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Abstract17

Atmospheric convectively coupled equatorial Kelvin waves (CCKWs) are a major trop-18

ical weather feature strongly influenced by ocean–atmosphere interactions. However, pre-19

diction of the development and propagation of CCKWs remains a challenge for models.20

The physical processes involved in these interactions are assessed by investigating the21

oceanic response to the passage of CCKWs across the eastern Indian Ocean and Mar-22

itime Continent using the NEMO ocean model analysis with data assimilation. Three-23

dimensional life cycles are constructed for “solitary” CCKW events. As a CCKW prop-24

agates over the eastern Indian Ocean, the immediate thermodynamic ocean response in-25

cludes cooling of the ocean surface and subsurface, deepening of the mixed layer depth,26

and an increase in the mixed layer heat content. Additionally, a dynamical downwelling27

signal is observed two days after the peak in the CCKW westerly wind burst, which prop-28

agates eastward along the Equator and then follows the Sumatra and Java coasts, con-29

sistent with a downwelling oceanic Kelvin wave with an average phase speed of 2.3 m s−1.30

Meridional and vertical structures of zonal velocity anomalies are consistent with this31

framework. This dynamical feature is consistent across distinct CCKW populations, in-32

dicating the importance of CCKWs as a source of oceanic Kelvin waves in the eastern33

Indian Ocean. The subsurface dynamical response to the CCKWs is identifiable up to34

11 days after the forcing. These ocean feedbacks on time scales longer than the CCKW35

life cycle help elucidate how locally driven processes can rectify onto longer time-scale36

processes in the coupled ocean–atmosphere system.37

Plain Language Summary38

We investigate the effects that the passage of a weather system (an atmospheric39

convectively coupled equatorial Kelvin wave, CCKW) along the Equator has in the east-40

ern Indian Ocean. CCKWs can intensify precipitation and cause extreme weather, such41

as flooding, over the islands of the Maritime Continent, which include Indonesia and Malaysia.42

CCKWs affect the ocean and which can then feedback onto the CCKWs. A better un-43

derstanding of the physical processes connecting the atmosphere and ocean during a CCKW44

passage is still needed to improve its prediction by models. More accurate CCKW pre-45

diction will then help to mitigate some of the consequences of the weather-related nat-46

ural disasters in the region. We show that the effects of the passage of the CCKW on47

the ocean are relatively long-lived. For example, the increase in the amount of heat avail-48
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able at the ocean surface is maintained for several days after the CCKW has passed. We49

also show that CCKWs are also capable of triggering dynamic processes in the ocean that50

can influence precipitation over the islands at a later time. These results show that CCKWs51

can influence oceanic and weather conditions after their passage and in remote areas, such52

as coastal regions.53

1 Introduction54

The equatorial Indian Ocean and its interaction with the atmosphere has an im-55

portant role in influencing climate both locally and remotely (Schott et al., 2009). The56

region is under the influence of a wide range of modes of variability, with strong multi-57

scale interaction between them. In particular, intraseasonal variability is strong in the58

equatorial Indian Ocean, which has been linked to atmospheric forcing in its central and59

eastern portion (e.g., Han et al., 2001; Han, 2005; Iskandar & McPhaden, 2011). This60

intraseasonal oceanic variability, which tends to undergo a shift towards lower frequen-61

cies when compared to its atmospheric forcing, can then feed back onto atmospheric dy-62

namics through ocean–atmosphere interaction, potentially influencing the evolution of63

longer time-scale systems, for example the Indian Ocean Dipole (Rao & Yamagata, 2004).64

On time scales of a few days, atmospheric convectively coupled Kelvin waves (CCKWs)65

are the primary mode of variability of eastward moving convection near the Equator (Wheeler66

& Kiladis, 1999; Roundy, 2008; Kiladis et al., 2009) with phase speeds between 11 and67

14 m s−1. They are accompanied by coherent dynamical atmospheric signals in wind, tem-68

perature and humidity (Wheeler et al., 2000) and are theoretically considered as equa-69

torial Kelvin waves (Gill, 1980), modified by moist atmospheric convection.70

CCKWs have a strong interaction with the underlying ocean. Enhanced surface71

wind speed and air-sea heat flux, besides anomalous precipitation, characterize the pas-72

sage of a CCKW event, which lasts approximately 4 days at a given longitude (Baranowski73

et al., 2016a). The localized upper ocean response includes the temporary suppression74

of the diurnal cycle of SST and decrease of mean SST by 0.1−0.3◦C as a result of air-75

sea heat loss at the surface and subsurface turbulent mixing (Baranowski et al., 2016a;76

Pujiana & McPhaden, 2018). Stratification and mixing are also modulated by surface77

fluxes and eastward acceleration of surface layer under intensified winds. Changes in the78
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barrier layer thickness have also been reported, which may potentially limit heat trans-79

fer to subsurface layers (Pujiana & McPhaden, 2018).80

CCKWs increase precipitation along their track and locally, over the islands of the81

Maritime Continent, are often phase-locked with the local diurnal cycle of precipitation82

with a potential to amplify it (Baranowski et al., 2016b). Therefore, they contribute to83

extreme precipitation in the already extremely wet environment of the eastern Indian84

Ocean and Maritime Continent, enhancing the likelihood of flooding in islands such as85

Sumatra, which is home to over 50 million people (Baranowski et al., 2020). Thus, in86

order to help mitigate some of the consequences of weather-related natural disasters and87

contribute to the understanding of global climate teleconnections, a deeper understand-88

ing of the physical processes involved in the ocean-atmospheric interactions associated89

with CCKWs is needed.90

On larger scales, the dominant mode of intraseasonal variability in the tropical In-91

dian Ocean is the Madden–Julian Oscillation (MJO) (Zhang, 2005), which has a broad-92

band spectral signal with an energy peak in the 40–60 day range (Madden & Julian, 1971).93

The MJO also has a strong coupling with the ocean, both thermodynamically through94

surface fluxes (e.g. M. Flatau et al., 1997; M. K. Flatau et al., 2003; Shinoda et al., 1998;95

Moum et al., 2016; DeMott et al., 2015), and dynamically. For example, a “primary” Madden–96

Julian event can be triggered by the westward propagation of a downwelling Rossby wave97

from the eastern Indian Ocean (Webber et al., 2012; Rydbeck & Jensen, 2017).98

The MJO has an intrinsic multiscale structure (Birch et al., 2016; Hagos et al., 2020).99

CCKWs are among the several “building blocks” of the MJO multiscale structure, be-100

ing embedded in its large scale convective envelope (Majda et al., 2004; Mapes et al., 2006).101

It is hypothesized that the propagation of the MJO envelope over the Maritime Conti-102

nent is dependent on the ability of CCKWs to cross this barrier (Inness & Slingo, 2006),103

An additional factor that impacts on the MJO being able to cross the Maritime Con-104

tinent is its interaction with the diurnal cycle (Ling et al., 2019), which again leaves a105

role for CCKWs (Baranowski et al., 2016b).106

Scale interactions between the MJO and CCKWs can be analysed using the frame-107

work of Meehl et al. (2001). The larger scale MJO sets the environment within which108

the smaller scale CCKWs develop. The CCKWs then feedback upscale to the MJO through109

long-lasting changes to the ocean, and atmospheric humidity. Such a rectification by CCKWs110
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has already been observed through their thermodynamical impact on the ocean, with111

sea surface temperature (SST) changes, induced by enhanced latent heat flux from west-112

erly wind anomalies associated with CCKWs, persisting well beyond the passage of the113

