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ABSTRACT

Positive feedbacks between the cloud population and the environmental moisture field are central to

theoretical expositions on theMadden–Julian oscillation (MJO). This study investigates the statistical incidence

of positive moisture–convection feedbacks acrossmultiple space and time scales over the tropical IndianOcean.

This work uses vertically integrated moisture budget terms from the ECMWF interim reanalysis [ERA-Interim

(ERA-I)] in a framework proposed by Hannah et al. Positive moisture–convection feedbacks are primarily

a low-frequency, low-wavenumber phenomenon with significant spectral signatures in the 32–48-day time

scale. The efficacy of these feedbacks, however, is subject to horizontal moisture advection variations, whose

relative importance varies with scale. Wave-filtered Tropical Rainfall Measuring Mission (TRMM) satellite

precipitation is used to show that thesemoisture–convection feedbacks contribute more tomoisture increases

in the MJO than in other equatorial waves. A moving-window correlation analysis suggests that instances of

moisture–convection feedbacks are more frequent in drier conditions, when column water vapor (CWV) is

below its climatological mean value, with the implication that positive moisture–convection feedbacks shape

the mean CWV field by moistening drier air columns, but that they are less effective in moistening already

moist environments. Ground radar observations show that stratiform rain damps local CWV increases on

short time scales (,2 days) and therefore precludes positive moisture–convection feedbacks in high-CWV

environments. Vertical coherence structures from ERA-I confirm that relatively bottom-heavy cloud en-

sembles (i.e., peaks between 700 and 850 hPa) are more effective in inducing low-frequency positive

moisture–convection feedbacks than ensembles with other vertical structures. Low-frequency horizontal

advective drying damps moisture increases and is strongly coherent with upper-level rising motion.

1. Introduction

The interaction between convection and moisture has

been the subject of longstanding inquiries in tropical

meteorology (Neelin and Held 1987; Tompkins 2001;

Derbyshire et al. 2004; Sherwood et al. 2010). Ground

observations at time scales on the order of a few hours

show increases in environmental moisture preceding

deep convection and precipitation (Sobel et al. 2004;

Holloway and Neelin 2010; DePasquale et al. 2014).

Precipitation has small autocorrelation times, removing

environmental moisture in short spikes, but moist at-

mospheric convection often occurs in conjunction with

synoptic disturbances whose length and time scales

are larger than the size of the cloud ensemble under

consideration. The moisture convergence associated

with the large-scale flow can transport moisture into the

precipitating region and help offset the loss from pre-

cipitation. It is possible to conceive of a situation inwhich a

positive column moisture perturbation begets moist con-

vection, which leads to further increases in column mois-

ture, that is, a positive feedback between moisture and

convection. Such moisture–convection feedbacks can oc-

cur onmultiple time and space scales with implications for

convectively coupled phenomena in the tropics.

For instance, the Madden–Julian oscillation (MJO)

[see reviews inZhang (2005) andLau andWaliser (2012)]

is a low-frequency intraseasonal phenomenon without a

widely accepted mechanism for its observed properties.

Several theories of the MJO, however, suggest a role for

positive moisture–convection feedbacks. The ‘‘moisture

mode’’ theory considers the MJO to be a manifestation

of a destabilization of the column moisture field, usually

attributed to positive feedbacks between the moistureCorresponding author: Fiaz Ahmed, fiaz@ucla.edu
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and attendant convection (e.g., Raymond and Fuchs

2009; Sugiyama 2009; Sobel et al. 2001; Sobel and

Maloney 2012, 2013), though other sources such as

surface latent heat fluxes (Sobel and Maloney 2012;

Fuchs and Raymond 2017) or horizontal moisture ad-

vection (Adames and Kim 2016) are also invoked. The

discharge–recharge theory (Bladé and Hartmann 1993;

Kemball-Cook and Weare 2001; Benedict and Randall

2007) proposes that a slow buildup of moist static en-

ergy by the local cloud population gradually destabi-

lizes the environment and helps usher in the MJO

active phase. The skeleton model (Majda and Stechmann

2009) also invokes the positive feedback between a

low-level moisture anomaly and an envelope of synop-

tic activity, which subsumes the convection associated

with equatorial waves. A recent version of the frictional

convergence model of Wang and Rui (1990) also sug-

gests that feedbacks between moisture and precipitation

might explain the slow phase speed of the MJO (Wang

and Chen 2016).

There is no direct documented evidence for the exis-

tence of positive moisture–convection feedbacks from

observations, though circumstantial evidence can be

found in the form of a concurrent increase in column-

integrated moisture values within the MJO active phase

(Myers and Waliser 2003; Roundy and Frank 2004;

Yasunaga and Mapes 2012b). One of the primary mo-

tivations for this study therefore is to explore statistical

signals of positive moisture–convection feedbacks and

to assess the relevance of this mechanism for the MJO.

Any discussion of moisture–convection feedbacks can

be enriched by acknowledging the morphology of pre-

cipitating tropical convection as categorized into three

broad types: shallow convection, deep convection, and

stratiform, which constitute the mesoscale convective

system (MCS), the primary form of organized convec-

tion in the tropics (Houze 2004). The evolution of an

MCS is marked by a distinct transition from shallow

convective to deep convective to stratiform clouds.

MCSs serve as the apparent building blocks for the

MJO and other forms of tropical variability (Mapes

et al. 2006) and possess unique statistical relationships

with column water vapor (CWV). The observed rapid

pickup in precipitation with increasing CWV in the

tropics (Bretherton et al. 2004; Peters and Neelin 2006)

is dominated by an increase in stratiform rain area

(Ahmed and Schumacher 2015). Shallow and deep

convective clouds also exhibit a marked increase at

different values of CWV, with shallow convection

picking up at low values of CWV and deep convection at

higher values, although still slightly less than stratiform

clouds (Ahmed and Schumacher 2017). From this per-

spective, CWV can be viewed as a proxy for the strength

and degree of organization of convection that the envi-

ronment can sustain.

The effects of the different components of the cloud

population on CWV have been documented by a series

of modeling studies that separate the contribution from

various microphysical and diabatic heating terms to the

column moist static energy (MSE) under the weak

temperature gradient approximation (Chikira 2014;

Wolding and Maloney 2015; Janiga and Zhang 2016;

Wolding et al. 2016). These works, in concert with

observation-based studies (e.g., Del Genio et al. 2012;

Zermeno-Diaz et al. 2015), suggest that shallow con-

vective, congestus, and even deep convective clouds can

moisten the environment directly through cloud-top

detrainment or indirectly through their diabatic heat-

ing effects. Stratiform clouds, on the other hand, are

generally associated with an environment whose CWV

is decreasing, presumably as a result of the wind field

associated with stratiform clouds (i.e., midlevel con-

vergence leading to mesoscale downdrafts in the lower

troposphere; Zipser 1977; Houze 1997) that dries the

lower troposphere (Raymond et al. 2009) and moistens

the upper troposphere (Zelinka and Hartmann 2009).

The different effects of the convective and stratiform

components of the cloud population on CWV invoke

another question that we seek to answer: What environ-

mental conditions—and associated cloud ensembles—

aremore likely to support positivemoisture–convection

feedbacks than others?

The three tropical cloud types (shallow, deep, and

stratiform) also possess canonical vertical diabatic

heating and divergence modes. The use of the first

and second baroclinic modes as basis functions is ad-

equate to capture much of the variance in observed

diabatic heating profiles (Schumacher et al. 2004; Hagos

2010), highlighting the ubiquity of these cloud types.

Tropical synoptic-scale dynamics are also greatly influ-

enced by these two vertical modes, which shape the

structure and propagation characteristics of con-

vectively coupled waves in the tropics (Mapes 2000,

Majda and Shefter 2001, Khouider and Majda 2006;

Kuang 2008). The relevance of moisture–convection

feedbacks to these synoptic waves will also be assessed

in this study.

