimate of local and

instantaneous (a few kilometers and a few tens of min-

utes, respectively) moisture anomalies and tendencies

linked with shallow convective clouds. Moisture anoma-

lies of approximately 0.2–0.5 g kg21 and moistening on

the order of 10–20 g kg21 day21 at 1–4-km heights and

drying on the order of210g kg21 day21 below the cloud

bases are reported. Our analysis also shows that these

shallow convective clouds have a typical horizontal ex-

tent of 0.5–1km associated with moisture anomalies with

horizontal scales of a few kilometers. We then reveal the

moisture tendencies associated with shallow convective

clouds on the mesoscale (tens to hundreds of kilometers)

using bothHSRL and sounding data.Moisture anomalies

on the order of 0.5–1 gkg21 are linked with local maxima

of shallow convection and persist for a few hours. This

finding is consistent with the analysis of Powell andHouze

(2013) using AMIE observations on Addu Atoll during

the same period. The associated tendencies, which are

obtained using two independent datasets, have compa-

rable orders of magnitude and correspond to a moist-

ening of the lower free troposphere of approximately

1–4 g kg21 day21 between 1- and 4-km heights. Yet an

intriguing feature is that the HSRL data suggest mois-

ture anomalies from 1- to 4-km heights, whereas the

soundings data suggest that moisture anomalies are

usually strong at 2 km and below. This discrepancy may

arise because of the relatively low temporal resolution

of the soundings data preventing them from capturing

the moistening by shallow clouds between 2 and 4 km.

FIG. 8. Time–height composites of the anomalous number of

convective echo tops relative to maxima in the 30-min convective

cloud cover for nighttime shallow convection situations, as in

Fig. 7a. The small (large) dots show where the anomalies are dif-

ferent from zero at the 95% (99%) level (the number of degrees of

freedom is between 20 and 38 close to lag 0). The horizontal dashed

line corresponds to 5.5-km height for comparison with moisture

composites.
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Yet this is where the moisture is likely to impact the

shallow-to-deep-convection transition (e.g., Jensen and

Del Genio 2006). Thus, caution should be taken when

using low-temporal-resolution (3h or above) data to esti-

mate moistening by mesoscale convective cloud activities.

The mesoscale low-tropospheric moistening associated

with shallow convection is consistent with the observed

mean convective cloud coverage at lag 0 following Eq. (3).

The orders of magnitude of our estimates of moisture

variations at different temporal and spatial scales are thus

consistent with one another and with the assumption that

they are mainly the result of convection.

The observations presented here are preliminary, and

further work is necessary to better quantify the impact of

shallow convection on the low-level moisture in all types

of conditions. The local moisture tendencies presented in

this study are the result of 1) the advection and spread of

the convective cloud humidity halo by the wind and 2) the

change inmoisture due to detrainment of active clouds or

evaporation of decaying clouds. These processes certainly

depend on the cloud’s environment: that is, the wind

profile that influences the cloud advection and propaga-

tion (Telford and Wagner 1980) and the thermodynamic

structure of the boundary layer that influences the layer

at which clouds detrain (Perry and Hobbs 1996; Davison

et al. 2013). Another interesting question is whether non-

precipitating clouds are more effective in moistening

the troposphere than precipitating clouds, as suggested by

Rapp et al. (2011). The moisture tendencies associated

with shallow convectionmay change during the cloud’s life

cycle. Thus, any factor controlling the life cycle of shallow

convection (i.e., the relative duration of the mature stage

over the decaying stage) should also impact the moisture

tendencies associated with an ensemble of clouds. The

increase in daytime sea surface temperature may, for

instance, lead to enhanced shallow convection in the

afternoon (Bellenger et al. 2010; Ruppert and Johnson

2015). Ruppert and Johnson (2015) showed a significant

daytime low-level moistening at Gan during a sup-

pressed phase of the MJO during CINDY/DYNAMO.