CCKW (Baranowski et al., 2016a).114

Even though the localized effect of an atmospheric CCKW passage on the surface115

and subsurface ocean has been assessed, there is still uncertainty regarding the longer116

term effects of this atmospheric forcing in the ocean and their interaction with other modes117

of variability. Evaluating the upper ocean variability within the CCKW life span, Baranowski118

et al. (2016a) observed residual changes in some properties, suggesting that air-sea flux119

variability associated with the passage of a CCKW event may feedback onto longer time120

scale weather systems like the MJO, and thus play a key role in the tropical ocean-atmospheric121

system. Moreover, feedbacks between precipitation, salt-stratified oceanic barrier lay-122

ers and the upper ocean diurnal cycle are likely to play important roles in the multi-scale123

interactions between modes of atmospheric convection.124

This study aims to build on previous work by examining the three-dimensional ocean125

response to the passage of CCKWs on different time scales, across the eastern Indian Ocean126

basin and the Maritime Continent, using 10 years of an ocean analysis dataset. Section 2127

describes the data and methodology used. The composite atmospheric structure of CCKWs128

is constructed in Section 4, to inform the thermodynamic and dynamic ocean structures129

associated with CCKWs in Section 5. Ocean feedbacks of CCKWs onto the atmosphere130

are presented in Section 6, and conclusions in Section 7.131

2 Data and methodology132

2.1 Meteorological datasets133

Precipitation was analysed using the Tropical Rainfall Measuring Mission (TRMM)134

3B42v7 precipitation product (Huffman et al., 2007), which provides 3-hourly estimates135

of precipitation rate on a 0.25◦×0.25◦ resolution grid (approximately 28 km in the trop-136

ics). The analysis period for TRMM and all other variables was the 11 years from 1 Jan-137

uary 2007 to 31 January 2017.138

The TropFlux product (Kumar et al., 2012) provides daily surface downward net139

heat flux derived using the COARE v3.0 algorithm from a combination of bias-corrected140
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ERA-Interim reanalysis and International Satellite Cloud Climatology Project (ISCCP)141

data. Data are available on a 1× 1◦ grid over the equatorial ocean.142

Components of 10 m wind used in this study are from the European Centre for Medium143

Range Weather Forecasts (ECMWF) Reanalysis Version 5 (ERA-5) reanalysis (Hersbach144

et al., 2020). Data are supplied on a global 0.25◦×0.25◦ resolution grid. Hourly data145

were averaged to daily mean values.146

2.2 Ocean reanalysis dataset147

We use the NEMO ocean model analysis with data assimilation, specifically the148

operational Mercator global ocean analysis and forecast system (global-analysis-forecast-149

phy-001-024 data set Madec, 2008) daily mean fields on a 1/12◦×1/12◦ grid (approx-150

imately 8 km in the tropics), to evaluate the CCKW-associated structures of conserva-151

tive temperature, absolute salinity, sea surface height, and ocean velocity between 2007152

and 2017. The NEMO product has 50 vertical levels (from the surface to 5500 m depth)153

with a vertical grid spacing that increases from 1 m to 14.5 m within the upper 100 m.154

Its atmospheric forcing is taken from the 3-hourly ERA-Interim data set (Dee et al., 2011).155

Conservative temperature (T ) and absolute salinity (S) are derived using the TEOS-10156

toolbox (McDougall & Barker, 2011). The ability to simulate the upper ocean circula-157

tion and salinity structure was assessed for various versions of Nemo model in the Bay158

of Bengal, being the 1/12◦ resolution the most successful (Benshila et al., 2014).159

The mixed layer depth (MLD), isothermal layer depth (ILD), barrier layer thick-160

ness (BLT), heat content above the mixed layer (HC), and depth of the 20◦C isotherm161

(D20) were calculated from vertical profiles of T and S. Following Sprintall and Tom-162

czak (1992), de Boyer Montégut et al. (2007), and Drushka et al. (2014), the ILD was163

defined as the depth (D) at which the temperature falls to a threshold ∆T = 0.3◦C be-164

low a reference temperature at 5 m depth Tref = T (D = 5):165

ILD = D|T=Tref−∆T . (1)

The MLD was then calculated similarly, using ∆σθ as the potential density change rel-166

ative to the reference depth at 5 m,167

MLD = D|σθ=σθ(D=5)+∆σθ
, (2)
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where ∆σθ is the change in potential density needed to effect a decrease in temperature168

of ∆T , assuming salinity is held constant:169

∆σθ = σθ(Tref −∆T, Sref , P0)− σθ(Tref , Sref , P0). (3)

Here, Sref is S at the reference depth of 5 m and P0 is pressure at the ocean surface. The170

BLT is defined as171

BLT = ILD−MLD (4)

The HC is calculated by integrating the amount of heat above the MLD:172

HC =

∫ 0

z=−MLD
ρwcwT dz, (5)

where z is the vertical coordinate (positive upward), and ρw and cw are the in situ den-173

sity and specific heat capacity of sea water, respectively.174

The calculation of the derived variables showed only a small sensitivity to the choice175

of the ∆T threshold. Using values of 0.3, 0.4 and 0.5◦C for ∆T resulted in mean and176

standard deviations of 35.2±3.5 m for ILD, 24.7±3.2 m for MLD, and 10.5±0.3 m for177

BLT in the equatorial Indian Ocean.178

2.3 Classifying CCKW events179

Using precipitation from TRMM and the methodology of Baranowski et al. (2016a),180

a database of CCKW events occurring globally between 2007 and 2017 was generated.181

The approach tracks individual events and provides information of their longitude along182

the equator at 3-hourly time intervals. It utilizes space–time FFT-filtered precipitation183

anomalies associated with the CCKW spectrum (Kiladis et al., 2009) and defines tra-184

jectories as the continuous maxima of CCKW-filtered precipitation exceeding a thresh-185

old value (2.5 mm day−1 anomaly).186

The CCKW event dataset was then further subset to isolate events relevant to the187

area of interest. This study focuses on CCKW propagation across the Indian Ocean and188

the Maritime Continent. Hence, a base point longitude was set at 110◦E in the western189

Maritime Continent (Fig. 1). All CCKW events considered in this study cross this base190

point longitude. Furthermore, to guarantee a minimum zonal extent of each CCKW event,191

each trajectory considered had to begin west of 90◦E and end east of 120◦E.192

These constraints led to a total of 381 such CCKW events active over the eastern193

Indian Ocean and Maritime Continent between 2007 and 2017. These events were fur-194
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ther classified based on their instantaneous precipitation anomaly at the base point (110◦E)195

and on their average precipitation anomaly between 100− 120◦E. The N = 82 events196

whose precipitation anomaly was in the upper quartile (i.e., above 7.7 mm day−1) were197

classified as “strong” events.198

Within our CCKW subset, 52% of the strong events are preceded or followed by199

another CCKW event within five days. As such a large proportion of CCKW events is200

preceded or followed by another event within a CCKW lifetime span (approximately 4–201

5 days; Baranowski et al., 2016a), a further classification was made to avoid interference202

between events and to allow an analysis of the physical response of the undisturbed ocean203

to the passage of a CCKW. The CCKW events that were not preceded or followed by204

any other event within five days, are termed “solitary” events. The results presented in205

this study are focused on the conditions associated with strong, solitary CCKW events206

(N = 36). There is a slight bias in the seasonal distribution of these strong, solitary207

CCKW events, with 22 events occurring in northern summer (April–September), and208