Hannah et al. (2016, hereafter HME16) introduced a

measure called the Lagrangian CWV tendency (LCT),

which they computed as the residual between column-

integrated vertical moisture advection and precipitation

in the column. They showed that LCT, when condi-

tionally averaged by CWV values, increased with in-

creasing CWV, which they interpreted as evidence of

the existence of positive moisture–convection feedbacks

in observations. In this paper we build on HME16 and
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use LCT to further explore the imprints of these feed-

backs. We specifically ask the follow questions:

(i) Can we find statistically convincing evidence for posi-

tive moisture–convection feedbacks in observations?

What is the relevance of such evidence for the MJO?

(ii) What environments and cloud types favor these

positive feedbacks?

To answer these questions, we employ moisture

budget analysis, which has been extensively used in the

recent past to probe the phenomenological aspects of

the MJO (Kiranmayi and Maloney 2011; Andersen and

Kuang 2012; Sobel et al. 2014). We focus on the tropical

Indian Ocean, a region of special significance to MJO

initiation and the site of extensive observations collected

during the Dynamics of the Madden–Julian Oscillation

(DYNAMO) field campaign (Yoneyama et al. 2013).

2. Data and methods

a. Data

The primary data source for this study is the

ERA-Interim (ERA-I) (Dee et al. 2011) dataset (http://

apps.ecmwf.int/datasets/data/interim-full-daily/levtype=pl/)

produced by the European Centre for Medium-Range

Weather Forecasts (ECMWF). Moisture, wind, and evap-

oration terms were all obtained fromERA-I at a horizontal

resolution of 0.258 and a 6-hourly time scale for a period

of 18 years (1997–2014). The spatial scales of analysis in-

clude a radar-sized domain (1.758S–0.758N, 71.258–74.258E)
roughly coincident with the range of the scanning precipi-

tation radars stationed on Gan Island/Addu Atoll during

DYNAMO, a sounding array-sized domain (1.758S–5.58N,
71.258–82.58E) taken to match the size of the northern

sounding array during DYNAMO, and a basin-sized do-

main (108S–108N, 658–958E) taken to include the entirety of
the MJO’s CWV anomaly during an active phase in the

central Indian Ocean. These domains are shown in Fig. 1.

Observations from Gan Island during DYNAMO are

utilized in the latter portion of this study. Hourly averaged

precipitation and 10-dBZ echo-top heights were obtained

from the Shared Mobile Atmospheric Research and

Teaching Radar (SMART-R) (DePasquale et al. 2014).

The SMART-R near-surface reflectivity values were used

to separate these quantities into convective and stratiform

regions using an algorithmbased on horizontal peakedness

(Steiner et al. 1995). Concurrent measurements of mois-

ture fromGan Island were obtained from the mergesonde

product available on the ARM archive (https://www.arm.

gov/data/vaps/mergesonde). These hourly averaged values

of precipitation andmoisture are available from 2October

2011 to 9 February 2012. Our other source of observations

from Gan is the objective analysis of large-scale forcing

data, which is the output from a single-column model

FIG. 1. The three different domain sizes used in this study:A—radar-sized domain, B—array-

sized domain, and C—basin-sized domain. The contours are the regressed CWV values

(mmmm21 h21) with MJO-filtered precipitation anomalies in the equatorial Indian Ocean

(28N–28S, 708–758E); the contours are stippled to show the 95% significance level. The CWV

values are ERA-I data between 2011 and 2013; the MJO-filtered anomalies are from the

TRMM 3B42 dataset. Note that the units can be interpreted as the CWV anomalies (mm)

associated with a 1 mm h21 MJO-filtered rainfall anomaly averaged over the 28N–28S,
708–758E region.
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whose mass, momentum, and moisture budgets are

constrained using precipitation and sounding observa-

tions from Gan and 3-hourly ECMWF analyses. The

domain size of the variational analysis dataset is roughly

the size of the radar-sized domain described above. The

methodology used to obtain this data is describedmore in

detail in Zhang and Lin (1997) and Zhang et al. (2001).

Tropical Rainfall Measuring Mission (TRMM) Multi-

satellite Precipitation Analysis (TMPA) (TRMM 3B42

product; Huffman et al. 2007; https://mirador.gsfc.nasa.gov)

was filtered for tropical intraseasonal waves (Wheeler and

Kiladis 1999). The rain product, originally on a 3-hourly,

0.258 grid was interpolated onto a 6-hourly, 18 grid before

thewavefilterswere applied, as in Schreck et al. (2011). The

filtered waves included the MJO (eastward wavenumbers

0–9 and a frequency of 20–100 days), the Kelvin wave

(eastward wavenumbers 1–14, a frequency of 2.5–17 days,

and equivalent depths of 5–90m), themixedRossby–gravity

wave (MRG; westward wavenumbers 1–10, a frequency

of 3–96 days, and equivalent depths of 8–90m), and the

n5 1 westward-propagating inertio-gravity waves (WIG;

westward wavenumbers 1–15, frequency of 1.25–3 days,

and equivalent depths of 12–90m). Three years (2011–13)

of this product were used to discern the influence on the

moisture budget terms using regression analysis. An ex-

ample is shown inFig. 1,where thebackgroundcontours are

daily-averaged CWV anomalies from ERA-I regressed

with the daily-averagedMJO-filtered precipitation over the

equatorial Indian Ocean (28N–28S, 708–758E) for the 3-yr

time period mentioned above. As anticipated, the column-

moisture anomalies associated with the MJO span a con-

siderable part of the equatorial Indian Ocean basin.

b. The moisture budget

The energetics of the MJO can be discerned using

column-integrated MSE (e.g., Kiranmayi and Maloney

2011; Sobel et al. 2014; Inoue and Back 2015). However,

CWV is central to the theories of transition to strong con-

vection (Peters and Neelin 2006; Neelin et al. 2009) and to

interpretations of the MJO as a moisture mode (Sobel and

Maloney 2013; Adames and Kim 2016), and it is our vari-

able of interest.We partition themoisture budget using the

framework proposed by HME16 in which the Eulerian

tendency of CWV is grouped with the column-integrated

horizontal advection (HADV) to yield the LCT,

�
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. (1)

Angle brackets denote vertical integration from 1000

to 100 hPa. LCT as defined here includes moistening

tendencies resulting from surface evaporation and the

difference between the column-integrated vertical ad-

vection of moisture and precipitation. As explained in

HME16, the use of LCT to study the moisture budget

mitigates the problem of bearing the uncertainties

associated with vertical velocity estimation and pre-

cipitation measurements. These uncertainties are prob-

lematic because LCT is the difference between two

terms that are large inmagnitude and opposite in sign. A

direct calculation will therefore yield a quantity whose

sign is highly sensitive to the errors in the parent terms.

This indirect estimation extracts a single variable that

represents the moistening and drying processes in the

column, subject to the smaller uncertainties associated

with the Eulerian tendency and advection terms.

When surface evaporation is removed from LCT, the

remnant quantity is the difference between the column-

integrated vertical advection and precipitation, which

we name LCTE. This term, similar to LCT, is indirectly

estimated from the column-integrated Eulerian ten-

dency, horizontal advection, and surface evaporation

terms from ERA-I,

�
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›t

�
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h
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h
qi2E5 2
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v
›q

›p

�
2P|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

LCTE

. (2)

The removal of evaporation from LCT leaves only the

difference between vertical advection of moisture and

precipitation. For our purposes, LCTE is equivalent to

the ‘‘column process’’ term (Chikira 2014; Wolding and

Maloney 2015; Janiga and Zhang 2016; Wolding et al.

2016). LCTE subsumes the effects of the dynamic–

thermodynamic cloud complex, which includes micro-

physical, turbulent, and radiative processes acting in the

vertical, intertwined with circulation changes moving

mass into or out of the column. The magnitude and sign

of LCTE correspond to the amount of cloud-mediated

moistening or drying. The indirect computation of LCTE

will include the large residual term in the MSE budget

reported in Kiranmayi and Maloney (2011), who spec-

ulated that the residual represented a moistening source

possibly related to shallow convection. If this is indeed

the case, then it would be appropriate to group the re-

sidual under LCTE; if not, then the existence of the re-

sidual will act as a caveat on the results of this study.

