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ABSTRACT: The Dynamics of the Madden–Julian Oscillation (MJO) (DYNAMO) field campaign over the central
Indian Ocean captured three strong MJO events during October–December 2011. Using the conventional budget approach
of Yanai et al. surface rainfall P0 is computed as a residual from the vertically integrated form of the moisture budget equa-
tion. This budget-derived P0 is spatially averaged over the Gan Island NCAR S-PolKa radar domain and compared with
rainfall estimates from the radar itself. To isolate the MJO signal, these rainfall time series are low-pass (LP) filtered and a
three-MJO composite is created based on the time of maximum LP-filtered S-PolKa rainfall for each event. A comparison
of the two composite rainfall estimates shows that the budget rainfall overestimates the radar rainfall by;15% in the MJO
buildup stage and underestimates radar rainfall by;8% in the MJO decay stage. These rainfall differences suggest that hy-
drometeor (clouds and rain) storage and advection effects, which are neglected in the budget approach, are likely significant.
Satellite and ground-based observations are used to investigate these hydrometeor storage and advection effects. While the
findings are qualitatively consistent with expectations from theory, they fall short of explaining their full magnitude, suggesting
even more refined experimental designs and measurements will be needed to adequately address this issue.
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1. Introduction

The methodology to diagnose the properties of tropical
cloud clusters introduced by Yanai et al. (1973) has been uti-
lized in numerous studies. This procedure has been valuable
in many applications, yet continued advances in measurement
technology motivate the use of a more accurate treatment of
thermodynamics in such budget analyses. In the Yanai et al.
diagnostic framework, referred to here as the conventional
budget method (CBM), moist static energy is assumed to be
conserved, apart from radiative effects. It is also assumed that
the latent heat of condensation L is constant, such that impor-
tant physical effects of ice (freezing, melting, deposition,
sublimation) are neglected. In addition, the storage and ad-
vection of cloud condensate and precipitating hydrometeors
are not considered. Under certain conditions, these effects
can be important (Peixoto and Oort 1992).

These complicating factors associated with the conventional
budget approach can be interpreted physically in the follow-
ing way as they relate to MJO convection. First, with respect
to storage, as the cloud field increases during the developing
phase of the MJO, cloud condensate is “stored” in the atmo-
sphere rather than precipitating out immediately. The reverse
effect holds true during the decaying phase. Second, advec-
tion in deep convective systems can transport hydrometeors

into or out of a sampling volume, which can also contribute to
errors in traditional budgets that exclude these effects. Johnson
(1980) estimated that the neglect of cloud storage effects re-
sulted in errors on the order of 20% in the column-integrated
moisture budget during periods of rapidly evolving cloud fields
in Atlantic tropical easterly waves. On even shorter time scales,
cloud storage and hydrometeor advection effects are particularly
important, such as in the case of diurnal thunderstorm develop-
ment (McNab and Betts 1978) and squall-line evolution (Gallus
and Johnson 1991).

Ooyama (1990, 2001) proposed a very accurate form of
moist thermodynamics for use in tropical models, namely, one
that includes hydrometeor storage and advective effects. His
formulation of moist thermodynamics is not limited to model-
ing studies but can also be used in heat and moisture budget
studies (Schubert et al. 2018). With the advent of radiosondes
with GPS-derived winds and the recent availability of certain
satellite data products, this more accurate treatment of moist
thermodynamics provides the opportunity to refine diagnostic
analyses of a wide range of precipitation systems. As a pre-
liminary effort toward this end, hydrometeor storage and
advective effects in thermodynamic budgets are evaluated
using observations from the 2011/12 Dynamics of the MJO
(DYNAMO) field campaign. The strategy is to compare
CBM-diagnosed rainfall-rate estimates with independent es-
timates of those quantities obtained from ground- and space-
based remote sensing platforms. While the lack of precise
measurements of hydrometeor storage and advection in
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DYNAMO precipitation systems limits the extent to which
these processes can be accurately evaluated, these comparisons
yield insight into their aggregate impacts on the thermodynamic
budgets.

