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Abstract Boreal summer sub-seasonal variability in the Asian monsoon, otherwise known as the 25 

monsoon intra-seasonal oscillation (MISO), is one of the dominant modes of intraseasonal 26 

variability in the tropics, with large impacts on total monsoon rainfall and India’s agricultural 27 

production. However, our understanding of the mechanisms involved in MISO is incomplete and 28 

its simulation in various numerical models is often flawed. In this study, we focus on the 29 

objective evaluation of the fidelity of MISO simulation in the Met Office Global Seasonal 30 

forecast system version 5 (GloSea5), an initialized coupled model. We analyze a series of nine-31 

member hindcasts from GloSea5 over 1996-2009 during the peak monsoon period (July-August) 32 

over the South-Asian monsoon domain focusing on aspects of the time-mean background state 33 

and air-sea interaction processes pertinent to MISO. Dominant modes during this period are 34 

evident in power spectrum analysis, but propagation and evolution characteristics of the MISO 35 

are not  realistic. We find that simulated air-sea interactions in the central Indian Ocean are not 36 

supportive of MISO initiation in that region, likely a result of the low surface wind variance 37 

there. As a consequence, the expected near-quadrature phase relationship between SST and 38 

convection is not represented properly over the central equatorial Indian Ocean, and northward 39 

propagation from the equator is poorly simulated. This may reinforce the equatorial rainfall mean 40 

state bias in GloSea5. 41 

Keywords monsoon intra-seasonal oscillation; Met Office Global seasonal forecast; SST 42 

1. Introduction 43 

The Indian monsoon is one of the most energetic components of the South Asian climate system, 44 

acting as a large source of diabatic heating over the tropical belt.  Within its strong seasonality, 45 

there are prolonged spells of wet and dry conditions lasting for 2-3 weeks, with profound socio-46 

economic implications particularly in the agricultural sector. These periods, known as active and 47 

break conditions respectively, represent the extreme phases of sub-seasonal or monsoon 48 

intraseasonal oscillations (MISO; e.g., Sikka and Gadgil 1980;  Srinivasan et al. 1993; Goswami  49 

2011). With useful prediction skill of monsoon subseasonal variability currently extending to 50 

only around two weeks (Abhilash et al. 2014), improvement in the simulation and forecasting of 51 

these modes is a key goal for the research community and is reflected as a main objective of the 52 

National Monsoon Mission established by the Government of India.   53 
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Active and break events are generally found in observations with a periodicity of 30-60 days 54 

(e.g. Annamalai and Slingo 2001). Large coherent variability is displayed in different 55 

atmospheric and upper-ocean fields in accord with monsoon active-break cycles. During active 56 

phases, there is a strengthening of the monsoon jet, and increased convection over the Indian 57 

mainland, eastern Arabian Sea and the Bay of Bengal, whereas during the break phase, there is 58 

increased convection over the eastern equatorial Indian Ocean, and the low-level jet is deflected 59 

to the south, resulting in decreased wind over the aforementioned regions (Webster et al. 1998; 60 

Annamalai and Slingo 2001; Joseph and Sijikumar 2004). The regional Hadley circulation 61 

moves northward, bringing anomalous ascending (descending) air together with cyclonic (anti-62 

cyclonic) low-level circulation anomalies over India for the active (break) phases, which 63 

ultimately modulate the mean monsoon flow itself.  Thus strong ocean-atmosphere air-sea 64 

interaction is clearly exhibited in SST, convection and low-level wind fields over the tropical 65 

Indian Ocean corresponding to active-break cycle (Joseph and Sabin 2008).  66 

MISO convective activity is coupled with the upper ocean through SST and wind stress.  In turn, 67 

SST feeds back on the atmosphere through surface moisture convergence and changes in the 68 

stability of the planetary boundary layer (Roxy and Tanimoto 2007).  SST cooling (warming) 69 

over the Bay of Bengal and east Arabian Sea are followed by the movement of the monsoon jet 70 

and convection into the region for respective active (break) phases.  Weak winds over a well-71 

stratified low-salinity layer in the north Bay of Bengal result in a shallow mixed layer, which  72 

responds rapidly to perturbations in net heat flux at the surface arising from MISO; this is 73 

indicative of strong coupling. Using in-situ observations and satellite images, Sengupta et al. 74 