Note that HME16 also used LCTE in their analysis on

the possible feedbacks with CWV, which we build upon

in this study.

If positive moisture–convection feedbacks are active in

reality, then positive perturbations in LCTE should co-

occur with positive perturbations in CWV. We therefore

utilize LCTE to look for signatures of positive moisture–

convection feedbacks in the ERA-I dataset. Note that

1998 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 75

https://mirador.gsfc.nasa.gov


other modes of moisture destabilization, through either

surface evaporation or horizontal advection, if relevant,

should also exhibit spectral signatures. We therefore

proceed by first constructing the moisture budget from

ERA-I.

c. Validating ERA-I

Figure 2 compares the moisture budget terms from

ERA-I averaged over the radar-sized domain (Fig. 2a)

with the corresponding terms from the variational

analysis (Fig. 2b) for a 3-month time period during the

DYNAMO field campaign. The active MJO dates

(shaded) were defined as days with anomalously positive

MJO-filtered precipitation as obtained from TRMM

3B42. The budget terms fromERA-I and the variational

analysis show good correspondence with the moistening

tendency (dCWV/dt; blue) and surface evaporation

(EVAP 5 E; green) terms. There are some differences

in the column-integrated HADV (52h=h � Vhi; yellow)
terms, which consequently lead to differences in the

LCTE (magenta) terms, particularly in the last week of

December. The variational analysis moisture budget

does not have a large residual, as the moisture budget is

adjusted to minimize spurious residuals (Zhang et al.

2001). This difference in the partitioning of the moisture

source is a possible source of the discrepancies observed

between the two datasets.

Overall, the trends observed in other moisture budget

analyses fromDYNAMO(Sobel et al. 2014; Ruppert and

Johnson 2015; HME16) are confirmed in Fig. 2. The ac-

tive phase of the MJO is marked by periods of high (time

filtered) CWV values (black lines .55mm), which mo-

tivates the examination of the mechanisms that lead to

and maintain this increase. The MJO events have pre-

ceding moistening sources attributable to HADV and/or

LCTE. There is a marked increase in EVAP during the

November MJO event (between 20 and 29 November),

which corresponds to signals of air–sea coupling reported

for this event (Fu et al. 2015). Strong advective drying,

presumably associated with the meridional transport of

dry subtropical air by the off-equatorial cyclonic gyres

(Kerns and Chen 2014), ushers in the demise of the

November and December MJO events, seen as sharp

CWV decreases.

FIG. 2. Comparison of themoisture budget terms from (a) theERA-I radar-sized domain and

(b) a variational analysis dataset centered over Gan Island during the DYNAMO time period

(2 Oct–31Dec 2011). The CWVvalue is indicated (black line; left-hand-side axis); themoisture

budget terms are also indicated (colored lines; right-hand-side axis). The threeMJO events are

marked as well (gray shading). All terms are smoothed with a 7-day boxcar filter.
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The role of EVAP as a strong, constant background

source to the CWV is highlighted in Fig. 3, which pres-

ents the PDFs of LCTE, HADV, EVAP, and CWV

tendency for the three domain sizes shown in Fig. 1.

LCTE and HADV are more variable (larger PDF

widths) than EVAP, suggesting that these terms fluctu-

ate—with smaller autocorrelation times—in the back-

drop of persistent surface evaporation. In addition,

LCTE and HADV indicate only a few instances of

an absolute moistening contribution to the CWV ten-

dency, which itself is centered on zero moistening. The

widths of the PDFs for all four terms are larger over

the smaller domain (Fig. 3a) and tend to narrow with

spatial averaging (Figs. 3b,c). The CWV tendency vari-

ance is the sum of the variances in the source terms—

LCTE, HADV, and EVAP—in addition to the pairwise

covariance between each of the source terms. The

variability in CWV tendency is largely driven by vari-

ability in LCTE and HADV, though the relative con-

tribution to the variability in CWV tendency from

EVAP increases as the domain size increases.

3. Spectral analysis

In this section we present the results of Fourier

spectral analysis on the moisture budget terms from the

18-yr time series over the three domains in Fig. 1. The

spatially averaged time series of each budget term in

each domain was subject to the conventional pre-

processing techniques used in past studies (e.g., Wheeler

and Kiladis 1999; Hendon and Wheeler 2008; Yasunaga

and Mapes 2012b). The 6-hourly data were daily aver-

aged, and the annual mean and the first three harmonics

of the annual cycle were removed from the dataset. The

time series was then divided into 96-day segments with

30 overlapping days. Each segment was tapered using a

Hann window and then Fourier transformed to obtain

the power spectrum. The power spectra of all segments

were averaged to produce a representative spectrum for

the entire time series on the intraseasonal time scale.

The averaged power spectrum is then smoothed using a

1–2–1 filter to increase the degrees of freedom, which

can then be computed as 2 (amplitude and phase) 3
18 (years)3 365 (days)3 3 (smoothing by a 1–2–1 filter)/

96 (days per segment) ; 410.

Figure 4 presents the LCTE power spectra for the

three different areal averages. The dashed and dotted–

dashed lines are the 99% and the 95% significance

levels, respectively, and were computed using the F test

for statistical significance of the spectral peak above

an assumed red noise background with the same degrees

of freedom. The spectral power has also been normal-

ized by the magnitude of the Hann window. LCTE dis-

plays significant spectral peaks, the first of which is

prominent around 32–48 days. There are also bands of

spectral peaks around 2 and 4 days. The low-frequency

(32–48 days) peaks strengthen and the high-frequency

(2 days) peaks weaken with larger averaging domains.

Since the domains considered here are in the deep

tropics (,108 about the equator), equatorial Rossby

waves are not expected to contribute strongly to the

low-frequency signal LCTE in Fig. 4. We can therefore

conjecture that the signals in Fig. 4 correspond to the

low-wavenumber MJO and the high-wavenumber in-

ertio-gravity wave (Takayabu 1994; Takayabu et al.

1996; Haertel and Kiladis 2004), respectively. Inertio-

gravity waves in the equatorial regions are mostly

westward propagating (Liu et al. 2011).

The 4-day spectral peaks could correspond to Kelvin

waves or MRGs. Decomposing the LCTE signals in the

basin-sized domain into symmetric and antisymmetric

signals shows more prominent spectral peaks in this

frequency band in the antisymmetric component (not

shown). This suggests that they are likely MRGs, even

though Kelvin waves do have a strong HADV compo-

nent (see section 4).

FIG. 3. The probability distribution functions of LCTE, HADV, EVAP, and CWV tendency for (a) radar-, (b) array-, and (c) basin-sized

domains; 0mm day21 is marked (vertical dashed line).

2000 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 75



Figure 4 demonstrates that LCTE fluctuates on the

time scale of at least two prominent tropical modes of

variability and confirms that the MJO and the WIG,

both with prominent spectral signatures associated with

convection (Wheeler and Kiladis 1999), strongly mod-

ulate the column process. While moisture convergence

and precipitation can be individually expected to vary

on these time scales, there is no a priori reason for the

residual term (plus errors) to vary on the same time

scales. Since LCTE is inferred from the rest of the terms

of the moisture budget [Eq. (1)], it is instructive to

examine the spectral properties of the other terms on

all three domains (see Fig. A1 in the appendix). Some

of the spectral peaks in Fig. 4 have counterparts in

the other terms of the moisture budget, but the 48-

and 2-day peaks do not, suggesting that these peaks

are unique to the moist processes in the column.