14 in northern winter (October–March).209

2.4 CCKW composite calculation210

To create CCKW composite fields, the annual cycle was first removed from the daily211

time series of all variables of interest, at each grid point and level. Each time series was212

then filtered using a Lanczos 20-day high-pass filter with 241 weights. This filtering al-213

lows the analysis of a “pure” CCKW structure, by removing the signal of any MJO, and214

other atmospheric systems with a longer time scale, that the CCKWs are often embed-215

ded in. These filtered anomaly time series are then used to construct the CCKW com-216

posite fields.217

A base point at 110◦E was chosen for referencing the CCKW events. Thus, the day218

that each event passes through the base point at 110◦E is defined as the lag 0 day for219

that event. The lagged composites are then created by averaging the anomaly fields ref-220

erenced these lag 0 days. Daily composite fields from lag −10 days to +10 days were cal-221

culated.222

Each individual CCKW event will have a slightly different phase speed. Each event223

is referenced to the day it crosses the base point at 110◦E. Hence, all the events “con-224

structively” interfere at lag 0 to give a strong signal then. However, as the magnitude225
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of the lag increases (for both positive and negative lags), the events will begin to par-226

tially destructively interfere and the composite signal may be weakened. To test for the227

importance of this and for the choice of base point, we composited daily lags for a range228

of base points (from 50 to 120◦E). These zero-lagged composites at different base points229

do not suffer from the destructive interference problem. At each longitudinal base point,230

we compared the lag 0 composite with its respective time-lagged-composite for the re-231

maining longitudinal base points. It transpired that the main features were not sensi-232

tive to the choice of method (composites generated by lagging time and longitudinal base233

points). Hence, unless we take composites created with extreme longitudinal base points234

and time lags, the destructive interference at high lags is not a major problem. Based235

on this comparison, we identified 110◦E as the ideal base point that allows following oceanic236

features propagating further east in the domain without having issues with destructive237

interference in the time lags of interest.238

In addition to showing composite maps on horizontal surfaces, composite vertical239

sections are also shown. To diagnose the anticipated path of an oceanic Kelvin wave forced240

by the atmospheric CCKW over the Indian Ocean, three distinct vertical sections are241

computed, then spliced together end to end (Fig. 1a). The data along the sections were242

averaged over a ±0.5◦ band in latitude for section A and longitude for sections B and243

C. For sections B and C, which are not meridional, the data are firstly linearly interpo-244

lated onto the section with a grid that maintains the distance between points as observed245

at the Equator (i.e., 9.25 km).246

3 Mean atmospheric and oceanic background state247

The average wind field and oceanic conditions that preceded the strong solitary CCKW248

events are presented in Fig. 2. These fields were computed by compositing the total fields249

between lags −10 and −6 days, and represent the precursor atmospheric and oceanic state250

that the CCKW events develop on. The slight seasonal bias to the distribution of events,251

as discussed in Section 2.3, is reflected in the precursor wind field, which shows a struc-252

ture similar to the boreal summer monsoon (Fig. 2d).253

The depth of the 20◦C isotherm (D20; Fig. 2c) is typically used to represent the254

depth of the mid-thermocline in the tropical ocean, and as an indicator of the ocean dy-255

namic response to wind forcing (Schott et al., 2009). For example, the shallower D20 ob-256
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served off the coast of Java is consistent with the predominantly alongshore winds that257

force coastal upwelling processes in this region during northern summer. Cooler surface258

waters (Fig. 2a) are then associated with this upwelling.259

Another climate relevant feature is the barrier layer, a consequence of temperature260

and salinity near-surface stratification in areas of high fresh water input. In regions of261

high precipitation or river discharge, for example along the Sumatran coast, the light fresh262

waters (Fig. 2e) cause a vertical density gradient within the relatively homogeneous tem-263

perature surface layer that will act as a “barrier” for surface heat fluxes (Godfrey & Lind-264

strom, 1989; Schott et al., 2009). We observe a relatively thick barrier layer along the265

Sumatran coast (Fig. 2g), particularly north of the Equator, likely associated with the266

high precipitation rates in the region (not shown) and possibly the periodic advection267

of fresh plumes exiting the Sunda Strait (Potemra et al., 2016).268

The temperature and salinity precursor fields are also presented along the sections269

A, B and C (Fig. 3a,b) to show the oceanic vertical structure. The composites clearly270

show the surface temperature maximum, and the upwelling system off the coast of Suma-271

tra (section B) and Java (section C), together with the shallowing of the MLD and ILD272

(black and pink dashed lines; Fig. 3a). It also shows the subsurface salinity maximum273

(Fig. 3b), which is likely due to the advection by equatorial currents of a high salinity274

water mass generated in the Arabian Sea (Masson et al., 2002; Nagura & Mcphaden, 2018;275

Prasad & Ikeda, 2002), as well as the low salinity surface waters at the Sumatran coast276

and off the Sunda Strait (western and eastern end of section B, respectively). The dis-277

tance between the MLD and the ILD indicates the thickness of the barrier layer, which278

increases towards the coast (Fig. 3a,b).279

4 Atmospheric structure of CCKWs280

The atmospheric structure of CCKWs is briefly described here and compared with281

previous studies, to provide the context and forcing fields for the oceanic subsurface struc-282

ture of the CCKWs that follows in Section 5. The definition of CCKW events used here283

is based on eastward-propagating maxima in equatorial precipitation. Hence, as expected,284

lagged composite anomalies of precipitation show a coherent positive anomaly over the285

central Indian Ocean at lag −5 days (Fig. 1a). This propagates smoothly eastward over286

the eastern Indian Ocean by lag −3 days (Fig. 1b) and over the western Maritime Con-287
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tinent by lag −1 day (Fig. 1c), reaching the reference longitude of 110◦E at lag 0, by de-288

sign. By lag 1 day (Fig. 1d) the positive precipitation anomaly has reached the central289

Maritime Continent; it then propagates out of the domain shown in Fig. 1 at subsequent290

lags. The phase speed is approximately 10 degrees longitude per day (13 m s−1), con-291

sistent with previous observations of CCKWs (e.g., Wheeler & Kiladis, 1999; Roundy,292

2008; Baranowski et al., 2016a).293

The anomalous surface wind stress vectors also show a signal consistent with the294

known structure of atmospheric CCKWs (Wheeler et al., 2000). An eastward-propagating295

patch of eastward wind stress anomalies on the equator accompanies the positive pre-296

cipitation anomalies and enhanced convection there from lag −3 to −1 days (Fig. 1j,k).297

The increase in cloudiness associated with the positive precipitation anomalies will298

lead to a decrease in surface shortwave radiation flux during the convectively active phase299

of the CCKWs. The westerly winds associated with the eastward surface wind stress anoma-300

lies will add to the mean westerly winds over the equatorial Indian Ocean, increasing sur-301

face evaporation and decreasing the (downward) surface latent heat flux into the ocean.302

Both these flux anomalies lead to an upward net heat flux anomaly of over 20 W m−2
303

into the ocean from lag −3 to −1 days (line contours showing negative NHFD anoma-304

lies in Fig. 1b,c).305

In addition to the canonical eastward propagation along the equator, the CCKWs306

also exhibit northward and southward propagation when they reach the island of Suma-307

tra. The Barisan mountain range runs along the western coast of Sumatra and consis-308

tently reaches altitudes of 2000 m, well above the height of the atmospheric boundary309

layer, and forms a partial topographic barrier to the eastward propagation. Note that310

