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ABSTRACT

Dynamics of the Madden—Julian Oscillation (DYNAMO) and Tropical Ocean and Global Atmosphere
Coupled Ocean—-Atmosphere Response Experiment (TOGA COARE) observations and reanalysis-based
surface flux products are used to test theories of atmosphere—ocean interaction that explain the Madden—
Julian oscillation (MJO). Negative intraseasonal outgoing longwave radiation, indicating deep convective
clouds, is in phase with increased surface wind stress, decreased solar heating, and increased surface turbulent
heat flux—mostly evaporation—from the ocean to the atmosphere. Net heat flux cools the upper ocean in the
convective phase. Sea surface temperature (SST) warms during the suppressed phase, reaching a maximum
before the onset of MJO convection. The timing of convection, surface flux, and SST is consistent from the
central Indian Ocean (70°E) to the western Pacific Ocean (160°E).

Mean surface evaporation observed in TOGA COARE and DYNAMO (110 W m ™ 2) accounts for about
half of the moisture supply for the mean precipitation (210 W m 2 for DYNAMO). Precipitation maxima
are an order of magnitude larger than evaporation anomalies, requiring moisture convergence in the mean,
and on intraseasonal and daily time scales. Column-integrated moisture increases 2 cm before the con-
vectively active phase over the Research Vessel (R/V) Roger Revelle in DYNAMO, in accordance with
MJO moisture recharge theory. Local surface evaporation does not significantly recharge the column
water budget before convection. As suggested in moisture mode theories, evaporation increases the moist
static energy of the column during convection. Rather than simply discharging moisture from the column,
the strongest daily precipitation anomalies in the convectively active phase accompany the increasing
column moisture.

1. Introduction

The Madden—Julian oscillation (MJO) is the leading
intraseasonal (30-60 day) mode of atmospheric variabil-
ity of the equatorial atmosphere [Madden and Julian
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(1971), reviewed in Waliser (2006)]. It comprises alter-
nating zonal wind anomalies in the lower and upper tro-
posphere of the planetary zonal scale. Deep convection
accompanies surface convergence and upper-level di-
vergence, and suppressed convection accompanies sur-
face divergence. The 30-60-day time scale of the MJO is
long compared to the time scale of atmospheric con-
vection, and it propagates eastward at Sms~ .

The long time scale of the MJO and its slow propaga-
tion compared to the observed time scales of atmospheric
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convection and propagation speeds of equatorial waves
remains unexplained by theoretical models. Most com-
monly cited models explain low-level convergence
by unbalanced diabatic heating by convection [wave-
conditional instability of the second kind (CISK); (e.g.,
Gill 1980; Lau and Peng 1987) or boundary layer fric-
tional wave-CISK (e.g., Wang and Rui 1990; Salby et al.
1994)] or by a quasi-equilibrium between circulation and
radiative-convective equilibrium (Neelin et al. 1987;
Emanuel 1987; Neelin and Zeng 2000). Other models
with nonlinear interaction of smaller-scale waves (e.g.,
through triggering convection) predict organization of
synoptic-scale convection into a large MJO envelope
(Majda and Stechmann 2009; Yang and Ingersoll 2013).
The waves predicted by wave-CISK propagate faster
than the MJO, and the shortest waves are the most un-
stable to wave-CISK (Hendon 2005). Frictional wave-
CISK predicts slower waves destabilized by boundary
layer moist static energy convergence. Convectively
coupled equatorial Kelvin, Rossby, and inertia—gravity
waves are observed with higher frequencies and smaller
scales that do not match the planetary scale of the MJO
(Wheeler and Kiladis 1999).

Quasi-equilibrium models assume that latent heating
above precipitation is balanced by adiabatic cooling of
buoyant rising air (e.g., Riehl and Malkus 1958), and
convection quickly redistributes moist static energy
anomalies from the boundary layer throughout the tro-
posphere to an equilibrium temperature profile. Neelin
et al. (1987) and Emanuel (1987) developed quasi-
equilibrium models with wind-evaporation or wind-
induced surface heat exchange (WISHE) to explain
growth and eastward propagation of convective
anomalies. In WISHE, evaporation from the ocean
surface is enhanced under stronger wind speeds to the
east of the maximum upward velocity anomaly for
easterly mean winds. Contrary to the eastward prop-
agation of the MJO, the original WISHE theory pre-
dicts westward propagation of disturbances for the
mean westerlies found over the Indian Ocean and
western Pacific.

Under weak planetary rotation (implying large Rossby
radius of deformation) gravity waves efficiently re-
distribute temperature anomalies throughout the tropics.
The resulting relatively homogeneous temperature
structure observed in the tropical free troposphere is
modeled by the weak temperature gradient (WTG) as-
sumption (Sobel and Bretherton 2000; Sobel et al. 2001).
Even in the case of weak temperature gradients, mois-
ture anomalies increase the moist static energy of the
tropospheric column (e.g., Maloney 2009). “Moisture
mode” theories for the MJO consider the feedback be-
tween moisture anomalies and convection (Sugiyama
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2009; Hannah and Maloney 2014; Benedict et al. 2014).
The quasi-equilibrium moisture mode grows when there
is an alignment between precipitation and net column
heating.

No single theory has been accepted that links tropi-
cal convection and large-scale equatorial waves yield-
ing anomalies on the time and spatial scale of the MJO.
It has been suggested that the thermal inertia of the
upper ocean may play a role in setting the intraseasonal
time scale and slow propagation of the MJO (e.g.,
Krishnamurti et al. 1988). Although MJO variability is
found in some uncoupled simulations from atmo-
spheric general circulation models, in many models
coupled SST makes intraseasonal anomalies more
closely resemble observed intraseasonal variability
(Flatau et al. 1997; Waliser et al. 1999; Inness and Slingo
2003; Benedict and Randall 2011; DeMott et al. 2014).
Atmospheric GCMs coupled to SST in slab ocean models
improve predictability of intraseasonal variability com-
pared to atmosphere-only general circulation models
(Woolnough et al. 2007).

Intraseasonal air-sea interaction plays an important
role on the stage of the warm pool of the Indian and
Pacific Oceans (SST > 28.5°C, Fig. 1a). The standard
deviation of intraseasonal outgoing longwave radiation
(OLR) anomalies contoured in Fig. 1a has maxima over
both the Indian Ocean and western Pacific Ocean sec-
tors of the warm pool, with lower amplitude over the
Maritime Continent, particularly over the islands. Al-
though the intraseasonal variability of zonal wind stress
(Fig. 1b) is larger away from the equator, it also has two
saddles of high variability bridging the equator to the
east and west of the Maritime Continent. Figure 1b
shows annual wind stress climatology from the Scatter-
ometer Climatology of Ocean Winds (SCOW; Risien
and Chelton 2008) as vectors. The zonal wind stress is
shaded. The zonal wind stress is westward throughout
most of the tropics, but high intraseasonal variability in
zonal wind stress and convection coincides with regions
of warm SST and eastward mean winds near the equa-
tor. Locations of Dynamics of the Madden—Julian Os-
cillation (DYNAMO; Yoneyama et al. 2013) in the
central Indian Ocean, and Tropical Ocean and Global
Atmosphere Coupled Ocean—-Atmosphere Response
Experiment (TOGA COARE; Webster and Lukas
1992) in the western Pacific Ocean, are marked with
stars in Fig. 1.

Three MJO convective events and their accompanying
air-sea interactions were observed in TOGA COARE in
1992. Analyses of TOGA COARE observations and
composites from reanalysis data showed wind speed and
evaporation anomalies following OLR anomalies that
indicate deep convection (Hendon and Glick 1997;
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F1G. 1. (a) Mean SST for the equatorial Indian and Pacific Oceans (shaded) overlain by
standard deviation of intraseasonal (15-100 day) OLR anomalies [black, contours above
15'W m ™2 are shown with a contour interval of 3 W m ™2, yellow contour is 21 W m~2]. (b) Zonal
wind stress (shaded) and wind stress vectors from SCOW. The zero zonal wind stress contour is
gray. The standard deviation of intraseasonal zonal wind stress is contoured at 0.015 (dashed),
0.02 (light), and 0.025 (thick) N m~2. Locations of DYNAMO (80.5°E) and TOGA COARE
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(156°E) ship observations used in this paper are marked with yellow stars.

Shinoda et al. 1998; Woolnough et al. 2000). Longer in
situ records from Tropical Atmosphere Ocean (TAO)
buoys show westerly wind bursts and evaporation con-
siderably more synchronous with convection on average
than was found for the reanalyses or the three events of
TOGA COARE (Zhang and McPhaden 2000). SST de-
creased beneath the increased evaporative cooling and
reduced solar radiation on the ocean surface. Though
evaporation was enhanced in convective events, peak
precipitation in convective events was 3-5 times greater
than the rate of surface evaporation in TOGA COARE
(Lin and Johnson 1996), with moisture convergence
supplying most of the moisture for the precipitation.

We observed equatorial intraseasonal air-sea inter-
action in the central Indian Ocean during DYNAMO. In
this paper we assess the response of surface fluxes and
SST to intraseasonal convective anomalies, examining
the evidence that intraseasonal interaction of the at-
mosphere with surface fluxes, or with the SST, is a sig-
nificant contributor to the MJO. We use TOGA
COARE and DYNAMO observations, and surface flux
products based on global reanalyses. From these data-
sets we assess three hypothetical models of ocean—
atmosphere interactions:

1) Intraseasonal surface flux feedback: Intraseasonal
atmospheric variability, primarily wind speed and
clouds, affects surface heat fluxes (mostly evapora-
tion), contributing to boundary layer moist static
energy fluctuations that destabilize the atmosphere

2)

3)

to intraseasonal convective modes (which might be
wave-CISK, or frictional wave-CISK, or moisture
modes). In this process, surface fluxes are modulated
by intraseasonally changing meteorological vari-
ables, whether or not the ocean responds to the
changing conditions (Neelin et al. 1987; Emanuel
1987; Weller and Anderson 1996; Sugiyama 2009;
Sobel et al. 2010; Sobel and Maloney 2012).
Coupled ocean—atmosphere interaction: Intraseasonal
atmospheric variability modifies sea surface tempera-
ture (SST) and ocean mixed layer depth. Intraseasonal
changes in the wind strongly modulate the surface
fluxes, ocean mixing, mixed layer depth, and heat
storage by the ocean. The heat stored in the upper
ocean affects surface fluxes and feeds back to
atmospheric convection (Hendon and Glick 1997,
Wang and Xie 1998; Woolnough et al. 2000; Inness
and Slingo 2003; Marshall et al. 2008).
Atmospheric moisture recharge: Moisture builds up
in the atmospheric column, particularly the lower
free troposphere, in the convectively suppressed
phase. This moisture preconditions the atmosphere
for subsequent convective anomalies. Anomalous
precipitation in the convectively active phase dis-
charges moisture from the atmospheric column,
suppressing convection until the column moisture
can recharge again. Moisture recharge in the sup-
pressed phase could be due to evaporation, horizon-
tal convergence of water vapor, or vertical transport
of moisture by shallow cumulus or cumulus congestus
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clouds that detrain water in the midtroposphere
(Bladé and Hartmann 1993; Johnson et al. 1999;
Kemball-Cook and Weare 2001; Benedict and
Randall 2009).