2. Data and methods

a. Data

Observations used in this study are from the DYNAMO
field campaign, conducted from October 2011 through March
2012 over the central Indian Ocean (Yoneyama et al. 2013).
DYNAMO was designed to investigate processes associated
with the initiation of the Madden–Julian oscillation (MJO;
Madden and Julian 1971). The sounding network established
during DYNAMO was composed of two quadrilateral arrays
straddling the equator (Fig. 1). This network forms the basis of
our study, with a focus on the period 2 October–31 December
when the overall network was most complete and four to eight
sounding launches per day were achieved (Ciesielski et al.
2014). Three prominent MJOs occurred in the DYNAMO do-
main during this 3-month period (Gottschalck et al. 2013). The
Atmospheric Radiation Measurement (ARM) program oper-
ated a supersite located at Gan Island (0.698S, 73.28E) as part
of the ARM MJO Investigation Experiment (AMIE). This
site had multiple radars and radiometers, as well as 8-day21

sounding observations. In addition, the National Center for
Atmospheric Research S-band dual polarization Doppler
radar S-PolKa (SPOL) was deployed on Gan Island. SPOL
provides rainfall-rate estimates that can be compared to those
determined from atmospheric sounding budgets. The sound-
ing and radar datasets were quality controlled and bias
corrected in connection with a special effort to create a
DYNAMO legacy dataset (Ciesielski et al. 2014; Xu et al.
2015).

Other data used in this study include cloud liquid and ice
paths as well as fractional cloud amount from the Clouds and
the Earth’s Radiant Energy System (CERES) product at 3-h
resolution on a 18 grid (Wielicki et al. 1996). Also used are liquid
and ice water path (LWP and IWP) estimates from the Pacific
Northwest National Laboratory (PNNL) Combined Retrieval
(CombRet) product based on cloud profiles, provided primarily
by a zenith-pointing Doppler Ka-band cloud radar (KAZR)
merged with SPOL observations, and incorporating sounding-
based thermodynamic measurements at Gan Island (Feng et al.
2014). This combined product provides estimates of LWP and
IWP, as well as liquid water content (LWC) and ice water con-
tent (IWC), although values of IWC in cirrus are underesti-
mated at times due to attenuation by heavy precipitation (Shell
et al. 2020). The 30-s product used in this study was averaged
into 3-h bins and is available for the period from 10 October 2011
to 8 February 2012. The TropFlux product (Praveen Kumar
et al. 2012) provided estimates of surface sensible and latent
heat fluxes at daily resolution on a 18 grid. European Centre
for Medium-Range Weather Forecasts (ECMWF) operational
analysis (OA) used in this study was available at 0.258 horizon-
tal resolution, 20 vertical levels from the surface to 20 hPa, and
6-h intervals. Though not directly used in the analyses in this

paper, rainfall estimates from the Tropical Rainfall Measuring
Mission (TRMM) 3B42v7 product are shown simply for the
purposes of comparison to the other rainfall estimates. This
TRMM rainfall product is at 0.258 and 3-h resolution (Huffman
et al. 2007).

A composite of the three MJOs during DYNAMO was cre-
ated by applying a low-pass (LP) Kaiser filter (Hamming
1989) in time to retain variability at frequencies 20 days and
longer. The composite is constructed in terms of days before
and after the time of maximum LP-filtered SPOL rainfall
(lag 0). With the application of this filter, 6 days of 3-h data
are lost at the ends of the filtered time series (Ciesielski et al.
2017).

b. CBM

In constructing the CBM gridded analyses for this study,
ECMWF OA data were used at 58 grid intersections if no
observations (soundings, satellite winds, or otherwise) were
present within a 4.58 radius of such an intersection. This pro-
cedure was used to enhance data coverage outside the main
sounding arrays, so results in the interior are largely indepen-
dent of model analyses and hence parameterizations of physi-
cal processes (Johnson et al. 2015). Following interpolation of
the OA data to 3-hourly intervals, the sounding data, along
with the other observations and model fields described above,
were objectively analyzed onto a 18 grid at the surface and at
25-hPa intervals from 1000 to 50 hPa over the entire domain
shown in Fig. 1 using the multiquadric interpolation proce-
dure as described in Ciesielski et al. (1997). CBM rainfall esti-
mates that are compared to SPOL measurements are based
on averages of the grid points that fall within the 150-km ra-
dius of the SPOL surveillance area.