Sumatra and the mountain range run along a northwest–southeast axis, rather than a311

north–south axis. The convective component of the CCKWs responds to this inclined312

barrier, with a northward and southward extension of the convective anomalies over the313

eastern Indian Ocean off the coast of Sumatra at lag −1 day (Fig. 1c).314

The dynamical component of the CCKWs also responds, with a stronger response315

to the south, as the eastward wind stress anomalies along the equator become southeast-316

ward anomalies running parallel to the Sumatran coast and mountain range (Fig. 1k).317

This response can be interpreted as the atmospheric equivalent to a coastal Kelvin wave318

(e.g. Webber et al., 2012), trapped against the topographic barrier of the Barisan moun-319
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tains. An equivalent atmospheric topographically trapped Kelvin wave has previously320

been noted, when the atmospheric equatorial Kelvin wave component of the MJO im-321

pinges on the Andes mountain range, after traversing the Pacific Ocean (Matthews, 2000).322

5 Subsurface oceanic structure of CCKWs323

5.1 Immediate ocean response324

5.1.1 Thermodynamic response325

The SST over the eastern Indian Ocean and Maritime Continent generally shows326

a decrease during the passage of the CCKW, with negative SST anomalies appearing over327

the central equatorial Indian Ocean at 80◦E at lag −3 days (Fig. 4b), then moving east-328

ward across the domain to the eastern Indian Ocean at lag −1 day (Fig. 4c) and the west-329

ern Maritime Continent by lag 1 day (Fig. 4d).330

The evolution in time of the upper ocean daily temperature anomalies averaged331

at the Equator between 90◦E-95◦E shows the local effect of the passage of CCKW events332

in the SST (surface temperature in Fig. 5d). We estimate that this area experiences a333

decrease in temperature of 0.19◦C between the maximum temperature anomaly observed334

2 days before the CCKW passage by this longitudinal band (lag −4 day) to it’s mini-335

mum anomalies the day following the event (lag −1; Fig. 5d). This is consistent with336

previous results from Baranowski et al. (2016a). The agreement in timing and magni-337

tude of the SST anomalies between this study and the estimate of Baranowski et al. (2016a)338

validates the use of NEMO data in analysing the oceanic response to CCKWs. We then339

use the multi-level nature of the NEMO data to extend the analysis below the surface.340

The surface temperature signal extends downward in the equatorial eastern Indian341

Ocean (section A, lags −1 to 3 days, colour shading in Fig. 6a) through the mixed layer342

(MLD shown by black lines in Fig. 6a). The temperature signal becomes weaker with343

depth and lagged in time within the mixed layer. For example, at 25 m (average MLD344

at 90 ◦ E in the precursor field; Fig. 3), the minimum temperature anomaly (−0.03◦C;345

35% of surface minimum) is observed at lag 0, a day later than at the surface and two346

days after the peak CCKW precipitation anomaly at 90 ◦ E (Figs. 5d,h).347

The surface cooling is consistent with the observed decrease in downward net heat348

flux (NHFD; line contours in Fig. 1a–d). This in turn is due to a combination of a de-349
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crease in incoming solar radiation (inferred from the positive precipitation anomalies,350

and therefore increased cloudiness (colour shading in Fig. 1a–d), and strong westerly wind351

anomalies (Fig. 1j,k) increasing the upward latent heat flux.352

Stronger winds associated with the passage of the CCKWs can also contribute to353

the cooling of surface waters by reducing vertical stratification through vertical mixing354

(Fig 5d, e.g., negative anomalies in N2 at waters above MLD coincident with positive355

anomalies in wind at lag −2 at Fig. Fig 5f). The local change in stratification during356

the passage of CCKWs can be observed in the anomalies averaged over the Equator (2.5◦N-357

2.5◦S, 90◦E-95◦E; Figs. 5e).358

While changes in N2 (Figs. 5e) appear to be mostly aligned with temperature anoma-359

lies (Fig. 5d), salinity also contributes to it, mainly in the initial lags of enhanced pre-360

cipitation (Fig. 5i). Between lags -4 to -3, when precipitation anomalies start to increase361

(Fig. 5i), N2 anomalies are high (Fig. 5e) due to this input of fresh water and high sur-362

face temperatures (Fig. 5d). With the decrease in NHFD (Fig. 5a) and the increase in363

wind stress (Fig. 5f), temperature drops at the surface, leading to a reduction in N2 de-364

spite the continuous decrease in salinity (Lags -3 to -2). The wind-driven vertical mix-365

ing then acts on further reducing vertical stratification, deepening the MLD and con-366

tributing to the spreading of the negative temperature and salinity anomalies with depth367

(Figs. 5d,i).368

Moreover, the stronger eastward wind anomalies at the Equator (Figs. 1j,k and 5f)369

intensify the eastward surface currents, as shown by the positive anomalies in the sur-370

face zonal currents between lags −1 and 0 (Fig. 7a). This intensification of surface cur-371

rents and the momentum transference with depth (Fig. 7a) likely increases vertical shear372

and contributes to generation of turbulence (Moum et al., 2014; Pujiana & McPhaden,373

2018).374

The role of subsurface turbulence in modulating the upper ocean temperature dur-375

ing CCKW events is supported by Pujiana and McPhaden (2018), who showed that, be-376

tween 2011 and 2012, surface heat flux and subsurface turbulent heat fluxes had simi-377

lar contributions to the surface layer cooling in this region (at 0◦N, 90◦E). Thus, the sub-378

surface turbulent heat fluxes can be an important contributor to maintaining the cool-379

ing of the mixed layer observed up to 8 days after the passage of CCKW events (e.g. lag380

+6 days in Fig. 5d). The changes in stratification observed in this study using the NEMO381
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data are consistent with the in situ work of Pujiana and McPhaden (2018), and serve382

to spatially extend their conclusions across the Indian Ocean basin.383

The heat content of the mixed layer is a key variable that impacts atmospheric con-384

vection within the CCKW and subsequent feedbacks, as it represents the reservoir of heat385

that is available to the atmosphere. The heat content (HC: Equation 5) is dependent on386

both the temperature and depth of the mixed layer. Despite the existence of negative387

temperature anomalies within the mixed layer, anomalies in HC closely follow anoma-388

lies in the MLD (Fig. 5b,d). Thus, most of the increase in HC observed along the Equa-389

tor between lags −2 days and 0 days is likely due to deepening of MLD mostly from wind390

mixing (Figs. 5 and 4).391

The precipitation (Fig. 5h) and wind stress (Fig. 5f) forcings for the CCKW are392

relatively short lived; they last 4 days, from lag −4 to 0 in the equatorial eastern Indian393

Ocean (2.5◦S–2.5◦N, 90–95◦E). However, the ocean response is longer lived. For exam-394

ple, the negative ocean temperature anomalies (Fig. 5d) last 6 days at the surface (lag395

−2 to 4) and 7 days at 20–40 m (lag −1 to 6). The increase in MLD (Fig. 5d) is also rel-396

atively long lived. This is reflected in the positive heat content anomalies (Fig. 5b), which397

last 6 days, from lag −1 to 5. These results are consistent with Baranowski et al. (2016a),398

who hypothesized a long-lasting effect of the CCKWs based on the ocean surface response399

up to 5 days after the events.400

5.1.2 Dynamical response401

The ocean will also respond dynamically to the easterly wind anomalies along the402

equator at lag −5 days (Fig. 1i). This is evidenced by the negative anomalies in SSH403

and in D20 (indicating shallower depths) in this region two days after the forcing (lag404