When analyzing two time series, the magnitude of the

coherence-squared (coh2) statistic is useful in discerning

the strength of the linear relationship as a function of

frequency. The coh2 statistic between two time series,

x(t) and y(t), is defined as

coh2 (v)5
jF

xy
(v)j2

F
xx
(v)F

yy
(v)

, (3)

where v is the frequency; and Fxy (v)5Fx (v)Fy*(v), the

cross-spectrum between x(t) and y(t), is a product of

the Fourier transform F and the complex conjugate of

the Fourier transform F*. Note that the denominator

in Eq. (3) is the product of the power spectra of x(t)

and y(t). The overbar indicates averaging over all the

96-day subensembles of the 18-yr time series, followed

by 1–2–1 smoothing. The phase angle in radians is the

argument of the complex quantity Fxy (v).

We identify spectral signatures of moisture–convection

feedbacks as peak coh2 values between LCTE and CWV

with an in-phase relationship signifying a positive feedback.

The left column in Fig. 5 shows the coh2 betweenCWVand

the two source terms, LCTE andHADV. The right column

of Fig. 5 shows the corresponding phase information.

In all three domains, there are coh2 peaks at low

frequencies (32–96 days) with maximum coherence at

48 days, and coh2 increases from less than;0.4 to;0.55

as the domain size increases (Figs. 5a,c,e). LCTE leads

CWV by about 208 (;2 days) at the low-frequency time

scale (Figs. 5b,d,f), with the small angle signifying that

these terms are nearly in phase. This is construed as

evidence of the presence of strong positive moisture–

convection feedbacks that significantly peak at the MJO

time scale. HADV has large coh2 (.0.5) with CWV at

the same time scale coincident with a;1308–1408 phase
angle. This suggests that decreases in HADV lag in-

crease in CWVby 408–508 at this time scale. The physical

interpretation is that at low frequencies, decreases in

HADV act to damp increases in CWV. This relationship

between HADV and CWV would be consistent with

the role of the advective drying process in the demise of

MJO events. The large coh2 values between HADV and

LCTE indicate that moistening on the low-frequency

time scale is still subject to variations in HADV, with

Fig. 5e indicating that about half of the moistening and

drying variations in the CWVon the low-frequency time

scale are associated with moisture–convection feed-

backs, while the other half are explained by HADV.

Figure 5 also shows that while coh2 between LCTE

and CWV is highest for the 48-day time scale, frequen-

cies beyond 0.1 cycles per day (cpd) have reduced coh2

values (roughly half of coh2 at the low-frequency time

scale), though there are patches of even smaller coh2 at

the very highest frequencies (.0.45). The value of coh2

betweenHADVandCWV, on the other hand, generally

increases away from the low-frequency time scale, re-

maining large (.0.4) for synoptic time scales (3–10 days)

in all three domains (Figs. 5a,c,e). Synoptic-scale fluc-

tuations in CWV are therefore largely controlled by

FIG. 4. The power spectra for daily-averaged LCTE data spatially averaged over (a) radar-, (b) array-, and (c) basin-sized domains. The

data are from 18 years (1997–2014) of ERA-I. The red noise curve (solid black) is computed from the autocorrelation time of the data. The

95% (dotted–dashed) and 99% (dashed) significance levels are computed from an F test. The significant peaks near the low- and high-

frequency ranges are highlighted (blue lines).
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HADV. The phase angles for both HADV and LCTE

with CWV converge toward 908 as the frequency in-

creases (Figs. 5b,d,f), with the rate of convergence

fastest in the largest domain size. This suggests that at

the higher frequencies, HADV and LCTE contribute

more to the propagation of CWV variations (the quad-

rature component) than their maintenance (the in-phase

component).

The contribution of LCTE (HADV) increases (de-

creases) with the size of the domain (cf. Figs. 5c,e) for

all frequencies, suggesting that scaling involving the

magnitude of the horizontal velocity and domain size

might control the respective contributions of HADV

and LCTE to CWV variations. It is notable that at high

frequencies (.0.4 cpd), the coh2 values of both LCTE

and HADV reduce considerably. This might be because

of increased noise in the moisture budget and CWV

terms at these frequencies, such that only a small part of

the spectral covariance between two noisy terms ex-

plains the total variance in each. Overall, Fig. 5 suggests

that positive moisture–convection feedbacks show sta-

tistically significant signals over the tropical Indian

Ocean on the low-frequency time scales, with stronger

signals on larger domains.

4. Wave-filtered moisture budget

Given the evidence for the role of positive moisture–

convection feedbacks on low-frequency time scales from

reanalysis data, we now ask if these feedbacks are as-

sociated with a particular wave type. The analysis in this

section is similar to that from Inoue and Back (2015, see

their Fig. 2) but for wavenumber-filtered anomalies in

addition to frequency-filtered anomalies. We use the

TRMM 3B42 dataset filtered for the wavenumber and

frequency of tropical waves commonly found over the

FIG. 5. (a),(c),(e) The coh2 statistic between CWV and the two terms of the moisture budget: LCTE (magenta

bars) and HADV (orange dots). (b),(d),(f) The corresponding phase difference for different domains: (a),(b) radar-,

(c),(d) array-, and (e),(f) basin-sized domains. The moisture budget terms are from ERA-I for an 18-yr time period

(1997–2014). The 908 phase angle is indicated in (b), (d), and (f) (dashed line).
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equatorial Indian Ocean: the MJO, Kelvin wave, WIG,

and MRG. The wave-filtered precipitation is then re-

gressed against each term of the moisture budget aver-

aged over the basin-sized domain and the resulting

lagged regression coefficients are presented in Fig. 6.

The lag-regressed CWV signals are also shown in black.

The broad patterns observed in Fig. 5 are confirmed in

Fig. 6. The high-frequency WIG (Fig. 6a) has a CWV

tendency (blue) nearly in phase with LCTE (magenta).

The magnitudes of the HADV variations (peak values

;0.07) are smaller than the LCTE variations (peak values

;0.18), with CWV (black) and EVAP (green) showing

even smaller variations. For MRG, HADV (LCTE) is

nearly in phase with (lags) CWV tendency anomalies

(Fig. 6b). The magnitudes of the variations in CWV

tendency are comparable to HADV (;0.15), with LCTE

(0.04) and EVAP (0.03) serving only as minor contribu-

tors to the CWV tendency. These differences between

MRG andWIG—particularly in their HADV and LCTE

terms—underscore the rotational and divergent categori-

zation of equatorial waves (Yasunaga andMapes 2012a,b);

the major HADV variations in the MRG are presumably

meridional in origin. For the high-frequency MRG,

HADV is more coherent with CWV tendency than LCTE,

in contrast to the gross statistics for the high-frequency

range in Fig. 5e, implying that the spectral properties of

HADV and LCTE can vary with the wave type being

studied. Figure 6 also confirms the increasing impact of

HADV in the moisture budget with lengthening time

scales, as demonstrated by Inoue and Back (2015). Given

the differences betweenMRG andWIG, however, we will

cautiously conclude that the impact ofHADV is both scale

and phenomena dependent.

Themoisture budget of theKelvinwave (Fig. 6c) shows a

phase separation between HADV, CWV tendency, and

LCTE, with HADV slightly leading and LCTE slightly

lagging the CWV tendency. The EVAP variation (0.03) is

still smaller than the other terms, but the variations in

HADV (0.09) and LCTE (0.16) are more comparable.

Even though theKelvinwave is traditionally thought of as a

more divergent wave—as seen in its strong LCTE peak—

Fig. 6c suggests that HADVmight also have a role to play

in Kelvin wave dynamics. One straightforward explanation

for the role of HADV in Kelvin wave dynamics is that

strong advective moistening in the equatorial region could

bring about widespread convection, which in turn can

excite Kelvin waves through equatorial wave dynamics

(Gill 1980). It is also possible that the HADV signature in

Kelvin waves is a reflection of the nonlinear interactions

betweendifferentwave types or an artifact of imperfections

in the wave filter. The interaction between HADV and

Kelvin wave dynamics merits future investigation, but it is

beyond the scope of this study.