FIG. 9. (a) As in Fig. 4a, the composite of the sounding moisture anomalies is constructed relative to the maxima

(.5%) in the 3-h convective cloud cover for shallow convection situations (34 cases); the number of degrees of

freedom is 10–34. Note that only maxima that occur during nighttime are considered here. (b) As in Fig. 4b, themean

moisture tendency profile (soundings, solid thick) is computed from (a) at67.5 h [vertical lines on (a)] following the

same approach, but using HSRL data (›q/›tMesoscale; dashed) and following Eq. (3) with the mean convective cloud

cover at lag 0 (a›q/›tCloud; dotted line; a 5 15%).
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This could be due to either more numerous shallow

cumulus clouds (greater convective cloud cover) or more

active convective clouds (greater ›q/›tCloud). Our di-

agnostic based on nighttime HSRL data may then un-

derestimate the average moisture variations associated

with shallow convection. Furthermore, we can only ac-

curately monitor moisture variations below 4km,

whereas moistening by congestus at 5–6-km heights is

arguably important.

Despite these uncertainties, the mesoscale moisture

tendencies presented here are consistent with previous

results using bulk computations, LESs (Hohenegger and

Stevens 2013; Waite and Khouider 2010), and in situ es-

timates from a network of soundings (e.g., Schumacher

et al. 2008; Katsumata et al. 2013). Schumacher et al.

(2008) found an apparent moistening of approximately

1 g kg21 day21 at approximately 2km associated with

shallow cumulus clouds during the Kwajalein Experi-

ment (KWAJEX). During the preactive phase of an in-

traseasonal event, Katsumata et al. (2013) foundmoisture

sources of approximately 0.8 g kg21 day21 at approxi-

mately 2–3 km on average that could reach up to

2.5 g kg21 day21. So, at the scale of a usual atmospheric

global circulation model, the average moisture tendency

associated with shallow convection has a robust order of

magnitude. These results should be helpful to validate

and develop parameterizations of moisture transport by

shallow convection in these models.

The role of shallow convection and congestus in

moistening the lower troposphere and preconditioning

the atmosphere for an MJO trigger has been recently

questioned (Hohenegger and Stevens 2013; Kumar et al.

2013). By studying convective events at Darwin, Kumar

et al. (2013) showed a 1–2 g kg21 day21 moistening due

to subgrid-scale processes below 5 km that occurred

5–12 h prior to the rainfall maximum (see their Fig. 12a).

They attribute this moistening to the evaporation of

stratiform rainfall and argue that no congestus clouds

were observed at that time. However, the moisture

tendency is comparable to our finding and could also be

the result of shallow convection, which can be under-

estimated by the C-band radar that they used (e.g., Feng

et al. 2014). According to Hohenegger and Stevens

(2013), moistening by shallow convection on the order of

1–2 g kg21 day21 is not sufficient to explain the usually

observed rapid transition from shallow to deep convec-

tion. Synoptic-scale dynamical perturbations, such as

equatorial Kelvin waves, Rossby waves, mixed Rossby–

gravity waves, and vortices associated with tropical de-

pressions are indeed active in the Indian Ocean during

CINDY/DYNAMO (Gottschalck et al. 2013; Kerns and

Chen 2014). These perturbations strongly impact the

FIG. 10. Large-scale moisture budget fromERA-Interim over a 200km3 200 km region centered on the R/VMirai position for shallow

convective situations during nighttime (43 cases): (a) mean and (b) standard deviation profiles for local moisture tendency (thick black)

and its different components [vertical moisture advection (blue), horizontal moisture (red), and evaporation/condensation and subgrid

processes computed as a residual fromEq. (1) (green)], and (c) the mean vertical wind speed (thick) and its standard deviation (thin). The

dashed blue lines represent the vertical advection in (a) and (b) and the vertical wind in (c) computed using Eq. (2).
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moisture fields. Large-scale advection tendencies (hori-

zontal and vertical) at the R/VMirai position show very

strong temporal variability and can be several times

larger than the mean moisture tendency associated with

shallow convection (see Fig. 11). For instance, there is

the strong positive vertical moisture advection during

9–10 October associated with deep convection or the

dry-air surge around 20 November described by Kerns

and Chen (2014) that caused strong negative horizontal

moisture advection at the R/V Mirai position. Further-

more, local tropospheric moisture is certainly not the

only important factor that can explain the triggering of

anMJO. Kerns and Chen (2014) suggested, for instance,

that the subsidence over equatorial regions that prevents

the triggering of deep convection could be diminished

by the suppression of the convection in the ITCZ by

dry-air surges. Then horizontal advection (of dry air

here) may have a nonlocal impact on the transition

from shallow to deep convection over the equator and

on the MJO triggering.