In section 2 we introduce the DYNAMO and TOGA
COARE in situ observations and assess the OAFlux and
TropFlux surface flux datasets against them. Appendix A
provides a detailed description of each variable in
DYNAMO surface meteorology and flux dataset from
the Research Vessel (R/V) Roger Revelle. The methods
used for isolating and compositing equatorial waves
and the MJO are described in section 3, with more
details in appendix B.

In section 4 we present observed time series of daily
and subdaily variability from DYNAMO and TOGA
COARE, and the analysis of 27 years of the daily time—
longitude structure air—sea interaction variables and in
relation to the MJO. Section 5 presents a discussion of the
contribution of the surface flux and SST variation to MJO
convective anomalies and section 6 concludes the paper.

2. Data
a. DYNAMO

We use in situ time series observations collected from
the R/V Roger Revelle in the DYNAMO experiment
intensive observation period. The DYNAMO-Revelle
sampling consisted of four research cruises (Moum et al.
2014). We present the surface meteorology and air-sea
flux data from legs 24 (3 October-31 December 2011)
when the ship spent considerable time on the equator in
the vicinity of 80.5°E.

Oregon State University, University of Connecticut
(UConn), and the National Oceanic and Atmospheric
Administration (NOAA)/Earth System Research Labo-
ratory Physical Sciences Division (ESRL/PSD) deployed
parallel surface meteorology and covariance flux systems
on the forward mast of the Revelle [similar to shipboard
systems described in Fairall et al. (1997)]. Together
these systems measured mean air temperature, humidity
(at 15 m above sea level), vector wind (~20m), sea sur-
face temperature at 0.1-m depth (SST), and downwelling
solar and longwave infrared radiative fluxes each minute.
The DYNAMO observations are described further in
appendix A. Unless otherwise noted, in this paper we use
10-min averages of the DYNAMO surface meteorology
and flux variables. Fluxes shown herein are computed
from the 10-min averages with the COARE version 3.5
bulk aerodynamic formula (Fairall et al. 1996b; Fairall
et al. 2003; Edson et al. 2013).

Meteorological, sea—air interface, and upper ocean
variables are available in the DYNAMO-Revelle
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meteorology and flux group dataset [ftp://dynamo.dms.
uconn.edu/ linked from the Earth Observatory Labo-
ratory (EOL) field catalog http://data.eol.ucar.edu/
master_list/?project=DYNAMO)]. These variables and
the techniques used to process them are further de-
scribed in appendix A.

b. TOGA COARE

We use TOGA COARE observations from the R/V
Moana Wave and Woods Hole Oceanographic In-
stitution (WHOI) Improved Meteorological Packages
(IMET) buoy [Weller and Anderson (1996); Anderson
et al. (1996); available online at http://rda.ucar.edu/
datasets/ds606.1/]. Similar data to the DYNAMO data
described above were collected on the R/V Moana Wave
(Fairall et al. 1997). Meteorological and oceanographic
data from the IMET buoy were averaged hourly. Be-
cause precipitation is unevenly distributed and it is dif-
ficult to obtain a representative sample from single rain
gauges, we use the average of gauges on the IMET buoy,
the NOAA TAO buoy at 2°S, and the Research Vessels
Moana Wave and Wecoma (Anderson et al. 1996).

c. Outgoing longwave radiation

Convectively coupled equatorial waves are diagnosed
using principal component analysis and compositing
using daily NOAA interpolated OLR data interpolated
to 2.5° X 2.5° resolution [Liebmann and Smith (1996);
available online at NOAA/ESRL/PSD http://www.esrl.
noaa.gov/psd/data/gridded/data.interp_ OLR.html]. We
use the 27.5-yr period of data without gaps from January
1985 to June 2012. OLR data indicate the depth and/or
frequency of deep convection. Daily data are suitable to
diagnose intraseasonal MJO variability, convectively
coupled equatorial Kelvin waves, and convectively
coupled equatorial Rossby waves (Wheeler and Kiladis
1999).

d. TropFlux and OAFlux gridded surface flux
products

We supplement the surface flux observations from
DYNAMO and TOGA COARE with 1° X 1° spatially
resolved air-sea fluxes for the global tropical oceans
(TropFlux) and objectively analyzed air-sea fluxes
(OAFlux) surface data. TropFlux (Praveen Kumar et al.
2012; http://www.incois.gov.in/tropflux/) uses bias-corrected
European Centre for Medium-Range Weather Fore-
casts (ECMWF) Interim Re-Analysis (ERA-Interim,
hereafter ERA-I) variables to compute fluxes. The SST,
air temperature, air humidity, and wind speed variables
from ERA-I were adjusted to remove biases compared
to TAO, the Prediction and Research Moored Array in
the Tropical Atlantic (PIRATA), and the Research
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Moored Array for African—Asian—Australian Monsoon
Analysis and Prediction (RAMA) buoy observations
before computing fluxes with the COARE version 3.0
bulk flux algorithm. Neither the effect of the diurnal
solar warm layer nor the effect of the cool viscous sub-
layer on SST are implemented in the TropFlux bulk flux
computations.

OAFlux (Yu and Weller 2007) uses optimal analysis
(OA) of two meteorological reanalysis products: the
National Centers for Environmental Prediction-U.S.
Department of Energy (NCEP-DOE) Reanalysis 2
(Kalnay et al. 1996; Kanamitsu et al. 2002) and the 40-yr
ECMWF Re-Analysis (ERA-40; Uppala et al. 2005) and
satellite SST and wind speed observations to provide
inputs for the COARE 3.0 bulk flux algorithm. The
optimal analysis of the flux input variables is found by
minimizing a cost function of a weighted sum of differ-
ences between the analysis and model data and satellite
observations. OAFlux uses in situ observations from
buoys and ships collected in the Comprehensive
Ocean—-Atmosphere Data Set (COADS; Woodruff
et al. 1998) to estimate the errors in the satellite and
reanalysis estimates. In situ data from buoys and ship
observations enter TropFlux and OAFlux through as-
similation into the NCEP-DOE reanalysis, ERA-40,
and ERA-I.

The intraseasonal (30-90 day) net surface heat flux
standard deviation is about 20 W m 2 for either OAFlux
or TropFlux over the Indian Ocean thermocline ridge
[12°-5°S, 50°-80°E; Praveen Kumar et al. (2012), their
Fig. 15¢c]. The daily gridded surface flux products agree
well with in situ observations during DYNAMO and
TOGA COARE. Figure 2 shows the agreement of daily
latent and sensible heat flux with measurements made
on board the R/V Roger Revellein DYNAMO, and with
the measurements on board the R/V Moana Wave in
TOGA COARE. TropFlux and OAFlux overestimate
TOGA COARE latent heat flux by 30 and 20 Wm ™2,
respectively. TropFlux underestimates the TOGA
COARE mean sensible heat flux by 1Wm 2.

The reanalyses used by the gridded flux products in
Fig. 2 resolve the main features of daily variability. Daily
TropFlux and OAFlux latent and sensible heat fluxes
are correlated at 0.84 and 0.87, respectively, with the
DYNAMO ship observations; and correlated 0.72 and
0.83, respectively, with the TOGA COARE ship ob-
servations. The success of TropFlux and OAFlux at re-
producing the DYNAMO ship observations at 0°, 80.5°E
may be due to the reanalyses assimilating data from the
nearby RAMA buoy (0°, 80.5°E; ~2km from the Rev-
elle), and the slightly more distant RAMA buoys along
80.5°E at 1.5°S and 1.5°N. The standard deviation of the
sensible heat flux is almost as large as the mean sensible

DE SZOEKE ET AL.

601

250+ DYNAMO (80.5°E, 0°N, 2011-2012) ==-OAFlux

—TropFlux
e 200f —Revelle
€ latent
=
x
=2
T
o
<
sensible
Y
0\H\HH\H\H\HH\H\H\H\H\H\H\H\H\HHHHH\H\H\HHHHHHHHHHHHH
1 7 1319 25 1 7 13 19 25 1 7 13 19 25
October November December
2011
b Tt T SN N e
===OAFlux

—TropFlux
—Moana Wave

December

November
1992

FIG. 2. TropFlux and OAFlux gridded surface flux products
compared with ship observations (a) from the R/V Roger Revelle
for DYNAMO in 2011 and (b) from the R/V Moana Wave for
TOGA COARE in 1992/93.

heat flux (7-8Wm™?). The standard deviation of
TropFlux latent heat flux was 30 Wm ™2 for DYNAMO
and 40Wm > for TOGA COARE. TropFlux and
OAFlux overestimate the standard deviation of the la-
tent heat flux by 14% and 8%, respectively, in TOGA
COARE, and 20% and 8%, respectively, in DYNAMO.
Mean sensible and latent heat fluxes, their standard
deviations, and their correlation with the ship observa-
tions for DYNAMO are tabulated in Table 1.

Surface radiative fluxes are provided in OAFlux and
TropFlux by the International Satellite Cloud Clima-
tology Project (ISCCP) Flux Dataset (ISCCP FD;
Zhang et al. 2004). TropFlux adjusts ISCCP FD for
mean and amplitude biases relative to the buoy obser-
vations. Radiative surface fluxes from ISCCP FD match
surface observations better than radiative fluxes from
reanalysis. ISCCP FD is updated irregularly (available
until 2009 at the time of writing), so TropFlux uses bias-
corrected surface longwave fluxes from ERA-I re-
analysis when ISCCP FD is not available. TropFlux
“real time”’ solar radiation is derived as the ISCCP FD
bias-corrected climatology plus an anomaly of 1.32 times
the anomalous OLR (similar to Shinoda et al. 1998).
Solar radiation derived in this way fits the mean and
amplitude of surface observations well; however, it is
clearly not independent of the OLR data.
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TABLE 1. Comparison of OAFlux and TropFlux sensible (SHF)
and latent (LHF) heat fluxes with R/V Roger Revelle surface flux
observations.