FIG. 1. Map showing the DYNAMO enhanced sounding net-
work. Observations for this study are focused on the Gan Island
site (red dot) at 0.698S, 73.158E. The outer red circle around
Gan indicates the 150-km range ring for the SPOL radar.
Budget-estimated rainfall was averaged over this area for com-
parison to SPOL estimates.
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The apparent heat source Q1 and apparent moisture sink
Q2 are computed using the following heat and moisture bud-
get equations of Yanai et al. (1973) written with z as the verti-
cal coordinate:

Q1 ≡
s
t

1 v · =s 1 w
s
z

5 2
(raw′s′ )
raz

1 L(c 2 e) 1 QR,

(1)

Q2 ≡ 2L
qy

t
1 v · =qy 1 w

qy

z

( )
5 2L

(raw′q′y )
raz

1 L(c 2 e), (2)

where s 5 cpT 1 gz is the dry static energy, qy is the water va-
por mixing ratio, ra is the density of dry air, L is the latent
heat of condensation, c is the condensation rate, e is the evap-
oration rate, QR is the radiative heating rate, and overbar re-
fers to a horizontal average. The averaging area for this study
is the 150-km range ring around the SPOL radar as shown in
Fig. 1. Vertically integrating (1) and (2) from the surface to
the tropopause yields the following integral constraints:

hQ1i 5 LP0 1 hQRi 1 S0, (3)

hQ2i 5 L(P0 2 E0), (4)

where h( · )i5 �zT
0 ( · )radz, zT is the height of the tropopause,

and S0 5 (racpw′T′ )0 and LE0 5 (Lraw′q′y )0 are the surface
sensible and latent heat fluxes, respectively.

Combining (3) and (4) yields

hQ1i 2 hQ2i 2 hQRi 5 S0 1 LE0: (5)

Using surface measurements of S0 and E0, surface precipita-
tion P0 can be computed from (4) and column net radiative
heating rate hQRi from (5) and then compared to independent
measurements of those quantities in order to determine the
reliability of the budgets. However, as discussed in Yanai and
Johnson (1993), Ooyama (2001), and Schubert et al. (2018),
Eqs. (1) and (2) are only approximations in that they omit
storage and advection of hydrometeors, effects of ice pro-
cesses, and contributions to entropy changes from dry air, wa-
ter vapor, cloud condensate, and precipitation.

c. More accurate budget equations

To begin with, consider the conventional budget Eq. (4) re-
written in the form

P0 5 E0 1
hQ2i
L

5 E0 2

�zT

0

qy

t
1 v · =qy 1 w

qy

z

( )
radz:

(6)

This equation is well suited for use with data from a network
of radiosonde stations since with an independent estimate of
E0, sounding data provide all fields needed to compute P0.
However, the more accurate form of (6) includes the effects
of cloud condensate and falling precipitation (Ooyama 2001;
Schubert et al. 2018):

PA 5 E0 1
hQ2iA
L

5 E0

2

�zT

0

qT

t
1 v · =qT 1 w

qT

z

( )
radz, (7)

where qT 5 qy 1 qc 1 qr, qc is the airborne condensed water
(including both liquid ql and ice qi), qr is the precipitating
water, and subscript A refers to the more accurate quantities.
E0 is given by the expression in section 2b as long as there
is no cloud condensate (fog) at the ground. Subtracting (6)
from (7) yields an expression for a more accurate estimate
(PA) of the precipitation rate:

PA 5 P0 2

�zT

0

qH

t
1 v · =qH 1 w

qH

z

( )
radz, (8)

where qH ≡ qc 1 qr is the hydrometeor contribution to qT.
This equation states that the computed precipitation P0 may
differ from PA due to local changes in qH (referred to here as
storage effects) and second by advective effects given by the
latter two terms in parentheses on the rhs of (8). Concerning
storage, when the hydrometer field is increasing, i.e., qH/t. 0,
P0 will overestimate PA, while the opposite effect is true when
the hydrometer field is decreasing (qH/t , 0). Physically,
this means that when cloud and precipitation area coverage is
increasing, rather than falling out or evaporating, hydrome-
teors are “stored” in the growing population of clouds and
precipitation. Hydrometeor storage can be important on time
scales ranging from individual convective systems (Gallus and
Johnson 1991) up to, as will be shown here, the time scale of
the MJO.