The Kelvin wave CWV perturbation (about

0.25mmmm21 day21 of filtered rainfall anomaly) is

much larger than the perturbations in either WIG or

FIG. 6. ERA-I moisture budget terms regressed against TRMM 3B42 filtered precipitation anomalies, averaged

over the basin-sized domain. The regression coefficients are presented for four different tropical waves: (a) WIG,

(b) MRG, (c) Kelvin wave, and (d) MJO. The CWV (solid black; mmmm21 day21; right axis) and the other source

terms (colored curves; unitless; left axis) are indicated. The CWV units signify the scale of the response associated

with a 1mm day21 wave-filtered rainfall anomaly.
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the MRG. LCTE and CWV are also more in phase, but

the LCTE anomalies seem to decrease faster than CWV

anomalies can increase, precluding positive moisture–

convection feedbacks. The reason for this LCTE–CWV

relationship is probably attributable to Kelvin wave dy-

namics: the passage of the negative phase of the Kelvin

wave with subsiding motions can show up as a rapid de-

crease in LCTE. It is also possible that the extensive

stratiform rain that occurs in the cold phase of the wave

(Mapes 2000; Straub and Kiladis 2003) may also con-

tribute to this premature decrease in LCTE. To ensure

that the Kelvin wave filter did not also include the signals

of the n 5 0 eastward-propagating inertio-gravity wave,

we used only equatorially symmetric signals in the basin-

sized domain to reconstruct Fig. 6c. This exercise did not

show any noticeable difference (not shown).

Themoisture budget of theMJO (Fig. 6d) shows some

well-known properties reported in other budget studies.

HADV has an appreciable in-phase component with

CWV tendency—indicative of propagation—while

LCTE lags the CWV tendency. The perturbation values

of HADV (0.2) and LCTE (0.13) are also sizeable.

More relevant to the thesis of this study, LCTE and

CWV are now nearly in phase, with CWV perturba-

tions closer to 1mmmm21 day21, an order of magnitude

larger than the corresponding perturbations in the

Kelvin wave, without even considering magnitude dif-

ferences in their filtered rainfall anomalies. Therefore,

Fig. 6d confirms that the low-frequency coh2 peaks in

Fig. 5 are associated with the MJO. EVAP again shows

only negligible variations (0.05), though they are slightly

higher than the corresponding variations in the WIGs,

MRGs, and Kelvin waves. The differences in the CWV

perturbations associated with the MJO and the Kelvin

wave suggest a possible way to diagnose robust differ-

ences between the two wave types, which may not

always be clearly distinguished (Roundy 2008).

A similar regression analysis as in Fig. 6 for equatorial

Rossby waves yielded a weaker moisture budget signal

with smaller regression coefficients (not shown), sug-

gesting that moisture–convection feedbacks are more

important to MJO CWV dynamics than those of the

other convectively coupled equatorial waves.

Figures 5 and 6 together suggest that increases in

LCTE drive increases in CWV. On short time scales,

LCTE increases lead CWV increases. However, the

CWV response time is too long when compared to the

time scale of LCTE variation, such that the LCTE neg-

ative phase damps increases in CWV. On longer time

scales—with the CWV response time shorter than

the LCTE time scale—increases in LCTE appear to be

augmented by increases in CWV. The CWV response

time to increases in LCTE might therefore help explain

the time-scale dependence of moisture–convection feed-

backs. It is worth noting that this mechanism is similar

to that of moist convective damping (Emanuel et al.

1994; Yu and Neelin 1994), which explains how a finite

convective adjustment time scale can selectively damp

high-frequency disturbances.

5. The role of the cloud population

a. Moving correlation analysis

The reconstruction of the moisture budget terms from

TRMM for specific wave types in Fig. 6 corroborates

the patterns seen from the spectral analysis in Fig. 5.

Moisture–convective feedbacks play an important role

in moistening during the MJO, but the conditions that

mediate these feedbacks still require study. This section

is an investigation into the role of the environment in

facilitating these moisture–convection feedbacks. The

grid-scale CWV is a proxy for buoyancy over the trop-

ical oceans (Holloway and Neelin 2009; Schiro et al.

2016) and consequently an indicator of the stages of the

cloud ensemble life cycle (Masunaga 2012; Ahmed and

Schumacher 2015, 2017). The weak tropospheric tem-

perature fluctuations in the tropics (Sobel et al. 2001)

leave CWV as the primary thermodynamic variable

controlling moist processes in the tropics. We therefore

ask what CWV values are able to support moisture–

convection feedbacks from which we deduce the role of

the cloud population.

For this analysis we use a moving correlation analysis

between LCTE and CWV on different domains—radar,

array, and basin sized. Time intervals with moisture–

convection feedbacks are identified by high correlation

coefficients between LCTE and CWV. An additional

constraint of a positive mean CWV tendency during the

window signifies moisture–convection feedbacks that

resulted in net moistening.

We first briefly elaborate on the method of moving

correlation analysis and associated caveats before pre-

senting the results. Moving correlation analysis has been

used in studies analyzing interannual variations in the

relationship between two climate signals (Gershunov

et al. 2001; Slonosky et al. 2001; Polyakova et al. 2006).

However, there exists the danger of overinterpreting the

values of correlation coefficients computed this way,

since any two stochastically varying time series with an

overall correlation will exhibit periods of large correla-

tion (e.g., Gershunov et al. 2001). To estimate the sig-

nificance of themoving correlation coefficient within the

sliding window, we utilized a Monte Carlo simulation.

We generated 5000 pairs of white noise time series with

the caveat that the overall correlation coefficient be-

tween these synthetically generated pairs was the same
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as that between the two time series being analyzed. The

6-hourly time series were subject to a sliding window

with a length of 51 time steps (;12 days) in which

the Pearson’s correlation coefficient was computed. The

maximum values of the 99th percentile of the absolute

values of the correlation coefficient between the pairs of

synthetic time series were between 0.53 and 0.58 for

each of the domains. These values were used to discern

windows with a significant correlation between LCTE

and CWV. An additional constraint of a positive mean

CWV tendency during the window was also imposed to

identify only moistening periods.

These points were then used to generate population

statistics for the three domain sizes (Fig. 7), where the

conditional PDF of the CWV values during periods of

enhanced association betweenCWVand LCTE is shown

using red curves. The green curves are the PDFs of the

overall CWV values. The CWV PDF in each domain

shows a distinct peak in the distribution. This peak in the

CWV distribution separates a long tail for drier values,

which is shaped by slow moistening, and a short tail for

moister values, which is shaped by rapid drying at the

onset of strong precipitation (Neelin et al. 2009).Wewill

hereafter refer to this peak as the climatological mean of

the CWV distribution, or the modal value of CWV (in

the sense of the most frequent value).

The blue stars indicate the percentage of the total

samples in each bin that show a period of enhanced cor-

relation between LCTE and CWV and have positive

mean CWV tendency. The underlying distributions used

to construct each of the two PDFs in each panel of Fig. 7

were different at the 99% significance level, as computed

using a two-sample Kolmogorov–Smirnov test.

The incidence of moisture–convection feedbacks—

indicated by the blue stars in Fig. 7—decreases with

increasing CWV, with few instances above the climato-

logical mean of the CWV distribution, in all three domains.