Mean Std dev Revelle
(Wm™?) (Wm™32) correlation
LHF SHF LHF SHF LHF SHF
R/V Roger  109.0 8.1 32.4 7.0 1 1
Revelle
OAFlux 106.4 8.3 34.8 5.7 0.87 0.85
TropFlux 111.4 8.8 393 8.1 0.84 0.87

We also use the ERA-I (Dee et al. 2011) SST product
provided with TropFlux on the 1° X 1° grid. The ERA-I
air temperature is consistent with this SST, according to
the physics of the ERA-I model. ERA-I uses NCEP
7-day optimally interpolated SST (OISST; Reynolds et al.
2002) for 1989-2001 and daily Operational Sea Surface
Temperature and Sea Ice Analysis (OSTIA; Donlon
et al. 2012) from 2009 to the time of this writing.

3. Methods

We isolate intraseasonal variability in OLR, then
composite the surface flux variables on the OLR-based

a OAFlux EOF1
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index. We select symmetric MJO variability with a me-
ridional average over 15°S-15°N. Intraseasonal vari-
ability is isolated from 27.5 yr (1985-2012) of continuous
daily satellite OLR observations and the TropFlux and
OAFlux surface fluxes with a sixth-order Butterworth
bandpass filter with cutoff frequencies corresponding to
periods of 15-100 days. We choose this relatively wide
range of frequencies in order not to constrain the
spectral characteristics of intraseasonal variability too
narrowly.

Principal component analysis

We use principal component analysis (PCA) to isolate
and diagnose the phase of the MJO (e.g., Shinoda et al.
1998; Wheeler and Hendon 2004; Kiladis et al. 2014).
We perform PCA on the intraseasonally filtered =15°N
OLR time-longitude matrix. The PCA separates the
time-longitude matrix into orthogonal spatial and tem-
poral modes of variability. Each mode is separated into
a spatial empirical orthogonal function (EOF; Figs. 3a—d)
and a temporal principal component (PC) time series
(Figs. 3e-h). Superposition of all modes recovers the
entire time-longitude input data matrix. OLR varies
most in the climatologically convective regions of the

b OAFlux EOF2
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FIG. 3. The two leading EOFs of OLR averaged from 15°S to 15°N, and the regression of their PC time series onto
the latent and sensible heat fluxes from (a),(b) OAFlux and (c),(d) TropFlux. Latent heat fluxes follow (are west of)
sensible heat flux anomalies. Two-dimensional spatial pattern regressions on the first two PC time series for TropFlux
(e),(f) latent heat flux and (g),(h) sensible heat flux (shaded). Positive heat flux anomalies indicate upward heat fluxes
out of the ocean. Contours in (e)—(h) show the respective EOFs of OLR (contour interval of 2 W m™?).
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Indian Ocean and western Pacific Ocean, so the PCA
selects modes that explain variability in that region.

The first two principal components explain signifi-
cantly more variance (21% and 16%) of the OLR data
than the following principal components. The two PCs
are nearly in quadrature, copropagating from west to
east (Fig. 3). These two PCs are statistically distinct from
the other PCs but not distinct from each other by the
criterion of North et al. (1982). We retain only the first
two PC time series as an efficient representation of
eastward-propagating MJO events. The time-longitude
structure of MJO is diagnosed by the product of the PC
time series with the OLR EOFs, and with the spatial
projections of the surface flux variables.

The truncated PC time series were normalized to
have unity standard deviation, and the EOFs normal-
ized so that they represent the spatial OLR pattern
(Wm?) projected for a normalized PC anomaly of 1.
The surface wind stress, and sensible, latent, solar, and
longwave heat fluxes were regressed onto the first two
normalized PC time series to yield their spatial pattern
(Figs. 3e-h).

The compositing procedure described in appendix B
uses the phase of the MJO described by the angle of the
vector formed from the first two principal components.
The result of the analysis is essentially the same for
OAFlux so we show only TropFlux for brevity.

4. Results

a. Global and local intraseasonal variability of OLR
and SST

First we analyze the intraseasonal variability of OLR
and SST during the DYNAMO (0°, 80.5°E, from October
2011 to January 2012) and TOGA COARE (1.8°S, 156°E,
October 1992-March 1993) field experiments. Intra-
seasonal coupled atmosphere—ocean interaction ought to
be reflected in variability of both atmospheric convection
(OLR) and SST. Time series of daily OLR are traced by
blue lines in Figs. 4a,c. Sea surface temperature time se-
ries from ERA-I (daily for DYNAMO and weekly for
TOGA COARE) are shown in Figs. 4b,d. Intraseasonal
(15-100-day filtered) variations of OLR and SST (thick
blue lines, Fig. 4) indicate three local intraseasonal
minima in OLR in the central Indian Ocean during
DYNAMO. These minima of OLR, labeled 11,12, and 13,
indicate times when active convection drove cloud tops
deep into the cold upper troposphere. These events were
accompanied by decreasing SST and net upward surface
heat flux, so that each minimum in OLR was followed by
a minimum in SST within 2-10 days. Table 2 shows the
dates of the identified intraseasonal events.
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periods. OLR and ERA-I SST anomalies regressed on the leading
two intraseasonal OLR PC (red dashed) and the RMM (orange
dotted-dashed) indices (Wheeler and Hendon 2004) underestimate
the local daily (thin blue) and intraseasonal (thick blue) variability
observed in TOGA COARE and DYNAMO. Labels I1, 12, 13, P1,
P2, and P3 indicate times of low intraseasonally filtered OLR
anomalies. The gray dashed line in (a) and (c) corresponds to the right
axis and shows the 50-day low-pass-filtered normalized magnitude of
the first two principal components of tropical intraseasonal OLR.

OLR was low over the western Pacific TOGA
COARE experiment for two 10-20-day intervals, la-
beled P1 and P2 in Figs. 4c,d. A third period of modestly
decreasing SST in TOGA COARE at the end of Janu-
ary 1993 (P3) has a weak minimum of intraseasonal
OLR. The projections of the PCA and Real-Time
Multivariate MJO (RMM; Wheeler and Hendon 2004)
indices indicate that the canonical planetary intra-
seasonal structure associated with low OLR at 1.8°S,
156°E is present for P3. SST has weaker variability than
OLR on shorter time scales. The NCEP SST used by
ERA-I in 1992/93 is only weekly, so for a fairer com-
parison to the daily SST in DYNAMO, we use NOAA
Optimally Interpolated version 2 daily SST (Reynolds
et al. 2007) at the TOGA COARE location in Fig. 4d.
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TABLE 2. Dates of minimum OLR and SST in intraseasonal events
during DYNAMO and TOGA COARE.

Event OLR min SST min
DYNAMO
I1 29 Oct 2011 31 Oct 2011
12 28 Nov 2011 1 Dec 2011
13 20 Dec 2011 30 Dec 2011
TOGA COARE
P1 22 Oct 1992, 3 Nov 1992 11 Nov 1992
centered on 28 Oct 1992
P2 16 Dec 1992, 2 Jan 1993 3 Jan 1993
centered on 24 Dec 1992
P3 30 Jan 1993 7 Feb 1993

Local time series show the local effects of daily and
intraseasonal variability on OLR and SST (Fig. 4). The
magnitude of the vector formed from the first two PCs is
about 1.5 standard deviations for most of DYNAMO
as shown by gray dashed line in Fig. 4. In TOGA
COARE the magnitude of the PCs has one long en-
hancement with a maximum of 3.4 standard deviations
in January 1993.

The two PCs efficiently representing the MJO on
a global scale are correlated to the local intraseasonal
variability, but their local peak-to-trough range in
DYNAMO is only 56% of the range of the daily time
series, and only 80% of the intraseasonally filtered OLR
range (Table 3). The local peak-to-trough range indicates
the strength of local extrema in late 2011, but is not
representative of the amount of variance explained. The
range of the RMM projection is only 30% of the local
intraseasonal OLR peak-to-trough range. Regressions
of the OLR PC or the RMM index underpredict the
local SST range even more. Therefore, much of the
observed intraseasonal variability in the DYNAMO and
TOGA COARE observations is due to local or regional
phenomena that are not closely linked to the global-scale
development and propagation of the MJO.

b. DYNAMO and TOGA COARE time series

We next present time series from DYNAMO obser-
vations from the R/V Roger Revelle at the equator,
80.5°E (Fig. 5). The intraseasonal minima of OLR (11,
12, and I3) are associated with negative net surface heat
flux, clouds and rain, eastward wind stress, cooler air
temperature, and decreasing SST. The timing of strong
individual rain, stress, or heat flux events can differ by up
to several days from the time the intraseasonal OLR
reaches a minimum.

Figures 5 and 6 are modeled after Fig. 3 of Anderson
et al. (1996). Figure 5a shows daily average solar, latent,
sensible, and net heat fluxes. As over most of the tropical
oceans, the net downwelling surface solar radiation was
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TABLE 3. Peak-to-trough range of daily and intraseasonally
filtered OLR and SST in DYNAMO. Local regression of the first
two PCs and RMM indices captures less of the observed daily
variance. The percentage of the daily OLR peak-to-trough range
retained by the filtering and regressions on global indices is
shown in parentheses.

AOLR (Wm?) ASST (°C)
Daily 160 1.0
15-100 day 110 (68%) 0.9
2 PCs 90 (56%) 0.3
2 RMMs 35 (21%) 0.2

the only term of the surface fluxes that warms the ocean.
Its mean exceeded 200 W m ™2 on most days, larger than
the sum of sensible, latent, and net longwave radiative
flux cooling the ocean. The average heat flux gained by
the ocean at the surface during the three Revelle de-
ployments to the equator was 43Wm 2. Days with
negative net heat flux (highlighted with pale green bars)
corresponded to convective conditions.

Clouds extinguished the incoming solar radiation,
usually to less than 100Wm 2, for all of the days of
negative net surface heat flux. The blue shaded area in
Fig. 5b corresponds to hourly clear-sky fraction (the white
area extending from the top of the axis corresponds to the
cloud fraction). Less cloud fraction corresponds to more
daily average solar radiation (Fig. 5a). Some of the clouds
were dynamically vigorous enough to rain. Figure 5b
shows the daily average rain rate averaged over the
1257-km? area within 20 km of the ship from the Colorado
State University TOGA radar (Thompson et al. 2014,
manuscript submitted to J. Atmos. Sci.) (gray bars in
Fig. 5) and sampled by the PSD rain gauge on the ship
(gray circles in Fig. 5a). The maximum daily rain sampled
on the ship in the three legs was 7.5 mmh ! on 28 October
2011. On these days there was reduced solar radiation and
net surface cooling of the ocean surface. Because rain is
notoriously unevenly distributed, the rain at the gauge on
the ship was subject to considerable variability, yet the
daily rain rate from the radar area corresponded well (r =
0.64) to the rain measured on the ship.