The other complicating factor relates to hydrometeor trans-
port. For example, hydrometeors generated in an averaging
volume during a certain time period may be transported out
of the volume, precipitating or evaporating elsewhere. Using
the expression for the conservation of mass, (8) can be written
in flux form:

PA 5 P0 2

�zT

0

raqH

t
1 = · raqHv 1



z
raqHw

( )
dz: (9)

Assuming w 5 0 at the surface and tropopause, (9) becomes

PA 5 P0 2

�zT

0

raqH

t
1 = · raqHv

( )
dz: (10)

The first term in parentheses in (10) once again refers to hy-
drometeor storage, while the second term represents hydro-
meteor transport into or out of the averaging volume. A
column-net divergence of hydrometeors has the same effect
as increasing hydrometeor storage; namely, it causes P0 to
overestimate PA. This could occur, for example, at times of
deep convection when there is a divergence of ice in the
storm-top outflow layer. An investigation of the radial outflow
of ice in the tropical tropopause transition layer atop meso-
scale convective systems has been carried out by Virts and
Houze (2015).
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Similarly, a more accurate estimate of the column net radia-
tive heating rate hQRiA can be obtained from (5), (7), and (10):

hQRiA 5 hQ1i 2 hQ2iA 2 S0 2 LE0

5 hQ1i 2 LPA 2 S0

5 hQRi 1 L
�zT

0

raqH

t
1 = · raqHv

( )
dz: (11)

This result implies that storage of hydrometeors or the diver-
gence of hydrometeors (say, in the convective outflow layer
aloft) will lead to an underestimate of the actual column net
radiative heating rate (excessive radiative cooling) based on
the conventional budget method. While the effects of storage
and advection of hydrometeors on budget estimates of radia-
tive heating should, in principle, be discernible, the determi-
nation of QR as a residual from budgets is a rather sensitive
calculation (Johnson and Ciesielski 2000; Johnson et al. 2015)
and we have been unable to draw any meaningful conclusions
from attempts at such an analysis.

3. Results

Three-month-long time series of daily averaged and LP-
filtered rainfall rates based on SPOL and the CBM Q2 budget
are shown in Figs. 2a and 2b. Thin vertical lines in the figure
denote the times of the LP-filtered SPOL rainfall peaks

associated with the October, November, and December MJOs.
Notable features of the SPOL time series are 1) the prevalence
of 2-day peaks that dominate the October MJO rainfall pattern
(Zuluaga and Houze 2013; Yu et al. 2018), 2) several large
rainfall peaks at ;5-day intervals during the November MJO
associated with the passage of Kelvin waves (Moum et al. 2014),
and 3) the somewhat weaker amplitude of the December MJO.
A comparison of the two LP-filtered rainfall time series is
shown in Fig. 2c along with the CERES estimate of high-
cloud fraction (HCF) over the SPOL radar domain, used as a
proxy for the presence of hydrometers. One to two weeks prior
to the peak rainfall for all three MJOs, the CBM rainfall rate
exceeds the SPOL rate, while the reverse is true for the decay
phases of the November and December MJOs. The different
behavior during the decay phase of the October MJO could
in part be related to the fact that the R/V Revelle was off sta-
tion during a portion of this period (shading, Fig. 2), causing
CBM results to be less reliable.

Another contributing factor, however, in explaining why
CBM rain exceeded SPOL rain during late October is the
complex evolution of convection that occurred during this
period. Figure 3 shows a time series of the area coverage of
various precipitation types using the classification methodol-
ogy described in Powell et al. (2016) for SPOL echoes with
tops above 5 km.1 During late October, the area covered by
stratiform precipitation experienced an overall increase fol-
lowed by a rapid drop-off in the last week of the month. This
evolution suggests that a storage of hydrometeors, perhaps aided
by a concurrent increase in weak echoes (Fig. 3), could explain at
least part of the positive CBM–SPOL difference in late October.