−3 days; Fig. 4j), indicating oceanic upwelling. Similarly, the intensification of south-405

easterly winds along the Sumatran coast at lag −5 days (Fig. 1i) induces coastal upwelling406

two days later (lag −3 days; Fig. 4j) due to Ekman transport. The coastal upwelling sig-407

nal persists at the Sumatran coast until lag 0.408

Temperature anomalies in the ocean interior are consistent with the upwelling of409

deeper, colder waters; negative anomalies in D20 (black line in Fig. 6a) coincide with410

negative temperature anomalies below 70 m (Fig. 6a; lag −3). Because the coastal re-411

gion is characterised by shallower MLD and a subsurface salinity maximum (Fig. 3b),412
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this coastal upwelling is likely to be the cause of the positive salinity anomalies below413

the MLD (Fig. 6b; lag −3).414

Coastal upwelling along the southwestern coasts of Sumatra and Java is known to415

be associated with prevailing southeasterly winds during the boreal summer monsoon416

(e.g. Wyrtki, 1962; Bray et al., 1996; Susanto et al., 2001). Even though the upwelling417

primarily develops between June and September (e.g., Susanto et al., 2001), intrasea-418

sonal variations in the upwelling signal are correlated with intraseasonal variations in419

winds (20–50 day periods) in both summer and winter monsoons along the Java coast420

(Horii et al., 2016). This suggests, together with our composite analysis, that the anoma-421

lies in the wind field associated with the development of CCKW events may be associ-422

ated with the variability in the upwelling system at the Java coast year round, and this423

relation may be stronger during boreal summer when the average atmospheric conditions424

are more favorable for the upwelling to occur and the strong solitary events are more fre-425

quent.426

The anomalies observed in D20 associated with upwelling (∼ 1.5 m; Fig. 4j-k and427

6a, lags −5 to −3) are likely relevant at the Sumatran coast. For example, Horii et al.428

(2016) showed that upwelling events occurring between April-August were associated with429

SST cooling along the Java coast, which can then impact on local atmospheric convec-430

tion. Complementary to their results, we find a similar association at the coast of Suma-431

tra (Fig. 6a, lags −5 to −3). This highlights the impact that CCKW events may have432

remotely through anomalies in the wind field and their effect on the ocean dynamics.433

Similarly, westerly wind stress anomalies during the CCKW passage will also trig-434

ger an immediate oceanic dynamic response. Following the equatorial westerly wind stress435

intensification (lag −3 days; Fig. 1j), downwelling initiates at lag −1 day (positive D20436

and sea surface height anomalies along the Equator between 82–90◦ E; Fig. 4l) as a con-437

sequence of Ekman convergence at the Equator. This becomes a more coherent signal438

at later lags.439

The daily anomalies averaged over the equatorial eastern Indian Ocean (2.5◦N–2.5◦S,440

90◦E–95◦E; Fig. 5) show more specifically the evolution of the oceanic state in relation441

to the forcing. While the local westerly wind stress and precipitation anomalies peak at442

lag −2 days with the passage of the CCKW by 90◦E (Figs. 5f,h), D20 and ILD anoma-443
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lies in the region reach their maximum 3 days later (lag +1 day; Figs. 5g and gray full444

line in Fig. 5d, respectively).445

Dynamical changes in the ILD and variations in the MLD by mixing may have an446

effect on the BL thickness. A thick barrier layer can reduce the effect of surface forcing447

in the ocean surface temperature as it potentially inhibits downward turbulent heat flux448

and thus reduce cooling by entrainment (Drushka et al., 2014; Pujiana & McPhaden, 2018).449

We found only small (± 1 m) local anomalies in BL thickness during the passage of strong450

solitary CCKW events (Fig. 5c), despite much larger variations in the MLD and ILD451

(black and grey lines, respectively, in Fig.5d). Anomalies in BL thickness of similar mag-452

nitude (<2.5 m) are found across the domain (not shown), being typically larger at the453

Equator. However, there is no coherent spatial pattern to these BL anomalies.454

These small changes in BL thickness occur because the MLD and ILD anomalies455

tend to co-vary in phase (Fig. 5d). Similarly, Drushka et al. (2014) found weak (< 5 m456

peak-to-peak) anomalies in the BL in the eastern equatorial Indian Ocean during MJO457

events, which were also associated with co-variance between MLD and ILD. Their study458

argued that these small variations are likely results of noise from other subseasonal pro-459

cesses and due to the diversity of the MJO-related atmospheric forcing. However, using460

this rationale, we would expect a more coherent and stronger signal in our results, as we461

use a more selective approach in terms of atmospheric forcing time scales and intensity462

for the CCKWs. Thus, a diversity in the forcing is unlikely to be the cause of the ob-463

served low BL variations.464

In contrast, Pujiana and McPhaden (2018) reported variation in the BL thickness465

from 10–15 m to 20–30 m during the CCKW life cycle at 90◦E, 0◦N. Such large anoma-466

lies in BL thickness were argued to be a result of a strengthened salinity stratification467

by rainfall (Pujiana & McPhaden, 2018). Even though the criteria we used to select CCKW468

events has a different principle to those used by Pujiana and McPhaden (2018), they are469

aimed to isolate events of consistently strong precipitation through the wave’s trajec-470

tory. Thus, it was expected that we would find similarly high BL anomalies, which was471

not observed.472

As precipitation is unlikely the cause for the discrepancy in the BL response be-473

tween these studies, this must be related to differences in the strength of the wind anoma-474

lies and/or in the oceanic precursor stratification. Thus, even though the relatively thick475
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BL will act to buffer the mixed layer from the deeper ocean, the small variations observed476

in the BL thickness (Fig. 5d) throughout the CCKW passage suggest a weak role of the477

BL in modulating the inhibition of downward turbulent heat flux. As a caveat, we should478

also consider the possibility that the discrepancy in the barrier layer thickness behav-479

ior between models and observations (e.g., Pujiana & McPhaden, 2018) could be related480

to shortcomings of the reanalysis, as for example, an overly strong vertical mixing that481

could quickly erode the BL and be the cause of the small changes in BL thickness.482

5.2 Delayed ocean response and remote effects483

In addition to the immediate response described in Section 5.1, the passage of CCKW484

events will also trigger dynamical processes on longer, oceanic time scales.485

We observe the eastward propagation of the downwelling anomalies that followed486

the westerly wind stress anomalies associated with the CCKW passage. At lag 0, the pos-487

itive anomalies in D20 and SSH are mostly constrained along the equatorial band (ex-488

tending from roughly between 82◦E–90◦E; not shown), indicating local downwelling with489

change in the D20 of up to 1 m. These anomalies travel eastward and reach the coast490

of Sumatra at lag +1 days, when it has developed into a coherent downwelling signal oc-491

cupying a broad longitudinal range along the Equator (∼ 75 − 99◦ E; Fig. 4l). These492

eastward moving positive anomalies in D20 and SSH suggest the propagation of a down-493

welling oceanic Kelvin wave (OKW), initially triggered by the westerly wind burst as-494

sociated with the atmospheric CCKW.495

The propagation along the Equator of the suggested downwelling Kelvin wave sig-496

nal can also be identified by the coherent positive temperature anomalies just below the497