Most days with negative net surface heat flux also had
stronger zonal wind stress. (The wind stress magnitude is
correlated to the zonal wind stress magnitude at » = (.98,
and meridional wind stress is strongly correlated with
zonal wind stress.) Mean zonal wind stress for the Revelle
deployment on the equator in DYNAMO was 0.028 =
0.005N m 2 eastward (i.e., a mean westerly wind). Unlike
westward stress under trade winds, which drives equa-
torial upwelling, the mean eastward wind stress drives
Ekman convergence on the equator, resulting in equa-
torial downwelling. However, the zonal wind stress occurs
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FIG. 5. (a) Daily average surface heat fluxes incident on the ocean (positive warms the ocean)
in DYNAMO, averaged over each local solar day at the equator, 80.5°E. Solar radiation (blue) is
compensated by evaporation (green), longwave radiation (red), and sensible heat flux (orange),
resulting in the net surface heat balance (black). (b) Variations in cloud fraction (clear fraction
indicated in blue) and rain from the TOGA precipitation radar averaged within 20 km of the ship
(bars) and ship optical rain gauge (circles). (c) Hourly running mean of 10-min zonal wind stress.
(d) The 10-min 0.1-m depth sea surface temperature (from the R/V Roger Revelle when stationed
at 0°, 80.5°E, orange). Ocean temperature at 10-m depth from the OSU Ocean Mixing Group
Chameleon profiler (dark red), and the UW/APL buoy (0°, 79°E) when the ship was off station.
Surface air temperature (blue) measured on the ship in the DYNAMO experiment. Green
shading behind all panels highlights days negative net surface heat flux cooled the ocean.
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in short bursts that last several days. Stress observations
exceeded 0.2N'm ™2 for a total of 27h (1.5% of the time
sampled) during DYNAMO and the peak stress was
INm 2 Such (eastward) westerly wind bursts can
drive mixing of temperature and salinity across the
thermocline (Smyth et al. 1996), and accelerate zonal
currents in the ocean, whose convergence initiates
downwelling waves in the equatorial thermocline that in
the Pacific Ocean lead to equatorial El Nifio-Southern
Oscillation (ENSO) anomalies (McPhaden et al. 1992).

Intraseasonal cycles of SST were observed on Revelle
during the months of October and November during
DYNAMO. The ocean also responds thermodynamically
to the surface heat flux. SST increased gradually in the
beginning of October, November, and December,
reaching maximum temperature at 0.1-m depth on the
afternoons of 15 October and 16 November 2011, and
probably during the Revelle’s port call and transit be-
tween legs 3 and 4 (Fig. 5d). The SST cooled in the pe-
riods with negative net heat flux. The 0.1-m SST shows
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FIG. 6. As in Fig. 5, but for hourly data from the R/V Moana Wave and the IMET buoy in
TOGA COARE. Wind stress (gray line Moana Wave, shaded IMET), SST (red line 0.45-m
IMET, dots Moana Wave), and air temperature (blue line IMET, dots Moana Wave). [IMET
data courtesy S. P. Anderson and R. Weller as in Anderson et al. (1996).]

strong diurnal warming during the periods of gradual
SST warming, especially 5-22 October and 11-23 No-
vember. Ocean temperature at 10-m depth [taken from
the Oregon State University (OSU) Chameleon profiler
or the nearby University of Washington/Applied Phys-
ics Laboratory (UW/APL) buoy when the Revelle was
off station] was usually slightly cooler and had a delayed
and muted diurnal warming [consistent with the model
of Price et al. (1986) and observations of Anderson et al.
(1996)]. The warmest 10-m temperature occurred on 19
October (excepting a 2-h anomaly on 16 October) and 22
October, a few days later than the peak temperature at
0.1 m. The 0.1-m ocean temperature was usually as warm
as or warmer than the 10-m temperature, but there were
brief exceptions. These times were probably associated
with rain deposited at the wet bulb temperature, which is

colder than the air temperature. During calm periods rain
also freshened and stratified the upper few meters of the
ocean briefly, trapping the cooling of the surface heat
fluxes within a shallow layer (this shallow layer is still
warmer than the atmosphere) without changing the ver-
tical profile of absorption of solar radiation.

Some days show no diurnal cycles of SST. On these
days the temperature decreased at 0.1- and 10-m depth
alike (Fig. 5d). One or two days with no diurnal cycle of
SST were found in the intraseasonal slowly warming
phase (13 and 19 October), but most of the days with no
diurnal SST layer were in the cooling phase of the intra-
seasonal oscillation. Notably on 24-25 and 28-29 October
and on 24-25 and 28-30 November there was no diurnal
warming. These days also had negative daily average net
surface heat (and buoyancy) flux and strong wind stress
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TABLE 4. All-experiment mean (*standard error) of daily heat fluxes (here E denotes latent heat flux, H sensible heat flux, LW
longwave radiative flux, and SW shortwave radiative flux) and precipitation P sampled by the IMET buoy dataset (Anderson et al. 1996),
by the R/V Moana Wave in TOGA COARE, and by the R/V Roger Revelle in DYNAMO. The number of degrees of freedom (r4or)
equals the number of days for DYNAMO, but for TOGA COARE is the number of days divided by 1.5 due to the slight autocorrelation of

the TOGA COARE daily time series.

DYNAMO vs TOGA COARE experiment mean surface fluxes (W m™~?)

Adof Net E+H+ LW SW P
TOGA COARE (1992/93)
IMET 88 18 =7 —-176 = 3 193 +3 324 + 46
IMET (Moana Wave sampling) 34 23 12 -171 =6 194 =9 341 = 83
R/V Moana Wave 34 29 + 13 —168 £ 6 197 £ 10 276 = 80
DYNAMO (2011/12)
R/V Roger Revelle 75 43 £ 11 -173 =4 216 =9 210 = 34

that quickly distributed solar heating throughout the
upper ocean mixed layer. The surface temperature
without diurnal warming occurred atop two periods that
the 10-m temperature decreases on a longer time scale. In
the convective period I1 the 10-m depth ocean tempera-
ture decreased —0.7°C during 22-30 October, and in pe-
riod 12 the temperature decreased —1.3°C during 22
November—1 December. Ocean temperature also varies
because of nonlocally forced advection. Some tempera-
ture changes at 10 m (Fig. 5, dark red) were coherent with
changes below the mixed layer (e.g., 16-19 November)
and unrelated to local surface stress, heat flux, or the solar
cycle (K. Pujiana 2014, personal communication).

All DYNAMO convective events had eastward wind
stress and cooled the ocean by net upward surface heat
flux, but each event had a unique progression of features.
Event I1 had the strongest precipitation at the ship. Event
12 had two distinct bursts of eastward wind stress, each
one associated with a burst of convection (Moum et al.
2014). Intraseasonal event 12 had two maxima of rain
at the ship and two minima in daily OLR. According to
time-longitude plots from satellite retrievals of OLR
and rain, these features of deep atmospheric convec-
tion propagated eastward over the Revelle at 89 ms '
[Yoneyama et al. (2013); Moum et al. (2014), their Fig. 3],
the phase velocity expected for a convectively coupled
Kelvin wave (Kiladis et al. 2009). The Revelle observed
only the conclusion of convection from event I3. This was
then followed by the strongest wind stress observed in
DYNAMO and a week-long period of enhanced eastward
wind stress without convective activity.

Air temperature measured on the ship (adjusted by flux-
gradient similarity to 10-m height; blue, Fig. 5d) was con-
siderably more variable than ocean temperature. Air
temperature roughly followed SST during weeks of
warming in the convectively suppressed periods early in
each of the months of October, November, and perhaps
December, with the air about 1°C cooler than the SST. The
air-sea temperature difference was even more negative in

the convective periods in late October and November. The
air temperature dropped in brief episodic cold pools that
can be identified by the air temperature dropping below
27°C. These cold pools were asymmetric in time, with
sudden cooling followed by a gradual recovery of the
temperature. Often the temperature dropped because of
a second or multiple cold pools before recovering from an
earlier cold pool. Cold pools varied in strength and re-
covery time. There were more and stronger cold pools
during the convectively active phase of intraseasonal var-
iability. Cold pools increased surface sensible and latent
heat fluxes (Yokoi et al. 2014; Feng et al. 2014, manuscript
submitted to J. Adv. Model. Earth Syst.).

The role of the surface fluxes and westerly wind bursts
during the TOGA COARE (October 1992-March 1993)
experiment on the upper western Pacific Ocean has been
well documented. The 134-day time series from TOGA
COARE IMET (1.8°S, 156°E; Weller and Anderson 1996;
Anderson et al. 1996) and the R/V Moana Wave (1.7°S,
156°E for 11 November—3 December 1992, 17 December
1992-11 January 1993, and 28 January-16 February 1993;
Fairall et al. 1996b) observations are shown in Fig. 6.
Table 4 shows the mean net heat flux, the sum of the
cooling, and the solar warming, as well as the standard
error of their mean for DYNAMO and TOGA COARE.
The mean net surface flux warming in TOGA COARE
was only about 20 Wm ™2, half the net surface warming
observed in the central Indian Ocean in DYNAMO. This
was mostly due to stronger solar radiation in DYNAMO
(216 = 9Wm?) than in TOGA COARE (193 +
3Wm ?). The average sum of latent, sensible, and long-
wave cooling is statistically indistinguishable between
DYNAMO and TOGA COARE. The standard error of
the mean net heat flux is larger than its constituents be-
cause daily solar and evaporation anomalies are of the
same sign, even though their means have opposite signs.

The intraseasonal convectively active events P1, P2, and
P3 (defined by OLR minima) in the western Pacific Ocean
during TOGA COARE are indicated in Figs. 6a,d. They



608

coincided with groups of days with negative net heat
fluxes, some that reach 200 W m™2. As in DYNAMO,
the diurnal cycle of SST was small during periods of en-
hanced wind stress and negative net heat flux, and large
when the wind was calm (e.g., on 13-22 November 1992,
28 November-6 December 1992, and 8-16 January 1993).