Yet the moistening associated with shallow convection

can be one of the leading terms in the large-scalemoisture

budget over a few days in shallow cumulus regimes (e.g.,

16–17 October 2011, Fig. 11). In addition, because all

types of convection are present during any given MJO

phase (e.g., Riley et al. 2011; Zuluaga and Houze 2013;

Powell and Houze 2013; Barnes and Houze 2013; Xu and

Rutledge 2014), shallow convection may be a constant

moisture supply for the lower troposphere; by contrast,

large-scale advective tendencies can cancel out their ef-

fect on the scale of a few days. Thus, the relative role

played by shallow convection as a steady source in the

moisture budget can change depending on the considered

time scale. In addition to this local effect, shallow con-

vectionmay also have a remote effect through large-scale

advection. Figure 10a indeed suggests that part of the

humidification by shallow convection is transported away

by horizontal advection. At the R/V Mirai position,

shallow convection largely prevailed during the SOP

upwind of the MJO activity that was observed farther

north (Yoneyama et al. 2013; Johnson and Ciesielski

2013). These effects have yet to be quantified to fully

understand the role played by shallow convection in

phenomena such as the MJO. Recent studies indeed

suggested that shallow convection may be necessary to

properly simulate the MJO and its eastward propaga-

tion (e.g., Zhang and Song 2009; Cai et al. 2013).

Note that these conclusions are drawn from observa-

tions of the ITCZwhere aweakMJO signal was observed.

Therefore, one should be cautious when extending the

present conclusions to the MJO. In addition, the MJO

shows a great interevent variability that may partly

FIG. 11. Time series (g kg21 day21) of ERA-Interim horizontal (red) and vertical (blue)

advection terms averaged between 1- and 4-km heights and the moisture input by shallow

clouds (black circles) computed following Eq. (3) with the mean ›q/›tCloud between 1 and 4 km

and the ceilometer-derived convective cloud coverage for 6-h time steps. The moistening by

shallow convection is only evaluated for shallow convection situations. The total number of

convective echoes observed by the C-band radar is also reported (black bars; right vertical

axis). Large-scale tendencies for shallow convective situations are plotted as solid lines with

square markers, and all other situations are depicted as thin dashed lines.
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depend on the large-scale circulation (e.g., Bellenger and

Duvel 2012; Duvel et al. 2013). Johnson and Ciesielski

(2013) showed that preconditioning exhibited different

time scales for the first two CINDY/DYNAMO MJO

events that were observed during the SOP. This suggests

that the relative importance of the different processes

involved in themoisture buildupmay strongly vary from

one event to another. Detailed case studies of different

events should be performed to understand the variability

behind the average picture presented by Benedict and

Randall (2007). For instance, the shallow conditional in-

stability of the second kind (CISK) hypothesized by Wu

(2003), which would result in response to spatially orga-

nized shallow convection and congestus clouds,might have

an impact on the preconditioning time scale. The efficiency

of convection in moistening the troposphere may further

depend on large-scale environmental factors, such as the

sea surface temperature or the relative humidity, as al-

ready discussed. Such sensitivity is, however, not explored

here. In addition to MJO, we still have to determine the

role of convectionmoistening in phenomena for which the

coupling between dynamics and thermodynamics plays

a central role (e.g., the convectively coupledKelvinwaves)

or in the recovery of lower-tropospheric moisture after

a dry intrusion (e.g., Redelsperger et al. 2002).

Finally, the use of high-frequency moisture data from

HSRL on board R/V Mirai proved useful in monitoring

rapid moisture variations in the lowest few kilometers

of the atmosphere. However, it may be difficult to use

ground-based lidar to depict moisture variations above

4km where moistening associated with deeper congestus

may be important. In addition, it was not possible to sort

the clouds observed at the vessel location by their actual

vertical extension to precisely determine their de-

trainment profiles. To do so, the use of vertically pointing

cloud radar would certainly be of great interest. How-

ever, because of technical issues, the data from CINDY/

DYNAMO are not yet available. Additional observa-

tions are certainly necessary to gain confidence in the

evaluation of convection-related moisture variations and

to explore their sensitivity to the environment in which it

occurs. Such results would provide better insight into the

physics of complex phenomena that involve convection,

such as MJO or equatorial convectively coupled waves,

and would reduce climate projection uncertainties. The

results would also provide useful constraints for the val-

idation of large-eddy simulations, cloud-resolving

models, and convective parameterizations.
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