ILD (solid magenta line in Fig. 6a). These anomalies in subsurface temperature are co-498

incident with positive D20 and SSH anomalies and intensification of subsurface zonal cur-499

rents (averaged between 60-200 m; Fig. 6a). Because the region is characterised by a pos-500

itive vertical temperature gradient (Fig. 3a), these positive temperature anomalies are501

caused by the downweling isothermals associated with the propagation of the oceanic502

wave and demonstrate the capacity of the atmospheric forcing in affecting the deeper503

ocean.504

While the subsurface temperature anomalies associated with the oceanic wave be-505

come stronger and more coherent as it propagates along the Equator (lags −1 to 1; Fig.506
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6a), when the wave reaches the Sumatran coast, part of the signal is lost and part of it507

propagates southeastward as a coastal Kelvin wave along the coast of Sumatra and Java508

(Figs. 6). The maximum anomalies in temperature, SSH and D20 becomes weaker as509

the wave propagates along the Sumatra and Java coast (lags 3 to 9; Figs. 6), suggest-510

ing energy dissipation possibly by interaction with the topography or by reflecting as Rossby511

waves, as observed by Webber et al. (2010) and Pujiana and McPhaden (2020). The south-512

easterly wind anomalies along the coast (lag 7; Fig. 1), which can shoal the thermocline513

via Ekman transport, could also potentially contribute to the weakening of the down-514

welling Kelvin wave and its signal in SSH and D20 anomalies.515

Although the propagation of the oceanic wave is not easily identifiable in salinity516

anomalies along the section (Fig. 6b), the local variation in the salinity anomalies at the517

Equator (Fig. 5i) show changes in agreement with the passage of the oceanic wave (i.e.,518

negative salinity anomalies during downwelling), with lowest anomalies at lag +1 days519

when MLD is deepest). These negative anomalies are expected as the background ver-520

tical salinity gradient in the region is negative, i.e., salinity increases with depth (Fig.521

3b).522

The highest anomalies of temperature and salinity are observed at lag +1 just be-523

low the ILD (Fig. 6a) and MLD (Fig. 5i), respectively. As the wave propagates eastward,524

these anomalies extend down to 200 m for temperature, while salinity anomalies are mostly525

restricted to the top 110 m (Figs. 6a-b). This difference is likely due to the background526

vertical gradient, which becomes relatively weak below 110 m for the salinity field, but527

remains positive for temperate up to greater depths (Fig. 3a-b).528

To better assess the depth-response of the ocean to the passage of CCKWs we eval-529

uate the vertical structure of the oceanic Kelvin wave by analysing the composite of zonal530

velocity anomalies in the top 180 m (Fig. 7a). Near the surface, zonal currents show strong531

positive anomalies peaking at lag 0. The roughly uniform phase with depth observed mostly532

above 40 m coincides with the mixed layer and indicates the immediate response to wind533

forcing. At the MLD, there is an abrupt change of phase, with the zonal current anoma-534

lies peaking at lag 4 days immediately below the ML. Below this depth, current anoma-535

lies show a gradual vertical shift in phase, with deeper levels tending to lead shallower536

levels. A more pronounced phase shift is observed below 100 m, in agreement with the537

structure of a Kelvin wave forced at the surface which, as suggested by linear wave the-538
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ory, would propagate phase upward and energy downward into the ocean interior (McCreary,539

Jr., 1984; Iskandar & McPhaden, 2011).540

From the time the oceanic wave reaches the Sumatran coast (lag +1 days; three541

days after the passage of CCKWs by 90◦E, Figs. 4l and 6a), it takes on average 3 days542

for it to travel along the coast and reach the Sunda Strait (lag +4 days, Fig. 4m), through543

which part of the signal seems to propagate within the Java Sea and Karimata Strait544

(lag +5 days, positive anomalies in SSH, Fig. 4n). It takes on average 11 days after the545

passage of CCKWs by 90◦E for the signal of the oceanic Kelvin wave present in the SSH,546

D20 subsurface temperature and zonal current anomalies to leave the Sumatran coast547

and be restricted to the coast of Java (lag +9 days, Fig. 4p). This roughly corresponds548

to 9 days travel since the Kelvin wave signal was identified at 90◦ E.549

To evaluate the wave horizontal speeds observed in the anomalies, we compare the550

meridional structure of the zonal velocity anomalies (averaged between 100–200 m at 90◦E;551

Fig. 7b) with Kelvin wave theory. For this analysis we used a 90-day high-pass filter to552

take into consideration the longer time scales associated with oceanic response, observed553

for example by a “red shift” in the spectrum of the ocean response to intraseasonal at-554

mospheric forcing (e.g., Han, 2005; Iskandar & McPhaden, 2011; Nagura & McPhaden,555

2012). In this analysis we exceptionally constructed the velocity anomaly composites us-556

ing a base point at (90◦E). As the aim of this analysis is to investigate the initiation of557

the dynamic response, the choice of a base point closer to the region where the oceanic558

waves are excited intends to reduce signal interference due to different wave speeds of559

propagation. The magnitude of the depth-averaged zonal velocity anomalies at lag +3560

days (in this case, 5 days after the passage of the CCKW event) approximates to a Gaus-561

sian distribution in latitude within 4◦S−4◦N (red circles in Fig. 7b), in agreement with562

the meridional structure of a Kelvin wave.563

The depth-averaged composite zonal velocity u′(y) was least-squares fitted to the564

theoretical Kelvin wave solution on an equatorial β plane (Fig. 7b) :565

u′(y) = u0 e
−βy2/2c , (6)

where β = 2.3 × 10−11 m−1 s−1 is the specified northward gradient of planetary vor-566

ticity at the Equator, y is distance (in m) northward from the equator, and the free pa-567

rameters are u0 amplitude of the wave and c (the wave phase speed). The best fit val-568

ues are u0 = 0.034 m s−1 and c = 0.48 m s−1 (blue line in Fig. 7b), which gives an equa-569
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torial trapping scale L =
√

2c/β of 290 km. The estimated phase speed is close to the570

Kelvin wave theoretical phase speed of the fifth vertical baroclinic mode, which is ap-571

proximately 0.6 m s−1 (Moore & McCreary, 1990). The vertical structure of the fifth mode572

has crossing points (zero anomaly) at approximately 50 and 150 m depths (Webber et573

al., 2014). This matches the observed structure of the ocean response to the CCKWs574

here, as there are crossing points in the zonal current profile at lag 0 at 50 and 130 m575

(Fig. 7a).576

The theoretical phase velocity extracted from the data does not match perfectly577

to the theoretical phase velocity of a single projected mode. Such match should not be578

expected as, unless the ocean signal is isolated to depict a specific oscillation, it includes579

the main excited mode (in this case, the fifth) and the contribution from other multi-580

ple vertical modes. This is because the CCKW wind forcing will project onto a number581

of modes, and processes such as constructive interference between wind-forced internal582

waves and Rossby wave reflection at the eastern boundary can mix energy between modes583

(Nagura & McPhaden, 2012).584

Several studies have highlighted the relationship between the intraseasonal wind585

forcing (e.g. MJO) and an oceanic response dominated mainly by the first two baroclinic586

modes (e.g. Han, 2005; Iskandar et al., 2005; Halkides et al., 2015; Pujiana & McPhaden,587

2020). In contrast, we show that the oceanic response to CCKWs is dominated primar-588

ily by a higher (fifth) baroclinic mode when considering oscillations with periods shorter589

than 90 days. This difference in the main mode excited by the different forcings may be590

one of the factors contributing to the CCKW related anomalies in SSH (0.3-0.6 cm; Fig.591

4i-p) being considerably smaller than anomalies associated with the MJO (e.g. 15- 20 cm;592