Event P2 stands out as an example of strong rainfall,
eastward wind stress, and evaporation. SST decreased for
24 days in the middle of TOGA COARE (12 December
1992-5 January 1993). Daily minimum SST at 0.45m
decreased by 1.5°C in P2. Zonal wind blew eastward in
four consecutive 5-day bursts separated by wind stress
minima. The first three were associated with convection.
Daily average rain was greater than 1 mm h ™! for the first
three of these bursts. The final strong wind burst blew
during a minimum of rainfall. From 26 December to 3
January strong solar radiation and evaporation due to the
wind canceled, finishing the long intraseasonal event P2
with small net heat fluxes weaker than 50 Wm 2. This
event was unusual in its strength and duration. Yet the
continuation of the eastward wind, which began during
the time of convection and negative net heat flux, into the
sunny and weak net heat flux conditions following the
convection, was typical of events in TOGA COARE.
Events P1 and P3 were followed by weak eastward wind
stress and weak positive heat flux during 31 October—6
November 1992 and 2-9 February 1993, respectively. In
DYNAMO, only convective event I3 was followed by
strong wind stress after the convection cleared. SST at the
end of TOGA COARE was nearly constant over four
quasi-7-day synoptic vacillations between positive and
negative net heat flux following P3. These vacillations
were apparently driven by bursts of eastward wind stress
on time scales shorter than the MJO, resulting in nearly
simultaneous changes in the shortwave radiation and
evaporation. We cannot confidently identify systematic
differences between intraseasonal events in the Indian
Ocean and western Pacific Ocean from the three diverse
events sampled in each basin.

Synoptic convective events were found inside and
outside of the convective envelope of the MJO in
DYNAMO and TOGA COARE. For example, the
8-9ms ' eastward propagation of the two convective fea-
tures in event 12 in DYNAMO suggests they were con-
vectively coupled atmospheric Kelvin waves. Sounding
anomalies on a 10-m vertical grid are computed by re-
moving the vertical 11-point moving average of all
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DYNAMO-Revelle soundings (Fig. 7). Asin Straub and
Kiladis (2003, their Fig. 5), time progresses from right to
left in Fig. 7 to emulate the zonal structure of the waves
as they propagate eastward over the Revelle. The time-
vertical structure of temperature, humidity, and zonal
wind from rawinsondes released from Revelle in the two
propagating wave features further resemble composites
of Kelvin waves over Majuro (7°N, 171°E; Straub and
Kiladis 2003; Kiladis et al. 2009) in several respects.
First, upper-tropospheric temperature anomalies last
about 2 days for each convective burst of event I2.
Second, strong upper-tropospheric heating begins
about a day before the maximum tropospheric warm
anomaly at 200hPa (Fig. 7, top). Third, specific hu-
midity anomalies at 800-400hPa lag the potential
temperature anomaly by about 1 day. Zonal wind lags
by an additional day and tilts westward with height. The
eastward wind starts abruptly and appears to coincide
with the end of the highest specific humidity anomalies.
The propagation and vertical structure of the Kelvin
waves were distinctly identified within the longer con-
vective envelope of the MJO.

¢. Daily atmospheric moisture budget

Some theories of the MJO depend sensitively on the
distribution and feedback of moisture sources to the
atmospheric column. We investigate whether the evap-
oration observed in DYNAMO and TOGA COARE is
significantly correlated to the precipitation, and whether
anomalous intraseasonal evaporation is a significant
source of moisture to balance the observed pre-
cipitation. We find weak but statistically significant
correlations of evaporation to precipitation (0.27 in
TOGA COARE and 0.35 in DYNAMO, Fig. 8). The
daily precipitation has a standard deviation of
290 W m ™2 in latent heat units, much more than the
34Wm 2 standard deviation of evaporation. In situ
observations show surface evaporation anomalies in the
tropical warm pool positively contribute to the MJO
precipitation, but it has a magnitude insufficient for
generating and sustaining the precipitation associated
with the MJO. Even if they were highly correlated, the
evaporation anomalies would explain only about 10% of
the variability of the precipitation.

The remaining >90% of the moisture must be sup-
plied to precipitation by another source. The budget for
the integrated water in the atmospheric column is

.F + E - P . (1)

q
——
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FIG. 7. Vertical structure of two convectively coupled Kelvin waves that passed over R/V Roger
Revelle on 24-25 and 27-28 November. Time increases from right to left to demonstrate the zonal
structure of the anomalies as they propagate from west to east. Gray areas indicate missing data.

The first term is the column moisture storage. The
budget is written so that all four terms sum to zero, so
negative storage means the column-integrated water is
increasing. Moisture enters the column through verti-
cally integrated horizontal moisture flux convergence
and surface evaporation, and leaves by precipitation.
The intraseasonal variation of our moisture flux con-
vergence computed as a residual from the moisture
budget over the ship agrees with the column-integrated
moisture flux convergence from the northern sounding
array (Johnson et al. 2014). Estimates from the TOGA
COARE and DYNAMO radiosonde arrays indicate
that most of the precipitating water is supplied by
moisture flux convergence (Lin and Johnson 1996;
Johnson and Ciesielski 2013).

We independently retrieve the column-integrated
water using the microwave radiometer on the Revelle
(Fig. 9a). From the integrated column moisture we es-
timate the storage, and then the convergence as a re-
sidual (Fig. 9b). The column-integrated moisture was
variable from day to day, but systematically reached
amaximum in each of the convective phases of the MJO.
The intraseasonal range of integrated moisture during
DYNAMO was about 2-3cm, on a background of 5-
6 cm. The anomalous storage of 2-3 cm would be con-
sumed in about a day by a rain rate of 1 mmh~'. Most
daily rain rates were much less than 1mmh ™!, yet 4 days
of very strong rain (28 October, 30 October, 24
November, and 18 December 2011) exceeded 1 mmh ™!

in the daily average, and 13 days (18% of the 71 local
days sampled by the radar) exceeded 0.5mmh .

Daily precipitation in convective events -easily
exceeded the column supply of water, so the storage of
water vapor seems to play a relatively passive role
compared to other terms in the column water budget.
During 11-26 October, when the water vapor increased
prior to convective maximum I1, the storage was vari-
able but averaged —20 Wm ™2, compared to conver-
gence of 140 W m 2, evaporation of 100 W m ™2, and rain
of 210Wm ™2 The column-integrated water vapor
sometimes took on larger values, therefore, its intra-
seasonal variation was not limited by being close to
saturation.

Moisture flux convergence was usually on the order of
the precipitation. It weakly exported moisture from the
column between convective events (5-9 October, 12-18
November, and 25-29 December). Moisture flux con-
vergence imported moisture, approximately balancing
intermittent showers, in the several days before the
convective maxima. This is in contrast to the beginning
of the convective maxima, when moisture flux conver-
gence of 15003000 Wm 2 was balanced by rain and
increases in column moisture storage. Total column
water increased despite the strong rain.

On 28 November there was positive storage (de-
pletion of water) in the second Kelvin wave of 12. We
cannot sample all the terms in the budget over the
complete convective lifetimes of events I1 and I3, but
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FIG. 8. Evaporation vs daily averaged rain rate averaged over
several stations from TOGA COARE (blue circles) and over the
20-km radius radar disk around the R/V Roger Revellein DYNAMO
(red crosses).

storage became positive later in I1 on 30 October, and
was positive at the end of I3 (beginning of leg 4) on 19
December, suggesting column water anomalies de-
creased toward the end of intraseasonal convective
events. With a mean and standard deviation of 110 =
30 Wm ™2, evaporation is moderate and very constant
compared to fluctuations in rain (210 + 290 Wm ™ ?),
storage (zero in the mean, but —30 + 300 Wm ™ 2 over
the three Revelle legs), and moisture flux convergence
(110 = 460 Wm?).

d. Intraseasonal air-sea interaction composites

The DYNAMO and TOGA COARE experiments
each were able to sample several intraseasonal con-
vective events. Now we place the events observed in
DYNAMO and TOGA COARE in the context of typical
intraseasonal events from global datasets. A composite
average of a large number of events retains systematic
intraseasonal variability, and removes random variability
that only affects individual events. Global datasets also
show the zonal-time evolution of intraseasonal convec-
tive events from the Indian Ocean to the Pacific Ocean,
including the DYNAMO and the TOGA COARE lo-
cations. The gridded data extend the temporal and spatial
sampling beyond the experiments, and allow comparison
between station observations of MJO structure to larger
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reanalysis-based MJO structures. The analysis deter-
mines whether there are robust differences between
intraseasonal variability observed in the central Indian
Ocean compared to the western Pacific Ocean.

Based on the principal component analysis, 103
intraseasonal events satisfied a criterion of strong am-
plitude and eastward propagation (appendix B). We
composite the full unfiltered anomalies of TropFlux
gridded analysis surface flux variables during these
events on the phase of the MJO described by the leading
two modes of principal component analysis of OLR.
Figure 10 shows the composite of the 103 events. The
cycle before and the cycle after the center of the event,
when the MJO attains a convective maximum near 80°E,
are each divided into 24 phase bins. Daily data within
+60 days of the center of the event are composited ac-
cording to their intraseasonal phase. The compositing
procedure is described further in appendix B. Black
contours in each panel show the negative OLR anomaly
of the first two principal components.

Color-shaded contours show the 103-event composite
of OLR, SST, and surface fluxes. The two PCs explain
37% of the intraseasonal OLR variance, so the com-
posite OLR (Fig. 10a) recovers nearly the same pattern
as the first two PCs of OLR used to construct the com-
posite. The minimum unfiltered OLR composite
(shaded) slightly leads the PC-OLR regression (con-
toured, Fig. 10a). Convective events rapidly develop
their minimum OLR with a quick onset, and then slowly
recover. Intraseasonal filtering and regression slows the
apparent onset and shifts the minimum OLR later rel-
ative to the unfiltered composite. The composite SST
and surface fluxes also have alternating eastward-
propagating anomalies. Sea surface temperature and
SST tendency (Figs. 10b and 10c) show SST cooling
during the convective phase of the events, which is
consistent with the cooling by the net surface heat flux
during the convective phase of the MJO.

The amplitude and relative phase relation among the
OLR, wind stress, SST, and each of the components of
the surface heat flux is relatively consistent across the
warm pool from the central Indian Ocean to the western
Pacific Ocean. The net surface heat flux is synchronous
with OLR anomalies. Each of the components of the net
surface heat flux is phased slightly differently, yet the
relative phase among the components is consistent
throughout the warm pool. The largest surface heat flux
term, and that with the greatest intraseasonal composite
amplitude (25 W m~?) is the solar radiation absorbed by
the ocean in phase with high OLR. (The surface solar
radiation in gridded datasets is not independent of OLR.
ISCCP uses OLR retrievals to constrain the surface ra-
diation, and after 2007 TropFlux surface solar radiation
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is parameterized as a regression on OLR.) Some
3 W m™? of the solar radiation is offset by longwave ra-
diation anomalies, though the longwave anomalies lead
the OLR by less than a quarter phase, perhaps indicating
warm moist anomalies and emissive clouds in the lower
troposphere before the intraseasonal maximum of deep
convective clouds.