As is evident from Fig. 2b, there is considerable uncertainty
in computed daily averaged rainfall (even negative rain at
times), largely due to sampling errors associated with sound-
ing array budgets (Mapes et al. 2003). To reduce such errors,
averaging in time is required, which is accomplished here
by compositing the LP-filtered SPOL and CBM rainfall esti-
mates for the three MJOs as shown in Fig. 4. TRMM rainfall-
rate estimates have been included for comparison. CBM

FIG. 2. Time series of (a) daily averaged (black) and LP-filtered
(red) SPOL rainfall rate, (b) daily averaged (black) and LP-filtered
(blue) budget-estimated rainfall averaged over SPOL radar do-
main shown in Fig. 1, and (c) CERES LP-filtered high-cloud frac-
tion along with LP-filtered rainfall curves based on SPOL measure-
ments (red) and the conventional budget method (CBM; blue).
LP-filtered rainfall peaks for each MJO are indicated by thin verti-
cal lines and time periods when R/V Revelle was off station by
shading.

FIG. 3. Time series of 5-day running-mean filtered echo area cov-
erage precipitation categories (with echo tops exceeding 5 km)
based on the classification scheme of Powell et al. (2016). Vertical
lines indicate times of peak LP-filtered rainfall.

1 In their procedure, weak precipitation features that have little
implication for latent heating are described as “weak echoes” and
those that surround convective cores that could not be classified as
either convective or stratiform are referred to as “uncertain.”
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rainfall-rate estimates exceed SPOL estimates by 1–2 mm day21

leading up to the rainfall peak with the reverse being true
postpeak, albeit to a lesser extent. This result is consistent
with (8), which indicates that budgets should overestimate
rainfall rates when the hydrometeor field is increasing and un-
derestimate rainfall rates when the hydrometeor field is de-
creasing. The TRMM rainfall rates underestimate the SPOL
values as convection builds up owing to TRMM undersamp-
ling small-scale convection, while TRMM overestimates the
rainfall rates in the postpeak stage due to widespread cirrus
anvils influencing TRMM estimates (Xu and Rutledge 2014).
These deficiencies in the TRMM estimates preclude their
use in the rather sensitive analyses of storage and advective
effects in thermodynamic budgets.

Possible explanations for the greater CBM rainfall than ob-
served in the MJO buildup phase include 1) the storage of
cloud and precipitation as the cloud area expands, and 2) the
transport of hydrometeors out of the region, say, in the diver-
gent outflow aloft in deep convection. With respect to storage,
we first examine the evolution of the area covered by precipi-
tation. It was already shown in Fig. 2 (lower panel) that
greater than 50% of the area was covered by high clouds or
cirrus around the time of peak MJO rainfall, and from Fig. 3
that the primary contributors to area coverage for echo tops
above 5 km were from stratiform precipitation and weak echoes.
To examine echo area coverage by lower clouds, Fig. 5 shows an
LP-filtered time series of the fraction of the SPOL radar domain
occupied by echoes having reflectivity greater than or equal to a
220-dBZ threshold. There is an increase in cloud coverage (or
storage) leading up to the MJO rainfall maxima, followed by
;5–10-day periods of peak area coverage (corresponding to
stratiform precipitation) succeeded by a rapid falloff. The SPOL
time series does not depict the cirrus area coverage since the mini-
mum sensitivity of SPOL is approximately 225 dBZ at 10-km
range. In summary, the time series shown in Figs. 2 and 5 provide
qualitative evidence of cloud storage.