Matthews et al., 2010), as its primarily the first modes that make significant contribu-593

tions to the sea level signal (Cane, 1984).594

Based on common features identified in Hovmöller diagrams of composite anoma-595

lies of zonal velocity (averaged between 100–200 m), D20 and heat content of the mixed596

layer (Fig. 8), the observed signal speeds along the Equator and coasts of Sumatra and597

Java are calculated. Black lines in Fig. 8a are positioned at the center of positive veloc-598

ity anomalies; the different slopes indicate that the signal speed is not uniform along its599

pathway. As the oceanic signal propagates along the Equator (section A; lags −2 to 3),600

there is still a component of the atmospheric forcing moving eastward at ∼ 10 m s−1 (with601
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speed much higher than any oceanic mode phase speed) and forcing the ocean, leading602

to a forced oceanic signal that propagates at relatively high speed (on average 3.2 m s−1).603

On reaching the coast, the signal loses energy and stalls, decreasing its average speed to604

1.9 m s−1 and 2.0 m s−1 while propagating along the coast of Sumatra and Java, respec-605

tively. The average speed along the entire pathway is 2.3 m s−1.606

The observed average speeds are higher than the estimated theoretical wave speed607

at the Equator. The difference between these two estimates is expected, as the latter ad-608

dresses the generation of the oceanic signal, being an estimate of the main mode excited609

instantaneously by the forcing with the least possible interference. However, the former610

represents the velocity with which the signal effectively propagates through the domain,611

which will result from a combination of the main excited modes, the selective dissipa-612

tion of the modes, the constructive interference between propagating signals in the ocean,613

and the presence of the time-dependent forcing during the propagation of the oceanic614

signal.615

The variability of OKW phase speeds along their trajectories, and between Kelvin616

wave events, was analysed by Drushka et al. (2010), who estimated phase speeds in the617

range 1.6–6.1m s−1 (average of 2.6± 1 m s−1) for waves crossing the equatorial Indian618

Ocean and along the coast of Sumatra, using 30–90-day filtered altimetric sea level anoma-619

lies. This is further evidence of a spread of OKW speeds along their trajectories, and620

is in agreement with the range of values estimated in this study. Using in situ data and621

satellite altimetry, Iskandar et al. (2005) estimated phase speeds of OKWs associated622

with intraseasonal atmospheric forcing ranging between 1.5−2.9 m s−1 along the coast623

of Sumatra and Java. Further southeast, Syamsudin et al. (2004) estimated phase speeds624

between 1−3 m s−1 for OKWs entering Lombok Strait (8◦46′ S; 115◦44′ E). These es-625

timates are all consistent with our findings for the OKW speeds along the coast of Suma-626

tra (1.9 m s−1) and Java (2.0 m s−1), associated with CCKW forcing.627

In contrast to previous studies which actively selected or filtered general Kelvin waves628

in the ocean (e.g. Syamsudin et al., 2004; Drushka et al., 2010; Iskandar et al., 2005; Pu-629

jiana & McPhaden, 2020), this study focuses on interpreting a wave signature that arises630

consistently in the ocean as a response to specific atmospheric forcing events, i.e., strong631

solitary CCKWs. Consequently, differences in the estimated wave properties, such as the632

dominant baroclinic mode and the wave speed, may be expected. However, the major633
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features identified in the vertical and meridional structures of the oceanic anomalies are634

consistent with previous studies. Moreover, the wave-like signal is not sensitive to the635

choice of a base point, showing consistency in the generation of this oceanic feature. These636

results thus indicate that the passage of CCKWs is an important source for generation637

of oceanic Kelvin waves in the eastern Indian ocean.638

6 Oceanic feedback639

Deepening of the thermocline associated with propagation of oceanic Rossby waves,640

and subsequent increase in SST due to reduced entrainment of subsurface cold waters,641

leads to changes in surface heat fluxes that can subsequently feed back into MJO devel-642

opment (Webber et al., 2012). In a similar way, the deepening of the MLD and conse-643

quent increase in HC observed with the passage of CCKW events (Fig. 4s–v) can feed-644

back onto the atmosphere by modulating atmospheric boundary layer temperature (Baranowski645

et al., 2016a), and potentially contribute to the development of following CCKW events646

or even processes with time scales different from the initial forcing.647

To evaluate the net effect of the passage of strong solitary CCKW events through648

the study area, the increase in heat content within the ML (in the box 8◦S–4◦N, 75–100◦E),649

from before the passage of the CCKW event (lags −10 to −6 days), to after the passage650

(lags 0 to 4 days) is estimated to be 1.52× 108 J m−2 (Fig. 5j). These domain-averaged651

HC anomalies (Fig. 5j) due to solitary strong events remain positive for 6 days, longer652

than the CCKW time-span, similar to that observed for the local anomalies at the Equa-653

tor (Fig. 5b).654

The domain-averaged increase in the HC includes both the immediate increase in655

HC associated with deepening of MLD by wind mixing during the passage of the CCKW656

(Fig. 5b), and the remote effects of the CCKW on the HC by the propagation of the oceanic657

wave Figs. 8b and 4u,v). For example, at lag +5 days (Fig. 4v), the remote oceanic re-658

sponse to the atmospheric forcing, generated initially in the equatorial band, can be iden-659

tified by the increase in HC related to a deeper MLD off the coast of Sumatra. This in-660

crease in HC can then interact with atmospheric processes such as the diurnal precip-661

itation cycle, and can even influence local flooding (Baranowski et al., 2016b, 2020). Thus,662

the oceanic feedback from the passage of CCKWs can occur away from the forcing re-663

gion and influence processes with time scales different from the initial forcing.664
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7 Conclusions665

This study uses a variety of atmospheric datasets and the oceanic NEMO analy-666

sis to build a three-dimensional view of the oceanic response to the passage of CCKWs667

through the eastern equatorial Indian Ocean between 2007 and 2017. The analysis is fo-668

cused on the robust oceanic response to isolated (“solitary”) strong forcing events, aim-669

ing at a better understanding of the physical processes without interference between CCKW670

events.671

Using a statistical approach based on daily composite anomalies, our results show672

an immediate local thermodynamic and dynamic oceanic response to the passage of the673

CCKW through the eastern Indian ocean. As downward net heat flux decreases, and east-674

ward winds and currents intensify, vertical shear is likely enhanced by momentum trans-675

ference from the atmosphere to the ocean, leading to surface and upper ocean cooling,676

and a consequent decrease in vertical stratification. As the mixed layer deepens, there677

is an increase of the mixed layer heat content. These local effects in the ocean surface678

and interior are shown to last for longer than the local atmospheric forcing. For exam-679

ple, the increase in the mixed layer heat content lasts for six days after the passage of680

the CCKW, which may then feed back into the atmospheric boundary layer, support-681

ing suggestions from previous studies that CCKWs have a rectifying effect.682

Anomalies observed in the wind field related to strong CCKW events are shown683

to be associated with variability in the upwelling system along the coast of Sumatra and684

Java, as a dynamical response to the atmospheric forcing. These coastal upwelling events685

could have a local impact on atmospheric convection by modulating SST (Horii et al.,686

2016) and also on biological productivity off the Sumatran coast by modifying near-surface687

nutrient availability Iskandar et al. (2009).688

The passage of CCKWs also triggers a consistent oceanic dynamic response on longer689

time scales. The initial downwelling observed at the Equator associated with the atmo-690

spheric forcing develops into a signal identified as a downwelling oceanic Kelvin wave.691

The propagation of this wave signal is identified in the ocean surface and interior up to692