Eastward wind stress is nearly synchronous with the
OLR anomalies, so strong zonal convergence accom-
panies the front (eastern) edge of the convective anom-
alies from 70°E to the date line. Sensible heat flux
(¥2Wm™ 2, 25% of its mean) out of the ocean slightly
leads, while latent heat flux (thWm_z, 10% of its
mean) slightly follows the low OLR anomaly. The
phase of the surface heat fluxes can be explained by
their factors: the friction velocity scale u* = (|7|/p)"?
(where 7 is the wind stress and p is air density) and
turbulent temperature scale 7* for sensible heat flux,
or turbulent humidity scale g* for latent heat flux.
Figure 11 shows the eastward wind stress (and, hence,
u*) maximum slightly follows the peak of convection.
Anticorrelation of intraseasonal g* with wind stress
anomalies weakens the intraseasonal amplitude of the
latent heat flux. Surface air temperature is cooled by
convection, enhancing sensible heat flux at the leading
edge of the convective anomaly.

The anomalies of OLR, SST, and surface heat fluxes
become weaker over the Pacific Ocean east of 170°E
where climatological SST decreases below 29°C (Fig. 11).
Zonal wind anomalies remain strong, however. The mean
background wind reverses sign around 155°E (Fig. 2b)
changing the configuration of intraseasonal surface heat
flux anomalies relative to wind stress over the eastern
Pacific Ocean. The phase velocity increases considerably
as the convective MJO transitions to a dry Kelvin wave.

5. Discussion

Gridded flux products based on reanalyses (OAFlux
and TropFlux) agree well with DYNAMO observations
from the R/V Roger Revelle at 0°, 80.5°E, and with
TOGA COARE observations from the R/V Moana
Wave at 1.7°S, 156°E. The NCEP-DOE reanalysis and
ERA-I both ingest data from RAMA/TAO buoys. The
nearest RAMA buoy is within 5 km of the Roger Revelle
station in DYNAMO, and the TAO buoy at 2°S, 156°E is
within 50 km of the Moana Wave, which may have im-
proved the performance of the reanalysis-based surface
flux products there, compared to locations far from any
observations.

The evolution of intraseasonal convective and air-sea
interaction anomalies (SST and surface fluxes) was
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FIG. 10. Longitude—phase plots of (a) OLR, (b) SST, (c) SST tendency, and (d)—(h) heat flux anomalies for 103
strongly eastward-propagating convective events composited by intraseasonal phase before and after their OLR is
minimum at 80°E. Positive fluxes warm the ocean. The black contours in each panel show the low-OLR anomaly of
the convective phase of the MJO constructed from the first two leading EOFs. White hatching covers SST and
component flux anomalies that are not statistically significant at 95% confidence (except SST tendency is significant
only at its peaks, and net surface heat flux is significant almost everywhere). As in Figs. 5 and 6, negative surface heat

fluxes cool the ocean.

observed for three convectively active MJO events in
the central Indian Ocean in DYNAMO (2011/12) and
three MJO events in the western Pacific Ocean warm
pool in TOGA COARE (1992/93). The results of the
experiments showed slightly larger variations in evapo-
ration averaged over TOGA COARE (40Wm ?)
compared to DYNAMO (30 Wm ™ ?). The SST (29.1° +
0.5°C versus 29.2° = 0.4°C) and latent heat fluxes (both
110Wm™?) were indistinguishable between the two
experiments. The stronger latent heat flux variability in
TOGA COARE could be due to the growth of MJO
anomalies as they propagate eastward, larger ocean heat
capacity in the western Pacific, or it could be due simply
to sampling different local realizations of six unique
individual events.

Are these two handfuls of intensely observed MJO
realizations representative of a typical MJO? The
composite of 103 MJO event anomalies in Fig. 10 grows
in amplitude in the central Indian Ocean, reaching its

maximum amplitude around 80°E, which corresponds to
the location of the DYNAMO field campaign. The MJO
maintains nearly constant amplitude, with a slight dip
over the Maritime Continent, until it reaches about
160°E. The intraseasonal composite OLR amplitude is
slightly weaker over 155°E than over 80°E. The stronger
events observed during TOGA COARE were stronger
for their own individual reasons, rather than a system-
atic longitude dependence of typical MJO events. The
103 convective events in the composite were chosen for
their persistent amplitude and eastward propagation. It
is possible that some less persistent intraseasonal con-
vective events do not propagate eastward significantly,
but have strong local signatures over the central Indian
Ocean or western Pacific Ocean.

Air-sea interaction observed in DYNAMO and
TOGA COARE results from a variety of atmospheric
(and oceanic) waves embedded within the intraseasonal
variability. There is considerable synoptic atmospheric



15 JANUARY 2015

a zonal wind stress (Pa)
+1 0.018
— ;:iiiiii 0.012
3
2 0.006
S
ér 0
% -0.006
-0.012
-1 150 -0.018
b 9" (10°gkg™)
H == T T 24
*
5 16
<
S 8
o
0] U 0
12]
£ -8
-16
-1 -24
¢ 4 9
- 6
k]
S 3
e 0

250
longitude

FIG. 11. (a) MJO composite zonal surface wind stress, (b) turbulence
specific humidity scale ¢*, and (c) turbulence temperature scale
T* over the Indian and Pacific Oceans, as in Fig. 10.

variability in the DYNAMO and TOGA COARE sta-
tion time series. Some of the convective disturbances
observed in the TOGA COARE and DYNAMO field
experiments were related to the MJO, and others were
not. The onset of two convectively coupled Kelvin waves
passing over the ship within the intraseasonal convective
maximum I2 in late November 2011 is an important and
well-observed example of oceanic and atmospheric
processes within the MJO (Moum et al. 2014). On the
other hand, the strong synoptic variability in the wind
stress, rain, and fluxes observed in TOGA COARE in
February 1993 project little onto intraseasonal time
scales.

East of 80°E, zonal wind stress is steady and easterly
for most of the suppressed phase and for the beginning
of the convective onset as composite OLR anomalies
become more negative than —5Wm 2. Wind stress
rapidly becomes eastward, reaching its maximum ap-
proximately /16 of a period after the time of minimum
OLR. The wind stress relaxes gradually following the
maximum and flattens out in the suppressed phase.
Hendon and Glick (1997) show the eastward wind burst
and evaporation maximum lagging the convection by
approximately 1 week (more than /s phase) behind the
convection in the warm pool. The difference between
their result and ours could be explained by our com-
positing of the unfiltered anomalies on the phase of the
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intraseasonal anomaly, compared to their time-lagged
regression against a narrower (30-90 day) band of in-
traseasonal OLR (e.g., their Fig. 11). Spectral truncation
of the sharp rise and slow relaxation of the wind in our
composite will shift the eastward wind maximum later.

Lag regressions in the Indian Ocean (Hendon and
Glick 1997; Woolnough et al. 2000) show the timing of
the wind stress even later and farther westward of the
surface convection. In DYNAMO wind stress rose
sharply to a maximum within a few days of the maximum
convection. The nearly synchronous phase relation of
wind stress and fluxes with convection agrees with the
phase relations found by Zhang and McPhaden (2000,
their section 3c) from their analysis of TAO buoy ob-
servations in the tropical western Pacific warm pool. The
phase of the zonal wind stress, heat flux, and SST to
OLR is constant from 80° to 160°E in our composite
intraseasonal event.

Few research cruises venture to the poorly observed
waters west of 70°E longitude because of the danger of
piracy. According to the reanalysis-based flux compos-
ites, the phase relation of the zonal wind stress, net heat
flux, and SST is different at 40°~70°E longitude, and it is
over this region that MJO OLR anomalies grow. Here
eastward wind stress, surface heat flux, and cool SST
develop uniformly with longitude across 50°-80°E after
a negative OLR anomaly has propagated eastward and
intensified to a maximum at 70°E (Fig. 11). The zonally
uniform wind stress west of 70°E then propagates with
OLR from 80° to 160°E. In the western Indian Ocean
SST responds more strongly to intraseasonal surface
fluxes than the central and eastern Indian Ocean. Its
response to the net surface heat flux is twice as large at
50°E as it is east of 80°E.

The eastward wind stress in the western Indian Ocean
is consistent with frictional flow toward low surface
pressure induced under the convective heating anomaly
growing to the east. The cool SST anomaly in the
western Indian Ocean reinforces the pressure gradient
pushing the eastward wind anomaly. The phase of the
wind anomaly at 50°E is consistent with the convergence
in Hendon and Salby (1994, their Fig. 8c) and the latent
heat flux in Hendon and Glick (1997). The timing of
wind stress to convection in the central Indian Ocean is
the same as farther east, yet it is possible that the cli-
matological western Indian Ocean SST gradient and the
long fetch of eastward wind stress collects moisture
evaporated over a large area extending approximately
2000km to the west, and thereby amplifies convective
anomalies in the central Indian Ocean.

Surface evaporation is the process through which
most of the solar energy absorbed by the ocean enters
the atmosphere. In moisture mode quasi-equilibrium
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FIG. 12. Accumulated precipitation (from in situ ship, IMET, and TAO/RAMA buoys) and
evaporation from the (a) DYNAMO and (b) TOGA COARE experiments.

theories of the MJO, evaporation anomalies are pro-
posed as a means of increasing the column moist static
energy in the convective region in order to grow the
convective anomaly (e.g., Maloney and Sobel 2004;
Sugiyama 2009). In TOGA COARE (Lin and Johnson
1996) and DYNAMO (Figs. 9 and 12) observations,
local mean evaporation is less than 2 of the mean pre-
cipitation. Evaporation is moderate and steady com-
pared to fluctuations of the precipitation and horizontal
moisture flux convergence. Daily average evaporation
increases 40% in westerly wind bursts, while daily pre-
cipitation maxima are an order of magnitude greater.
Evaporation moistens the boundary layer slowly, so
boundary layer moisture convergence must fetch mois-
ture from a large area to explain the maxima in pre-
cipitation. We refer to “moisture fetch” as both the
large area of the atmospheric boundary layer moistened
by surface evaporation, and the process by which the
large-scale circulation fetches moisture over this large
area to feed the convection. The challenge for MJO
theories then is to explain by what process relatively
uniform evaporation and boundary layer moisture con-
verges into the region of convection.

Maloney (2009) found advection of moisture and
surface evaporation contributed in similar magnitude to
lower-tropospheric moist static energy anomalies, but
evaporation opposes the recharge of moist static energy
in the suppressed phase. While SST anomalies have only

a small effect on the fluxes, it is possible that positive
SST anomalies over a large area in advance and east of
convection can induce a broad area of low surface
pressure and large-scale frictional convergence (e.g.,
Lindzen and Nigam 1987; Back and Bretherton 2009).
This boundary layer convergence would fetch moisture
from a wide area of the planetary boundary layer, having
average surface evaporation, toward convectively cou-
pled precipitating atmospheric waves. DeMott et al.
(2014) described enhancement of the MJO by system-
atic moisture convergence over warm SST east of the
convection in atmosphere—ocean coupled general cir-
culation models.