To more quantitatively assess the impact of storage, LWP
and IWP data from the Gan CombRet product (Feng et al.
2014) are utilized. Figure 6 compares the difference between

CBM and SPOL composite rainfall (Fig. 6a) to the liquid,
ice, and total water path in the precipitation systems at Gan
(Fig. 6b). The yellow range in the top panel represents an
uncertainty estimate for the CBM–SPOL difference. It in-
cludes 1) a 0.39 mm day21 CBM sampling error (Ciesielski
et al. 2021) and 2) SPOL maximum uncertainty estimates as a
function of rainfall rate from the DYNAMO Legacy Data
Products website (https://data.eol.ucar.edu/project/DLDP), both
of which are based on 20-day averages. It can be seen that the
difference between the CBM and SPOL rainfall rate estimates
lies outside the uncertainty range for a ;10-day period in the
MJO developing phases and for a ;3-day period in the weak-
ening phase. The increasing total water path leading up to day
0 and decline afterward (Fig. 6b) are consistent with the idea
that storage and removal, respectively, of hydrometeors can
help explain the differences between the diagnosed and ob-
served rainfall rates. While this result is qualitatively consis-
tent with expectations regarding hydrometeor storage, the
increase of total water path of ;1 mm over the 15-day
period leading up to day 0 falls short by at least an order of
magnitude in explaining the 1–2 mm day21 budget discrep-
ancy (Fig. 6a).

FIG. 4. Three-MJO composite LP-filtered rainfall rates based on
SPOL, CBM, and TRMM. Lag 0 refers to the time of maximum
LP-filtered SPOL rainfall.

FIG. 5. Time series of LP-filtered 220-dBZ threshold SPOL
echo area coverage. Vertical lines indicate times of peak LP-filtered
SPOL rainfall.

FIG. 6. MJO composite of (a) CBM-minus-SPOL rainfall
rate and (b) CombRet-based LWP, IWP, and total water path
(LWP 1 IWP). Yellow shading in (a) represents the uncer-
tainty estimate for the CBM 2 SPOL rainfall-rate difference.
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Therefore, we next explore the other possible explanation}
the transport of hydrometeors out of the region. Satellite
imagery of rapidly expanding anvils from individual thunder-
storms and mesoscale convective systems suggests that a
nonnegligible fraction of hydrometeors generated in a storm
region may be exported to distant areas where they subse-
quently precipitate and/or sublimate. This process is often
visually dramatic at midlatitudes where strong updrafts are
commonplace. Despite weaker updrafts in tropical convec-
tion, it may still be important in the tropics. To estimate this
effect, the second term on the rhs of (10) is evaluated using
IWC data provided by CombRet and divergence fields from
the gridded analysis. Here we make the simplifying assump-
tion that IWC is constant over the SPOL averaging area.
Also, we only consider ice transport owing to its slow fall
speed relative to liquid. Figure 7 shows LP-filtered time series
of both the IWC and divergence over the Gan area, the prod-
uct of which yields an estimate of the transport.

Strong peaks in divergence occur in the outflow layer near
200 hPa, where the IWC is quite low (,0.1 g m23). The com-
puted outward transport of hydrometeors integrated over the
150–350 hPa layer is shown in Fig. 8a. Daily average values
can at times be large (;0.5 mm day21; not shown), but the
LP-filtered transport reaches only;0.1 mm day21. This value,
as in the case of storage, is at least an order of magnitude be-
low what is needed to explain the CBM–SPOL rainfall-rate
differences (Fig. 8b). It should be noted, however, that the
IWC in the outflow layer may frequently be undersampled
due to attenuation by intervening deep convective clouds
(Shell et al. 2020).

Also shown in Fig. 8a is a time series of the storage term.
Despite the low-pass filtering, this term is still quite noisy due
to high-frequency convective disturbances that move through
the region.

4. Discussion

The discrepancy between rainfall-rate estimates from sounding-
based budgets and radar-based observations, which is related
to storage and transport of hydrometeors, appears to be quali-
tatively explained by our analysis of DYNAMO field campaign
data. Namely, remote sensing observations of hydrometeors on
Gan Island combined with sounding data yield estimates of
storage and advection that are in the right direction with re-
spect to expectations. However, comparing Fig. 9a with Fig. 9b,
the estimates for the MJO composite fall short by about an or-
der of magnitude in explaining the discrepancies. The fact that

FIG. 7. Time series of LP-filtered (a) CombRet IWC (g m23)
and (b) CBM divergence (1026 s21) over Gan domain. Vertical
lines indicate times of peak LP-filtered rainfall.