The decrease in moisture–convection feedbacks at

high CWV values can also be seen from Figs. 10 and 11

of HME16, where their LCT (and LCTE) values do not

change substantially with CWV at high CWV values. Since

CWV is tied to cloudmorphology, it appears that the cloud

population at low CWV values is more effective in moist-

ening the column. This implies that the climatological mean

in the CWVPDF is shaped, at least partly, by themoisture–

convection feedbacks in drier environments. In otherwords,

the long tail in the climatological CWV PDF is attributable

to themoistening effect of the cloud population.

b. Cloud-top height composites from DYNAMO and
the slow shallow-to-deep transition

Thus far, it appears that positive moisture–convection

feedbacks are prominent at the low-frequency time

scale, in slightly tomoderately moist environments. Since

these processes are linked to the cloud ensemble, we ask

the following question: What is the morphology of the

cloud ensemble that supports these feedbacks in low to

moderately moist environments? To answer this question,

we take advantage of the concurrent cloud and humidity

measurements collected during DYNAMO. Figure 8

shows the PDF of the SMART-R hourly 10-dBZ con-

vective echo-top height binned by mergesonde ARM

water vapor values for a 4-month time period. Figure 8a

shows that CWV values below the climatological mean

on the radar-scale domain are predominantly associ-

ated with shallow and congestus clouds. There appear

FIG. 7. The probability distribution function of two distributions:

a population that represents CWV values from periods with posi-

tive correlation between CWV and LCTE and the mean moistening

tendency (red) and the totalCWVpopulation (green;mode is indicated

by the dashed line) for (a) radar-, (b) array-, and (c) basin-sized

domains. The percentage of points in each CWV bin that are found

in an environment with positive moisture–convection feedbacks is

also shown (blue stars; right axis). These periods are identified using

a moving correlation analysis (see text for details).

JUNE 2018 AHMED AND SCHUMACHER 2005



to be two thresholds in relation to cloud type: one be-

tween 35 and 40mm that controls the transition from

shallow convective clouds (echo tops ,4 km) to con-

gestus clouds (echo tops between 4 and 6km), and the

other between 45 and 50mm that controls the transition

between congestus and deep convective clouds (echo

tops .6km). This stepwise transition in the convective

cloud height was also reported by other observational

studies (Del Genio et al. 2012; Johnson and Ciesielski

2013; Powell and Houze 2013). Figure 8b stresses the role

of the lower-tropospheric water vapor (850–600hPa) that

controls the transition fromshallow convective to congestus

clouds. An increase of 2mmof water vapor (i.e., from 12 to

14mm) in this layer results in a sharp change in the mean

cloud-top height distribution of the ensemble. This layer

does not affect the congestus-to-deep-convective transition.

What is the approximate time scale associated with

the CWV changes in Fig. 8? A moistening tendency of

1mmday21 (around the 60th percentile of CWV tendency

over the radar-sized domain) yields an estimate of 15 days

for the increase in CWV values from 40 to 55 mm—about

half the time period of a 30-day intraseasonal oscillation.

Overall, we can infer from Figs. 7 and 8 that the

moisture–convection feedbacks that moisten the atmo-

sphere are associated with shallow, congestus, and deep

convective cloud populations. The moisture–convection

mechanism leading to column moistening thus appears

to be a manifestation of the gradual transition from

shallow to deep convection, at least on the radar-scale

domain. Beyond a CWV value of ;50mm, there is a

rapid pickup in the stratiform precipitation [see Figs. 1

and 2 in Ahmed and Schumacher (2015)]. As stated in

the previous section, this gradual shallow-to-deep tran-

sition on time scales on the order of 10 days (the window

used for moving correlation analysis) could help main-

tain the mean CWV field in the tropics.

c. Factors inhibiting moisture–convection feedbacks
in moist environments

What causes the decrease in the incidence of moisture–

convection feedbacks in humid environments above the

climatological-mean CWV value? DYNAMO observa-

tions give us a way to the answer, albeit at short time

scales. Figure 9 displays the relationship between LCTE

and CWV in the presence of heavy stratiform rain (which

occurs at high CWV values; Ahmed and Schumacher

2015). Figure 9a shows the 3-hourly LCTE values ob-

tained from the DYNAMO variational analysis binned

against 3-hourly values of stratiform rain fraction ob-

tained from SMART-R. A stratiform rain threshold of

2.4mm day21 was used to identify these points to ensure

at least moderately raining 3-h periods. Figure 9a shows

that large negative values of LCTE are associated with

higher stratiform rain fractions. The two quantities have

an overall Spearman’s rank correlation of 20.4, indicative

of moderate negative correlation. A similar effect of the

stratiform clouds on the environment can be observed

in HME16 (their Fig. 19).

Therefore, even though widespread stratiform rain is

found in environments of high CWV, these clouds will not

feed back positively onto the CWV field. To make this

clearer, we composited the different terms of the moisture

budget and the 10-dBZ convective echo-top height pop-

ulation around peak stratiform rain (.6mm day21).

Figure 9b shows the distribution of the echo-top height

conditioned on time around the peak stratiform rain. Peak

stratiform rain is preceded by a transition in the convective

cloud population, with an increased frequency of shallow

clouds 10h prior and a transition through congestus to deep

convective clouds by peak hour displaying the canonical

‘‘tilted’’ vertical structure of convective clouds. There is a

sharp decrease in the convective cloud population beyond

FIG. 8. The relationship between cloud population and CWV as seen from 10-dBZ convective echo-height

distribution conditioned on (a) CWV and (b) water vapor integrated between 600 and 850 hPa. The mean of the

distribution in each bin is indicated (black line). The echo-top-height histograms are computed at 3-hourly intervals

from SMART-R data from 2 Oct 2011 to 9 Feb 2012. The CWV values are obtained from the ARM mergesonde

product for the same time period.

2006 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 75



hour 0. Figure 9b when contrasted with Fig. 8 underscores

the point that the shallow-to-deep transition can occur

on different time scales. This difference in time scales of

shallow-to-deep transition can be attributed to the dif-

ferences in the time scales of the appropriate external

forcing, as in the stretched building-block framework

(Mapes et al. 2006). It is possible that preconditioning by

shallow and congestus clouds may not be a factor on short

time and small space scales as shown in some previous

studies (Hohenegger and Stevens 2013; Kumar et al.

2014), but it could be important on longer and larger

scales (Lappen and Schumacher 2014; Powell 2016).

Figure 9c shows a double peak in LCTE (magenta).

The first peak occurs ;15 h prior to peak stratiform

rain and is associated with a prominent diurnal cycle in

LCTE with peaks during the afternoons, even over the

oceans (not shown). These daytime peaks in LCTE are

not always accompanied by increases in rainfall. The

second LCTE peak coincides with the maximum in

convective rain (blue) and deep convective clouds

(Fig. 9b) and then rapidly drops with peak stratiform

rain (red) to a local minimum before recovering again.

CWV (black) starts to gradually increase well before

the LCTE peak, with the increase facilitated by HADV

(yellow). CWV responds to the damping from LCTE

and decreases, but its reduction can also be effected by

HADV. The relationship between LCTE and CWV is

complicated by accompanying fluctuations inHADV. It

is nevertheless clear that the presence of stratiform rain

dynamics in very moist environments hinders further

moistening—acting as a negative feedback on CWV.

The composite plot in Fig. 9c should also explain the

near-quadrature relationship between CWV and LCTE

seen for the high-frequency WIG in Fig. 6a. Therefore,

on radar-scale domains, it appears as if the extensive

presence of MCSs is not conducive for positive moisture–

convection feedbacks.

The physical picture that emerges from the CWV–

precipitation dynamics is that in environments moister

than the mean CWV value, LCTE acts to damp CWV

increases at short time scales, while in environments drier

than the mean CWV value, LCTE acts to increase CWV

increases at longer, near-intraseasonal time scales. These

two time-scale-separated processes therefore appear to

shape the CWV distribution. Note that the drying asso-

ciated with extensive stratiform rain does not preclude a

role for the top-heavy heating structures in the mainte-

nance of the MJO (Deng et al. 2016) or for the influence

of cold pools from stratiform downdrafts in initiating new

convection; it only implies that further local moistening

is inhibited by the presence of stratiform clouds.