11 days after the passage of the CCKW. The structure of the oceanic signal is consis-693

tent with wave theory and shows that, in contrast to the typical response to intrasea-694

sonal wind forcing (e.g., Iskandar et al., 2005; Halkides et al., 2015; Pujiana & McPhaden,695

2020), CCKWs primarily excite higher oceanic Kelvin wave baroclinic modes. The ob-696

–23–



manuscript submitted to JGR

served oceanic wave signal propagates along the eastern equatorial Indian ocean to the697

coast of Java carrying energy into the ocean interior, with an average horizontal speed698

(2.3 m s−1) consistent with observational studies. These results indicate that CCKWs699

are an important source for generation of Kelvin waves in the eastern Indian Ocean and700

highlight their impact on oceanic conditions away from their main equatorial pathway.701

Among the CCKW remote effects is the increase in HC due to MLD deepening ob-702

served along the Sumatran coast up to 7 days after the peak in the forcing at the Equa-703

tor. Hence, the oceanic feedback to the forcing may occur in remote areas, and possi-704

bly influence processes of different time scales, such as daily precipitation cycles, or in-705

tensify the conditions for flooding in the nearby populated areas.706

Within the study period, the number of solitary CCKW events, on which we fo-707

cus our study, provide a clear statistical representation of the processes associated with708

this atmospheric weather system. However, they do not represent the majority of events;709

CCKW events are frequently followed by another CCKW event within their life cycle.710

In this scenario, the existence of a second peak in the atmospheric forcing would pro-711

duce an effect in the ocean that could interact with the first signal, and potentially lead712

to higher amplitude and longer lasting anomalies. Further investigation is required to713

understand which factors are most important in defining the development of such sequen-714

tial CCKWs, and how these feedback onto the system. Finally, the understanding of the715

processes involved in the response to isolated forcing is important not only to feedback716

into forecast models, but also to further comprehend the interaction of these responses717

with forcing of similar or multi-time scales.718
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Figure 1. Lagged composite anomalies of: (a–h) precipitation rate (mm day−1, colour shaded)

and net heat flux (contour interval is 20 W m−2; negative contours are black, positive contours

are magenta, and the first positive contour is at 10 W m−2); (i–p) eastward wind stress (N m−2;

colour shaded) and wind stress vectors (N m−2; reference vector in panel i), for strong solitary

CCKW events passing the 110◦ E base point at lag 0.
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Figure 2. Precursor fields (composite means over lags −10 to −6 days, relative to CCKW

events crossing 110◦ at lag 0 days) of (a) oceanic conservative temperature (◦ C), (b) mixed layer

depth (m), (c) depth of the 20◦C isotherm, (d) surface wind vectors m s−1, (e) absolute salinity

(g kg−1), (f) heat content J m−2, (g) barrier layer thickness (m) and (h) surface ocean current

vectors m s−1. The grey lines shows the propagation path of oceanic Kelvin waves and consist of

three sections labelled in panel (a): section A along the Equator from 60◦E to 96.35◦E; section B

along the coast of Sumatra, and section C along the coast of Java.
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Figure 3. Precursor fields (defined as in Fig. 2) of (a) conservative temperature (◦C; con-

toured between 15◦C and 29◦C, every 2◦C, with extra level at 20◦C (thick line). (b) absolute

salinity (g kg−1; contoured between 32 g kg−1 and 35.4 g kg−1 every 0.2 g kg−1) along vertical

ocean sections A, B and C (limit of section indicated by vertical black dotted lines; see map in

figure 2a for geographic reference). Bottom horizontal axis shows distance from the 60◦E merid-

ian and top horizontal axis indicates longitude. Black and magenta dashed lines indicate mixed

layer depth (MLD) and isothermal layer depth (ILD) calculated from the averaged profile, re-

spectively. White vertical dashed lines indicate the position of profiles at 90◦ E and 96◦E. Panels

(c) and (d) show profile of conservative temperature (◦C; magenta), absolute salinity (g kg−1;

black) and potential density (kg m−3; blue) at 90◦E and 96◦E, respectively. Black and magenta

horizontal lines indicate MLD and ILD, calculated from the averaged M10-M6 composite profiles

(dashed lines), from averaging the M10-M6 composite values of MLD and ILD (dotted lines),

and from averaging the climatological daily MLD and ILD values (dotted-dash line). Histograms

show the daily MLD (black) and ILD (magenta) values at day zero for all solitary events. ILD

(magenta) histogram is presented with a 50% colour transparency level and plotted on top of the

MLD histogram.
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Figure 4. Maps of daily lagged composite anomalies of (a-h) sea surface conservative tem-

perature (◦C; colour shaded); (i-p) depth of 20 ◦C isotherm (m; colour shaded) and sea surface

height (m; contoured at the intervals -0.01, -0.003, 0.003, 0.01); (q-x) heat content of the mixed

layer (J m−2; colour shaded) for CCKW strong solitary events passing at 110◦E at lag 0. For all

panels negative values are contoured in black lines and positive values in magenta lines.
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Figure 5. Daily composite anomalies averaged over a box in the equatorial Indian Ocean

(2.5◦N–2.5◦S, 90◦E–95◦E) for (a) net surface heat flux, (b) heat content, (c) barrier layer thick-

ness, (d) conservative temperature, (e) buoyancy frequency squared, (f) eastward wind stress,

(g) depth of 20◦C isotherm, (h) precipitation rate and (i) absolute salinity. In panel (d), mixed

layer depth (MLD) is shown by the black line, and isopycal layer depth (ILD) by the gray line. In

panel (j), daily composites of heat content anomaly are shown averaged over the larger domain

8◦S–4◦N, 75–100◦E.
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Figure 6. Vertical section (sections A, B and C, limits indicated by vertical dotted line; see

map in Figure 2) of daily lagged composite anomalies at lags −5, −3, −1, +1, +3, +5, +7 and

+9 of (a) conservative temperature (◦C) and (b) absolute salinity (g kg−1) for CCKW strong

solitary events passing at 110◦E. In panels (a), daily composites of MLD and ILD total fields are

shown by black and magenta lines, respectively. Along section daily composites of anomaly fields

of downward net heat flux (×2 ;W m−2; yellow line), depth of 20◦C isotherm (×20; m; black line,

heat content (×10−7; J m−2; cyan line) and ocean velocity parallel to the sections (×3.103; m s−1;

brown line). In panels (b) it is shown the along section daily composites of anomaly fields of pre-

cipitation (×4.5; mm day−1; green line) and wind stress parallel to the sections (×2.5.103; N m−2

; magenta line). Note that the scale of the vertical axis is different for the range from 70 to -70

and that from -400 to -70.
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Figure 7. (a) Zonal velocity (m s−1) composite anomalies (colour shading), and total field

(dotted line contours), averaged over 2.5◦S–2.5◦N, 90–95◦E. Thick black and gray lines indi-

cates the MLD and ILD respectively. (b) Zonal velocity anomalies (m s−1; red circles) averaged

between 100–200 m for lag +3 days using 90◦E as the CCKW composite base point between

4◦N–4◦S. Data are 90-day high-pass filtered. The blue line shows the best least-square fit to a

theoretical Kelvin wave solution.
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Figure 8. Hovmöller diagram for daily composite anomalies for (a) zonal velocity (m s−1)

(60–200 m average), (b) depth of 20◦C isotherm (m) and (c) heat content (J m−2) along sections

A, B and C (section limits indicated by vertical dotted lines; see map in Figure 2). Vertical green

line indicates base point location for composite calculations.
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