FIG. 8. Time series of LP-filtered (a) hydrometeor export (green)
integrated over the 150–350-hPa layer and storage (red) and
(b) difference in rainfall rate between the conventional budget
method and the SPOL radar (mm day21). Vertical lines indicate
times of peak LP-filtered rainfall.

FIG. 9. MJO-composite (a) CBM-minus-SPOL rainfall-rate dif-
ference and (b) estimates of hydrometeor storage (red), horizontal
transport (green), and the sum of the two (black) for SPOL radar
domain based on remote sensing and sounding data.
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storage and transport are additive in the growing MJO stage
and canceling in the decay stage (Fig. 9b) helps to explain why
the magnitude of the CBM–SPOL differences are greater dur-
ing the former stage than the latter.

Given that the instrumentation deployed in DYNAMO
was probably the best suited to date to address the storage
and transport issue, our expectations were that the calcula-
tions from that campaign would go a long way to explain the
budget/radar rainfall-rate estimate discrepancies. Since the re-
sults fall short of doing so quantitatively, we conclude that
even more sophisticated instrumentation, ideally supported
by numerical simulations, and improved sounding network
designs will be needed in the future to fully address this prob-
lem. An example of the limitations with respect to DYNAMO
measurements is the underestimation of the IWC of the high-
level cirrus (Shell et al. 2020).

5. Summary and conclusions

Since the pioneering work of Yanai et al. (1973), numerous
studies have been carried out to investigate the contributions
of convective cloud populations to large-scale heat and mois-
ture budgets using data from atmospheric sounding arrays.
The formulations of the conservation equations for heat and
moisture used in these studies typically neglect the roles of ice
processes as well as the effects of storage and advection of
cloud condensate [herein referred to as the conventional bud-
get method (CBM)]. A more accurate treatment of moist
thermodynamics introduced by Ooyama (1990, 2001) has
been suggested as being appropriate for studies that have the
measurement capabilities to evaluate these typically neglected
effects (Schubert et al. 2018). Such measurements were avail-
able on Gan Island during the 2011 DYNAMO field cam-
paign and they are used in this paper to estimate hydrometeor
storage and advection effects on atmospheric budgets. These
measurements include the S-band S-PolKa (SPOL) radar and
Ka-band cloud radar (KAZR), both deployed on Gan Island,
which were merged by Feng et al. (2014) to produce the com-
bined retrieval product referred to as CombRet.

Using the CombRet estimates of ice and liquid water con-
tents and paths, along with the CSU DYNAMO gridded anal-
ysis product (Ciesielski et al. 2014), estimates have been made
of the storage and advection effects in the thermodynamic
budgets. These effects can be interpreted physically in the fol-
lowing way: as the cloud field increases during the developing
phase of the MJO, cloud condensate is “stored” in the atmo-
sphere rather than precipitating out immediately. The reverse
effect holds true during the decaying phase. In addition, ad-
vection in deep convective systems can transport ice hydro-
meteors into or out of a sampling volume, which can also
contribute to errors in traditional budgets that exclude these
effects. Equations (8) and (10) contain terms representing
these neglected effects.

The results of this study, summarized in Fig. 9, show that
storage and advective effects determined from measurements
obtained from Gan Island along with sounding gridded analy-
ses are qualitatively consistent with the above expectations.
Namely, hydrometeor storage and transport effects cause the

CBM method to overestimate rainfall rate in the developing
stage of the MJO, with the reverse being true during the de-
caying stage. However, while the findings are qualitatively
consistent with expectations, the estimates of their amplitude
fall short by an order of magnitude. To better address this is-
sue, future field campaigns would benefit from denser sound-
ing arrays that yield more accurate budgets, sounding arrays
that encircle ground-based remote sensing systems, and im-
proved instrumentation (both ground-based and satellite)
that provide more accurate measurements of the content and
distribution of hydrometeors in tropical convection.
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