6. Vertical coherence structures

The limited time and space observations from the

DYNAMO campaign provide insights into the CWV–

LCTE relationship at high frequencies. In an attempt to

garner more information about the interaction between

the cloud population and LCTE on longer time and

larger space scales, we looked at the profiles of vertical

velocity (omega) from ERA-I for the same 18-yr period

as the other moisture budget terms. Since LCTE is af-

fected by omega, the vertical shape of omega that co-

varies with LCTE at different time scales might provide

clues to the character of the cloud ensemble that is

most effective in ushering positive moisture–convective

feedbacks. To this end, we performed a coh2 analysis on

the relationship between the vertical profile of omega

and LCTE for different spatial scales (Fig. 10). We also

looked at the vertical coh2 structures between omega

FIG. 9. (a) The relationship between 3-hourly LCTE values from the variational analysis dataset and stratiform rain fraction from

SMART-R. LCTE values are binned by 10% intervals of the stratiform rain fraction. The time span of the overlapping datasets is from

2Oct to 31Dec 2011. The Spearman’s rank correlation is indicated. (b) The distribution of convective cloud-top height conditioned on the

time span around the 3-hourly SMART-R stratiform rain maxima as observed by the radar. (c) The composites of the moisture budget

terms (left axis) and convective and stratiform rain (inner right axis) and the CWV (solid black; outer right axis).
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and HADV (Fig. 11) and omega and CWV tendency

(Fig. 12) to shed light on the relationship between vari-

ations in the other moisture budget terms and the local

cloud population. The omega values are daily averaged

and preprocessed like the LCTE and HADV values in

section 3. To better elucidate the changing properties

with domain size, we present four domains instead of the

previous three. The additional domain has an area that is

greater than the array-sized domain and smaller than the

basin-sized domain and is termed the intermediate-sized

domain. The coh2 statistic estimates the degree of the

linear relationship between two variables, but it is also

affected by the presence of spectral noise, thereby blur-

ring the physical interpretation. For our purposes in this

section, we assume the magnitude of noise in each fre-

quency band is the same at every vertical level. This then

allows us to interpret the vertical velocity coh2 profiles

below as signatures of the cloud population varying in

association with the relevant moisture budget term.

a. LCTE versus omega

From Figs. 4 and 6d it is clear that LCTE (or the col-

umn process) phase locks with CWV at the MJO time

scale, suggesting a positive feedback between convec-

tion and moisture. Thus, the omega profile at the MJO

time scale should be associated with positive moisture–

convection feedbacks. Figure 10 shows that there are

strong coh2 values (.0.5) between low-level omega and

LCTE for all domains at low frequencies (,0.1 cpd),

with low-level peaks (850–700hPa) at the MJO time

scale. The phase arrows suggest that anomalous rising

(descending) motion is associated with anomalously

positive (negative) LCTE.

The strongly bottom-heavy vertical coh2 structures at

the low frequency (per 32–48 days) in Fig. 10a suggest

that LCTE strongly varies with the low-level vertical

velocity at 850hPa but is only weakly correlated with

mid- and upper-level vertical velocities. Larger domain

sizes have deeper vertical structures with stronger co-

herence between LCTE and negative omega spanning

the entire troposphere at the low-frequency time scale,

with peak coherence values shifting from 850 to 700hPa

as the domain size increases from the radar- to basin-

sized domain (Figs. 10a–d).

Vertical coherence structures are not profiles of vertical

velocity, but Fig. 10 does suggest that for the same pre-

cipitation amount or an equivalent quantity like the

column diabatic heatingQ1 (Yanai et al. 1973), a bottom-

heavy omega profile will be more effective in moistening

the domain via the LCTE term than a middle- or a top-

heavy profile. For the same time scale, the increase in

domain size also increases the vertical extent of the

omega–LCTE peak coherence, suggesting that there is

an apparent spatial-scale dependency to the relation-

ship between LCTE and omega, with smaller domains

requiring more bottom-heavy profiles for effective moist-

ening. This interpretation of the coh2 structures in Fig. 10

supports the idea that a deep but relatively bottom-heavy

vertical structure of omega facilitatesmoisture–convection

feedbacks (e.g., Raymond et al. 2009).

Figure 10 also shows that as the frequency increases

away from the MJO time scale, the coh2 values decrease

but the in-phase peak coherence still peaks at the low

levels, such that positive LCTE covaries with low-level

vertical motion. The upper-level phase arrows at these

frequencies suggest that rising motion at these levels

FIG. 10. (a) The coh2 statistic between LCTE and omega for (a) radar-, (b) array-, (c) intermediate-, and (d) basin-sized domains. The

phasing between the variables is indicated (red arrows). The legend interprets the phasing between LCTE and negative omega (rising

motion). For example, leftward-pointing arrows indicate that LCTE is in phase (out of phase) with rising motion (subsidence). Omega is

obtained directly from the ERA-I dataset for the same 18-yr time period (1997–2014) as LCTE.
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lags LCTE. Overall, it is clear that low-level omega

strongly covaries with LCTE at all frequencies and domain

sizes, but that the vertical extent of omega and the level of

peak coherence increases as the frequency decreases.

b. HADV versus omega

Figure 11 presents the vertical coh2 structure between

HADV and omega, which is deep and significantly large

at the intraseasonal time scale. As was the case for

LCTE, coh2 also strengthens and deepens with in-

creasing domain size. In contrast to LCTE, however, the

coh2 structures peak at upper levels (;300hPa), with

negative HADV perturbations lagging rising motion,

with a significant out-of-phase component. The coh2

values weaken as the frequency increases, much more

rapidly than for LCTE in Fig. 10, suggesting that the

HADV–omega relationship is mostly significant at low

frequencies. The phase difference between HADV and

upper-level omega is greater than 908, implying that

increases in upper-level omega are damped by HADV

anomalously drying the column. A pronounced top-

heavy omega profile—presumably tied to a top-heavy

diabatic heating profile—is the signature of a strong

stratiform component (Schumacher et al. 2004; Lin et al.

2004). This coh2 between HADV and omega might

simply be a spectral signature of the co-occurrence be-

tween HADV drying and increasing stratiform clouds,

both of which mark the decay of an MJO event (e.g.,

Benedict and Randall 2007), without any causal link

between the two variables. A detailed investigation of

which phenomenon is responsible for the coh2 structures

in Fig. 11 could be the subject of a future study.

c. CWV tendency versus omega

Figure 12 presents the vertical coh2 structures for the

CWV tendency with omega. As in the previous two

FIG. 11. As in Fig. 10, but for the relationship between HADV and omega.

FIG. 12. As in Fig. 10, but for the relationship between CWV tendency and omega.
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figures, the coh2 structures are strong and deep for the

MJO time scale, with the values spanning the entire

troposphere. At the low frequencies, rising motion lags

increases in CWV tendency by 908 or, in other words, is

in phase with CWV increases. This is consistent with the

central idea of this study that moisture and convection

fluctuations tend to covary at low frequencies. Unlike

the coh2 structures between LCTE and negative omega,

which shows the largest variance at lower levels

(Fig. 10), the coh2 structures between CWV tendency

and negative omega show large coh2 signals throughout

the troposphere, with peaks in the midtroposphere.

Since a positive CWV tendency can be effected by any of

its source terms—EVAP, HADV, or LCTE—Fig. 12

depicts the strength of the variation between any low-

frequency moisture increase and the resulting response

from the cloud population.

If the cloud response to low-frequency moisture

increases took the form of higher-order vertical struc-

tures, then we would expect to find higher-order coh2

peaks in Fig. 12. However, since Fig. 12 displays a

single coh2 peak in the midtroposphere, we speculate

that the variance in the response of the cloud pop-

ulation to low-frequency moisture increases is mostly

captured by the first baroclinic mode. The increasing

influence of the first baroclinic mode with decreas-

ing frequency was also documented in Inoue and

Back (2015).

There are significant—albeit weaker—low-level co-

herent structures (coh2; 0.4) for higher frequencies near

0.4 cpd for the array- and intermediate-sized domains

(Figs. 12b,c). These omega values—corresponding to

peaks associated with the inertio-gravity waves—are

nearly in phase with CWV tendency, consistent with

the phase relationship between CWV tendency and

LCTE seen in Figs. 6a and 10.

Vertical coh2 structures between omega and surface

evaporation were not significant (not shown), implying

that variations in the surface moisture fluxes do not

strongly covary with cloud morphology (Riley Dellaripa

et al. 2018).