Frictional boundary layer convergence on the equator
east of the convective maximum has been found to de-
stabilize the atmosphere to convection (Rui and Wang
1990; Maloney and Hartmann 1998). Maloney and Kiehl
(2002) observed that intraseasonal SST anomalies in the
eastern tropical Pacific Ocean also induced surface
convergence. The result of a quasi-equilibrium model
would be enlightening were it to explicitly include
boundary layer convergence resulting from intra-
seasonal SST anomalies. The boundary layer adjustment
to SST anomalies is a potential source of instability for
intraseasonal convective anomalies, even if there are
only weak temperature gradients in the free tropo-
sphere. The role of nonlinear moisture advection was
key to eastward-propagating anomalies in the Sobel and
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Maloney (2012) quasi-equilibrium model. The effect of
intraseasonal SST anomalies on it could also be assessed.

6. Conclusions

DYNAMO, TOGA COARE, and gridded flux anal-
ysis composites have wind stress, convergence, and heat
fluxes nearly in phase with convection from 70° to 160°E,
consistent with previous findings from in situ observa-
tions in the warm pool (Zhang and McPhaden 2000).
Eastward wind stress increases rapidly in the convective
phase as wind converges slightly before (east of) the
minimum OLR anomaly. Net heat flux anomalies are
nearly in phase with the convection indicated by low
OLR, with sensible heat flux strongest at the onset of
convection, and wind stress and latent heat flux in-
creasing as the convective phase matures. Convection,
wind stress, and other related variables have a rapid
onset followed by a slow recovery. Intraseasonal filter-
ing of these variables’ asymmetrical temporal structure
introduces phase delays.

In TOGA COARE, DYNAMO, and the gridded flux
products, net surface fluxes out of the ocean increase
during the convective phase of the MJO, mostly from
enhanced evaporation due to stronger wind and de-
creased solar radiation due to clouds. Surface turbulent
fluxes are relatively steady over intraseasonal time
scales, with composite cycles in gridded flux analyses
with ranges of only =2 Wm™? (25%) for sensible heat
flux and +10Wm 2 (9%) for latent heat flux (Fig. 10).
Daily flux anomalies 3 times larger than the gridded
analyses were observed in DYNAMO, roughly consis-
tent with the larger daily OLR and SST anomalies than
their intraseasonal regression time series (Fig. 4).

The observations help us assess the contribution to the
MIJO of three conceptual models of atmosphere—ocean
interaction: surface flux feedback, coupled ocean—
atmosphere interaction, and atmospheric moisture re-
charge. The phase of surface fluxes to the MJO convective
anomaly suggests that intraseasonal surface fluxes increase
moist static energy during MJO convection, contributing
a positive feedback. The surface evaporation increases
30%-50% relative to its mean during the convective
phase, yet this anomaly constitutes less than 10% of the
moisture required for the precipitation (Fig. 12). The
magnitude of the anomalous surface flux is only a small
contributor to the moisture (or moist static energy)
budget, but moisture mode theories do not require sig-
nificant local evaporation anomalies for precipitation.
For strongly negative gross moist stability only a small
amount of evaporation is needed to destabilize the col-
umn to generate precipitation and moisture conver-
gence. In these models evaporation does not drive
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precipitation directly through recharging the available
water budget, but by destabilizing and increasing the
moist static energy of the column that then induces
large-scale moisture flux convergence.

Intraseasonal SST anomalies suggest that coupled
ocean—atmosphere variability also amplifies the MJO.
The SST and ocean mixed layer temperature responds
to the intraseasonal variability of the fluxes. SST in-
creases during the suppressed phase, reaching a maxi-
mum at the onset of convection. Mixed layer ocean
temperature (measured at night or at 10-m depth) has an
intraseasonal range of 1°-2°C in TOGA COARE and
DYNAMO. The intraseasonal composite SST has
a range of only about 0.2°-0.3°C, similar to Hendon and
Glick (1997, their Fig. 11), Zhang and McPhaden (2000,
their Fig. 11), and Benedict and Randall (2007, their
Fig. 4c). We cannot completely explain this striking
difference between SST time series from the field ex-
periments and the analyses. The ocean temperature’s
response to the MJO events observed in TOGA
COARE and DYNAMO appear to have been stronger
than average.

Most satellite SST products avoid sampling during the
day, so the effect of the diurnal warm layer is nearly
absent from the gridded products. Calm wind and strong
solar flux raise the SST in the suppressed intraseasonal
phase, as measured at 0.1 m in DYNAMO and TOGA
COARE (Marion 2014). Diurnal SST warming occurs
when winds and turbulent fluxes are weak, thus it re-
duces intraseasonal variability of surface fluxes (de
Szoeke and Edson 2014). The diurnal warm layer makes
the maximum SST occur a few days earlier than the
mixed layer temperature, which could contribute to the
MIJO by enhancing heat fluxes and frictional conver-
gence ahead of the convective phase.

The moisture recharge conceptual model depends on
moisture building up in the atmosphere in advance of
the convective phase of the MJO. In an analysis of
tropical soundings and reanalysis, Kemball-Cook and
Weare (2001) found a moisture increase and conver-
gence (—V - u) ahead of convection for equatorial
locations. Their analysis and the DYNAMO-Revelle
equatorial time series support the frictional wave-CISK
theory in which frictional boundary layer convergence
destabilizes convective waves within a narrow band near
the equator. Off the equator, they found convergence
was synchronous with convection rather than with in-
creasing moisture. Though horizontal convergence is
not equivalent to moisture advection, the lack of con-
vergence off the equator led Kemball-Cook and Weare
(2001) to propose that moisture recharge by local
evaporation there preconditioned the atmosphere for
deep convection.
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While there is local evaporation, the processes re-
sponsible for moistening are very unlikely to be purely
local, on or off the equator. Observations show evapo-
ration is relatively constant at about half the mean
precipitation over the warm equatorial regions of the
Indian and Pacific Oceans. Thus, on the whole, moisture
must converge horizontally into the region. Synoptic
convectively coupled Kelvin—Rossby waves comprise
intense convective rain events within the MJO in
DYNAMO and TOGA COARE. The days of strongest
rain exceed evaporation by an order of magnitude and
yield an increase in column-integrated moisture (Fig. 9).
This implies that anomalous column moisture flux con-
vergence is important for the MJO and its embedded
convective storms. The moisture budget does not distin-
guish whether the moisture convergence is the cause or the
consequence of precipitating synoptic storms. Even if the
moisture convergence is not the cause of precipitation,
the similar magnitude of synoptic convergence and pre-
cipitation still suggests that the aggregate of precipitation
from storms is related to convergence in the MJO. The
requirement for moisture convergence to balance the local
moisture budget on daily and long-term mean time scales
leads us to expect that moisture convergence is important
to supply moisture to precipitation in the MJO convective
phase. The moisture contributed steadily by evaporation is
absolutely critical to the tropical circulation, the MJO, and
the convective storms. The accumulation of moisture over
time and the convergence of moisture over space de-
termine exactly when, where, and how much it rains.

With only three intraseasonal realizations from the
ship in DYNAMO, we cannot clearly distinguish intra-
seasonal recharge from synoptic discharge of moisture
anomalies. The increase of column moisture during the
inactive phase supports the recharge mechanism for MJO
convection, but the same magnitude increase of moisture
during the strongest precipitation suggests that the in-
teraction of convection with the column moisture is more
complicated than the simple moisture recharge paradigm.

DYNAMO sampled the MJO in the central Indian
Ocean at the completion of its early genesis phase and
the beginning of its mature phase where intraseasonal
OLR and surface flux variables reach their maximum
amplitude. Air-sea interaction may be different in the
earlier genesis of the MJO in the western Indian Ocean,
where intraseasonal SST responds more sensitively to
the net surface flux. The large region of enhanced
westerly wind and evaporation anomalies in the western
Indian Ocean may contribute to the MJO when it is
growing in the central Indian Ocean.
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APPENDIX A

Description of the DYNAMO Data

In situ meteorology and high-rate flux sensors oper-
ated continuously during the four legs of the DYNAMO
experiment. Continuous 1- and 10-min resolution time
series of meteorological means, fluxes, related measure-
ments, and derived data, from the R/V Roger Revelle
DYNAMO research cruises are available at ftp://dynamo.
dms.uconn.edu/, and linked from the DYNAMO field
catalog http://catalog.eol.ucar.edu/dynamo/. Data were
sampled at the frequencies and heights specified in
Table Al and variables are adjusted to standard heights
of 2 or 10 m using Monin—Obukhov similarity accounting
for hydrostatic pressure and adiabatic temperature
changes.

a. Wind speed

Velocity is measured by three sonic anemometers
deployed on the forward mast by NOAA/ESRL/PSD,
UConn, and OSU. The wind speeds are averaged from
the sensor(s) best exposed to the wind, depending on the
relative wind direction. Aside from buoy deployment
activities during leg 1, the Revelle was usually positioned
with the bow pointing into the mean current to allow
oceanic microstructure profiling from the fantail, pro-
viding relative wind directions within £90° of the bow
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http://isccp.giss.nasa.gov/projects/flux.html
ftp://dynamo.dms.uconn.edu/
ftp://dynamo.dms.uconn.edu/
http://catalog.eol.ucar.edu/dynamo/
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TABLE Al. Summary of primary instrumentation on the Revelle in DYNAMO.

Sampling
Sensor Variable(s) measured Manufacturer and model frequency (Hz) Height (m)
Sonic anemometer Three-axis wind components Gill R3-100 10 17.8
and sonic temperature Gill R3-50 10 17.5
Campbell CSAT3 20 16.9
Infrared gas analyzer Water vapor Licor LI-7500 10 17.2
Inertial motion unit Linear accelerations and Systron Donner MotionPak 10 and 20 17.0
angular rates Systron Donner MotionPakII 10 16.6
GPS compass Heading Hemisphere Crescent VS100 10 12.2
16.9
Aspirated 7/RH Air temperature and relative Vaisala HMT 335 0.1 15.6
humidity Vaisala PTU 200 1 16.2
Barometer Air pressure Vaisala PTU 200 1 8.6
Pyranometer Solar (shortwave) radiative flux Eppley PSP Unknown 204
Kipp & Zonen CM21 1 13
Pyrgeometer IR (longwave) radiative flux Eppley PIR Unknown 20.4
Eppley PIR 0.1 12.6
Kipp & Zonen CG4 1 13
Optical rain gauge Rainfall rate STI ORG 0.1 16.5
Self-siphoning rain gauge Rainfall RM Young 50202 1 16.5
Laser altimeter Wave height Riegl LD90-3100VHS-FLP 10Hz 18.5
Sea-snake thermistor Sea temperature YSI - 44030 0.1Hz -0.1
Thermosalino-graph Sea temperature and salinity SeaBird SBE 45 MicroTSG Unknown -4.9
ADCP Ocean currents RDI Narrowband 150kHz Unknown -25

for 81% of the time and +135° of the bow for 93% of the
time. Winds were excluded from relative wind directions
outside *+135°. The winds are corrected for flow distor-
tion using an empirical correction based on comparisons
with nearby buoys and lidar-derived winds.

b. Temperature, pressure, and humidity

Two aspirated temperature/relative humidity sensors
on the bow mast measured air temperature (7) and
relative humidity (RH). measurements of 7'and RH are
processed to remove heat contamination of the ship
during daylight. We postcalibrated the 7/RH sensors in
either a calibration chamber at UConn, or at the man-
ufacturer (Vaisala); both calibrations agree. The ESRL/
PSD temperature sensor had the most effective aspira-
tor and the least contamination by solar heating. In one
period its fan failed and the aspirated UConn temper-
ature sensor was used. Specific humidity and air pressure
are computed from the aspirated UConn 7/RH and
pressure sensors. Specific humidity is less sensitive to
solar heating as long as the temperature and RH are
measured simultaneously. RH is then reconstructed
from the specific humidity, pressure and the best esti-
mate of the air temperature.

c. Sea temperature, salinity, and currents

Near-surface sea temperature was measured by the
“sea snake” comprising a towed thermistor floating
approximately 5 cm beneath the surface. The sea-snake

measurements are reduced by 0.058°C based on a com-
parison with a subsurface temperature chain deployed
by OSU ocean mixing group as described in Moum et al.
(2014). The water interface temperature is computed
from the sea-snake adjusted for the effects of the viscous
cool skin (Saunders 1967; Fairall et al. 1996a). Sea surface
temperatures were additionally estimated by radiometric
measurements of skin temperature (C. Zappa 2014,
Lamont-Doherty Earth Observatory, personal commu-
nication). These SST estimates filled gaps during the first
11 days of leg 2 when problems were encountered with
the sea-snake measurements. Values of the temperature
and salinity are also measured at approximately 4.9-m
depth by the ship’s intake thermosalinograph. Surface
currents were collected from the ship’s Acoustic Doppler
Current Profiler (ADCP) and quality control by the OSU
ocean mixing group (Moum et al. 2014).

d. Precipitation

Precipitation was provided by the ERSL/PSD optical
rain gauge located on the forward mast after calibration
with five catchment rain gauges deployed by OSU,
UConn, and the meteorological sensors of the Revelle.
All catchment rain gauges were in good agreement
during periods of low winds. The optical rain gauge was
correlated well, but was adjusted by a factor of 1.4 to
agree with the mean rain rate of the other gauges.
During periods of high winds, the manual and self-
siphoning rain gauges appeared to underestimate the
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daily precipitation compared to the adjusted optical rain
gauge. Presumably, this is due to the effect of flow dis-
tortion on the rain gauges. The optical rain had good
exposure on the forward mast and lower sensitivity to
wind. Therefore, the adjusted rain rate from the optical
rain gauge is used as the in situ time series of precipitation
from the Revelle. The adjusted rain rate from the optical
rain gauge agrees well with nearby buoy measurements.

e. Radiative fluxes

The downwelling thermal infrared (IR) radiation is
computed using an average of the motion-stabilized
ESRL/PSD pyrgeometers mounted above the O2 deck
and the ship’s pyrgeometer on the top of the forward
mast. The pyrgeometers are corrected for the effects of
solar heating. The upwelling IR radiation is modeled
from the SST computed from the sea-snake, accounting
for emission and reflection using an emissivity, ¢ = 0.97.
Downwelling solar radiation is measured by the ship’s
pyranometer on the top of the forward mast. The up-
welling solar radiation is computed from a commonly
used parameterization for surface albedo of the ocean as
a function of solar altitude (Payne 1972).

Measurements of the diffuse solar radiation are made
by a National Center for Atmospheric Research
(NCAR) sunshine pyranometer (SPN1; Delta-T De-
vices Ltd) deployed on the top of the forward mast.
Clear-sky solar radiation (i.e., and atmosphere with no
clouds) is estimated by a model adapted from Igbal
(1988) for total solar irradiance (1367 Wm ?), solar
zenith angle, and absorption and scattering by gases,
aerosols, ozone, and water vapor; and tuned to match
observations on clear days.

f- Surface fluxes of heat, mass, and momentum

The optimized set of mean meteorological and surface
ocean measurements (wind, temperature, and currents)
are used to compute the latent, sensible, and rain fluxes
with the COARE 3.5 algorithm (Fairall et al. 1996b;
Fairall et al. 2003; Edson et al. 2013), using the wind
speed relative to the ocean surface. The transfer co-
efficients in COARE 3.5 have been adjusted to match
the heat fluxes given by COARE 3.0. Continued im-
provement and validation of the COARE algorithm is
a goal of the experiment, and ESRL/PSD, UConn, and
OSU deployed turbulence flux instrumentation (sonic
anemometers and infrared gas analyzers) to compute
fluxes with the eddy correlation method.

g. Atmospheric remote sensing

In addition to the flux system there were three
upward-looking remote systems operated by ESRL/
PSD: a mechanically stabilized W-Band Doppler cloud
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radar (Moran et al. 2012), a two-channel (23 and
31 GHz) microwave radiometer, and a lidar ceilometer.
The W-band cloud radar sampled clouds and pre-
cipitation in low-altitude mode (0-7 km) when on station
at the equator, and in high-altitude mode (0-14 km) when
the Revelle was in transit. The microwave radiometer
sampled column liquid water and water vapor path, and
the ceilometers sampled cloud-base heights and un-
calibrated optical backscatter. These remote sensing
measurements have been analyzed to retrieve hourly
cloud properties such as cloud liquid water concentration,
cloud-top height, and cloud-base height. These values
are available at ftp:/ftpl.esrl.noaa.gov/psd3/cruises/
DYNAMO_2011/Revelle/radar/wband/processed/.

h. Surface wave measurements

A laser altimeter was pointed forward of the forward
mast to provide measurements of the surface wave field
during DYNAMO legs 2—4. It provides hourly estimates
of the significant wave height and phase speed of the
dominant waves from the frequency at the spectral peak
between 0.01 and 0.5 Hz.

APPENDIX B

Principal Component Analysis Procedure

We use a PCA method to decompose the intra-
seasonally filtered time—longitude structure of OLR into
an efficient representation of the MJO, and to find the
surface flux expression of the MJO. The PCA is quite
standard and similar to that used by others to describe
the MJO (e.g., Shinoda et al. 1998). Our unique event
identification and compositing method relies on the
PCA, so we briefly introduce the PCA here. The intra-
seasonally filtered time series—longitude matrix (e.g., of
OLR) X, can be written as a product using singular
value decomposition:

X, =U3VT =P,F,, (B1)
where the superscript T stands for the matrix transpose.
Other numerical methods for the PCA (e.g., eigenvector
decomposition of the covariance matrix) are equivalent.
The columns of P,= N'?U are the unity-variance nor-
malized principal component time series. The variable
N is the number of samples (days). The rows of F, =
N~'23VT are the empirical orthogonal functions of lon-
gitude. A row of F., has the same units as X.. (e.g., Wm 2
for OLR) and represents the spatial pattern realized by
a standard deviation of 1 in the corresponding PC time
series.


ftp://ftp1.esrl.noaa.gov/psd3/cruises/DYNAMO_2011/Revelle/radar/wband/processed/
ftp://ftp1.esrl.noaa.gov/psd3/cruises/DYNAMO_2011/Revelle/radar/wband/processed/
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We truncate the expansion P, and F to the first two
principal component time series P = [Py P,] and the first
two empirical orthogonal functions F. The truncated
time-longitude series explained by the first two PCs is

X = PF. (B2)

In analogy to F, the spatial pattern G of another variable
(e.g., surface flux) Y. explained by the principal com-
ponent can be generated by projection (regression) onto
the truncated principal component P:

G=P'Y,. (B3)
Analogous to X, the truncated time-space variability

of Y. associated with the first two PCs and, hence, the
MJO is

Y=PG=P(PY). (B4)

a. Event identification

Surface sea—air fluxes were composited in MJO events.
MJO events were defined by the two-dimensional state
space of the first two normalized PC time series. The
phase ¢ of the MJO at time ¢ is

¢ = tan”'[P,(1)/P,(t)]. (BS)

MJO events are defined by the vector (P, P5), according
to PC amplitudes meeting thresholds and progressing
eastward (e.g., P; < —1.5 followed by P; > 0 and P, <
—1.5 within 25 days; Shinoda et al. 1998). Some strong
OLR anomalies, including the DYNAMO convective
events, did not meet these thresholds. We used another
criterion based on the integrated area swept out by the
eastward-phase progression of PC1 and PC2 to identify
MJO events. The area of a sector of (Py, P,) space swept
out between successive days is

P2
P las. (B6)
2
where |P?| = P + P3 is the square of the magnitude of
the vector (P, P,), and the phase angle between suc-

cessive days P~ and P* is

PPy — Psz> ' B7)

dp = tan_l(
v e pp
Positive d¢ corresponds to eastward propagation of
OLR anomalies.
MJO events are identified when the area of the sector
swept out by the normalized vector in (P;, P,) space
over 25 days is greater than #/2. This area is equivalent
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to that of a semicircle with a radius of one standard
deviation. This condition identifies events that propa-
gate eastward with significant amplitude. The condi-
tion identifies 103 events in the 27.5yr of OLR data
analyzed.

b. Compositing by intraseasonal phase

The phase depends on the arbitrary signs of P; and P;.
For our P and P, there are negative intraseasonal OLR
anomalies over the central Indian Ocean when P; <
0 and P, = 0. If the centered 25-day integral satisfies the
above criterion, the day that P; < 0 and P, = 0 is
identified as day 0 (¢ = 0) of the event. The daily un-
filtered 15°S-15°N average OLR and surface variables
within =60 days of day O are then composited on the
phase of the OLR PC index. Daily data in the 60 days
prior to day 0 are assigned to one of 24 phase bins cor-
responding to the cycle preceding day zero. Data in the
60 days following day zero are assigned to one of 24
phase bins after event day zero. Days are not compos-
ited for a time difference of more than 60 days or for
a phase difference more than 2. In this way we com-
posite two intraseasonal cycles for each event, one be-
fore and one after ¢ = 0 when the maximum amplitude
is obtained in the central Indian Ocean.
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