7. Discussion and summary

Theprimary objective of this studywas to investigate the

signatures of positive moisture–convection feedbacks and

their relevance for the MJO using reanalysis data over the

tropical Indian Ocean. To this end, we used LCTE—as

introduced by HME16—as our variable of choice. LCTE

incorporates the moistening processes in the column in-

dependent of advective tendencies and surface fluxes;

therefore, it is an estimate of the effect of convection on

CWV. The spectral signatures of moisture–convection

feedback were identified using the criterion of an in-

phase relationship between CWV and LCTE.

On short time scales, LCTE is in quadrature with

CWV, implying that CWV increases are removed—likely

through precipitation—without any feedbacks onto the

CWVperturbation. On longer, intraseasonal (32–48 days)

time scales, fluctuations in LCTE are coherent and nearly

in phasewithCWV,with the strength of these associations

between CWV increasing for larger analysis domains,

highlighting the time- and spatial-scale dependence of this

feature. This spectral signature of moisture–convection

feedbacks was independently confirmed using a mois-

ture budget regressed onto filtered TRMM rainfall for

different equatorial waves. Among the four different

waves considered—WIG, MRG, the Kelvin wave, and

the MJO—moisture increases in association with the

MJO were found to be in phase with LCTE.

Our results also stress the prominent role of HADV in

affecting the CWV budget. At long time scales relevant

to the MJO, HADV controls almost half of the CWV

variations. The efficacy of positive moisture–convection

feedbacks in allowing the growth of positive moisture

anomalies in the MJO is therefore implicitly subject to

the fluctuations in HADV.

Moving correlation analysis suggests that environ-

ments that are moderately moist but still drier than

the mean CWV value are more favorable for posi-

tive moisture–convection feedbacks. The implication of

this result is that convection is less likely to feed back

onto the environmental moisture in humid, heavily

precipitating environments. The mean CWV field in

the tropics is therefore likely shaped by low-frequency

moisture–convection feedbacks that moisten air col-

umns until they are moist enough to be strongly

precipitating.

Ground radar observations confirm the well-known

observation that the shallow and congestus convec-

tive cloud population—with bottom-heavy vertical

motions—are involved in this moistening process.

Composite analysis from radar and variational analysis

data shows that in very humid environments, increases

in stratiform rain are accompanied by rapid decreases in

CWV, suggesting that stratiform clouds are a negative

feedback on the local environmental moisture.

Last, vertical coherence structures were used to

study the relationship between the moisture budget

terms and the cloud population as a function of fre-

quency. At low frequencies relevant to the MJO,

LCTE was in phase and strongly coherent with low-

level rising motion and only weakly coherent with

upper-level vertical velocity, confirming that bottom-

heavy vertical motion profiles would be more effective

than other profiles (middle or top heavy) in bringing
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about moisture–convection feedbacks. This idea that

positive moisture–convection feedbacks are mediated

by bottom-heavy convection is consistent with pre-

vious studies (e.g., Kemball-Cook and Weare 2001;

Zhang and Song 2009; Raymond et al. 2009; Kuang

2011). The slow shallow-to-deep transition (Del Genio

et al. 2012; Powell and Houze 2015) that precedes the

MJO active phase is the primary part of the moisture–

convection feedback mechanism that increases the

CWV anomalies.

The coherence betweenLCTE and vertical velocitywas

subject to the domain size under consideration. In larger

domains LCTE is coherent with rising motion through a

deeper tropospheric layer, while LCTE in smaller do-

mains is coherent with rising motion in a shallow layer

near the low levels (850hPa). These results suggest that

convection has to becomemore bottom heavy in order to

effectively moisten smaller domain sizes.

The conspicuous absence of top-heavy omega pro-

files coherent with LCTE is also an indicator that ex-

tensive stratiform clouds are not involved with positive

moisture–convection feedbacks on MJO time scales,

even for the largest domains. While radiative effects—

subsumed by LCTE—could be important to the

convection-coupled CWV increases during an MJO ac-

tive phase (Kim et al. 2015; Del Genio and Chen 2015),

the drying effect of stratiform clouds precludes their

involvement in column moistening (Chikira 2014;

Wolding et al. 2016; Janiga and Zhang 2016). Further

investigations are required to examine the precise role

of stratiform and anvil clouds in the maintenance of the

MJO CWV anomalies (Deng et al. 2016).

HADV is coherent with rising motion in the upper

levels (;300 hPa) at the intraseasonal time scales, but it

tends to damp CWV increases. The implication for the

MJO is that low-frequency HADV drying often follows

extensive stratiform rain—consistent with the decaying

phase of an MJO event.

While the surface evaporation values did not strongly

affect the other terms in the moisture budget on intra-

seasonal time scales, the strong constant positive forcing

from evaporation seen in Figs. 2 and 3 suggests that higher

values of CWV may not be sustained over land regions

devoid of this forcing. Even if moisture–convection feed-

backs are active over land, they have to compensate for the

reduced surface evaporation in order to lead to strong

convection. Thismight be a consideration in explaining the

weakened amplitude of MJO events over the land surface

of the Maritime Continent (Zhang and Hendon 1997;

Inness and Slingo 2006).

The results of this study also highlight the multiscale

nature of convection–environment interactions in the

tropics and caution studies using moisture or MSE

budgets tobe cognizant of the spatial scale of analysis, which

can affect the partitioning of the different budget terms.
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APPENDIX

Power Spectra of the Moisture Budget Terms

Figure A1 shows the power spectra of the moisture

budget terms, excluding LCTE (dCWV/dt, HADV, and

EVAP).At the scale of a radar-sized domain (Fig.A1a), it

is clear that the assumption of a red noise background is

not reasonable for the CWV tendency term, which has a

flatter power spectrum resembling white noise, suggesting

that small-scale moisture variations can be captured with

a Wiener process in stochastic models (e.g., Stechmann

and Neelin 2011). As the area of averaging increases

(Figs. A1d,g), spectral peaks emerge with low-frequency

peaks at the 24–32-day range for the basin-sized domain.

HADV at the radar-sized domain (Fig. A1b) exhibits

weak spectral signatures near 5 days and stronger peaks at

the array- and basin-sized domains (Figs. A1e,h) corre-

sponding to 32, 8, and 4–5 days. We speculate that the

spectral signatures in HADV and EVAP for periods

less than 30 days are capturing synoptic variability asso-

ciated with the mixed Rossby–gravity wave (Yanai and

Maruyama 1966; Wallace 1971) and synoptic eddies

(Kiranmayi and Maloney 2011)—including tropical de-

pression (TD)-type disturbances (Maloney andDickinson

2003; Schreck et al. 2011). The low-frequency spectral

peak for HADV is closer to 32 days in contrast to the

48-day peak in LCTE (Fig. 4). Moreover, there is no peak

corresponding to the 2–4-day time scale in these terms,

suggesting that HADV does not fluctuate strongly in

conjunction with the WIG (also confirmed in Fig. 6).

EVAP displays a broad band of enhanced power at the

larger domains between 32 and 10 days (Figs. A1f,i), but

this really appears to be an artifact of the inadequacy of

the first-order autoregressive (AR1) process in capturing

the background spectra. Red dashed lines in Fig. A1i, for

instance, show the idealized power spectrum of a process

whose power varies with frequency as 1/f 2.9 and therefore

drops off more slowly than the power of the AR1 process

and appears to better capture the background power

spectrum. EVAP on the basin-sized domain is clearly a
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field with greater persistence than can be discerned from

the use of an AR1 model. For such highly persistent

fields, the multiple-filtering method used in Wheeler and

Kiladis (1999) might be more useful than the theoretical

red spectrum proposed by Masunaga et al. (2006) and

Hendon andWheeler (2008). It could even be argued that

the broad band of enhanced power in Fig. A1h is also an

artifact of the high levels of persistence in the HADV

field at the basin-scale domain.
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