(2001) and Fu et al. (2003) attributed most of the SST changes on MISO time scales in this area 75 

to fluctuations in net heat flux. Three-dimensional (3D) fully dynamic ocean models  have also 76 

confirmed the dominant role of heat flux over other oceanic processes in controlling SST 77 

variability in the Bay of Bengal (Vialard et al. 2011).   78 

The prediction skill of interannual monsoon variability has been improved by using fully coupled 79 

models rather than forced atmospheric models (Kumar et al. 2005), since the former includes 80 

ocean-atmosphere interaction; this can be clearly inferred from the SST-precipitation relationship 81 

exhibited in Wang et al. (2005).  Similarly at the intraseasonal time scale, Rajendran et al. (2004) 82 
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demonstrated the essential role of air-sea interaction processes in achieving the proper amplitude 83 

and phase of MISO in the coupled models in IPCC AR4. Sperber and Annamalai (2008) 84 

analysed the CMIP3 models and suggested that the fidelity of the un-initialized coupled model 85 

representation of MISO is better in those models that feature the necessary background 86 

conditions for the proper life cycle and the northward propagation of MISO.  They identify these 87 

conditions as: realistic location of the time-mean monsoon heat sources (both in precipitation and 88 

SST), with easterly wind shear in the vertical and a meridional gradient of specific humidity.   89 

In the present study, we evaluate the simulation of MISO in the UK Met Office Global Seasonal 90 

forecast system version 5 GC2 (hereafter referred to as GloSea5; Williams et al. 2015) over the 91 

Indian monsoon domain, and the underlying air-sea interaction processes involved. No previous 92 

work has studied the fidelity of MISO in GloSea5. This study deals with the nature of active-93 

break cycles in GloSea5 and diagnoses the possible sources of error in precipitation and low-94 

level wind over the monsoon domain using a nine-member hindcast for the 14-year period of 95 

1996-2009 in comparison to reanalysis/satellite products.  Our assessment of active-break cycles 96 

will test the previously mentioned background conditions before examining precipitation-SST 97 

relationships and the air–sea interaction processes involved in it. Section 2 describes the 98 

observational data sets used, along with the methodology for defining active and break events 99 

and model details.  The large-scale time-mean background state is examined in Section 3. 100 

Section 4 addresses the dominant periodicity simulated in the model at intraseasonal time scales 101 

and associated propagation characteristics, while the spatial horizontal and vertical patterns of 102 

MISO are described in Section 5.  Air-sea interaction processes associated with MISO are 103 

presented in Section 6 and finally Section 7 summarizes the results with further discussion.  104 

2. Model and observations used 105 

2.1 Observations 106 

We used daily TRMM satellite rainfall based on the 3b42 algorithm (Huffman et al. 2007) as our 107 

observed precipitation, covering the period 1998-2013. For dynamic and thermodynamic 108 

atmospheric fields on pressure levels (winds, temperature, humidity and vertical motion), we 109 

used the ECMWF ERA-Interim reanalysis (Dee et al. 2011; hereafter ERA-Interim). TMI SST 110 
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(Wentz et al. 2000) and 10m winds from the daily gridded QuikSCAT scatterometer (Bentamy et 111 

al. 2003) have been used for additional model verification at the surface.  For oceanic surface 112 

fluxes, since observations are so uncertain in the Indian Ocean, model outputs have been 113 

validated against two independent flux products including the objectively analysed flux from the 114 

Woods Hole Oceanographic Institute (WHOI OAFlux; Yu and Weller 2007) and TropFlux 115 

(Praveen Kumar et al. 2011).  The July-August mixed layer depth (MLD) climatology is taken 116 

from a data set presented in de Boyer Montégut et al. (2004).  All these observation and 117 

reanalysis data are used over the common period of 1998-2013.  118 

2.2 Model details  119 

Williams et al. (2015) describe the GloSea5 Global Coupled model 2.0 (GC2) system, which is 120 

an initialized version of the recent high-resolution Hadley Centre Global Environment Model 121 

version 3 (HadGEM3) atmosphere-ocean coupled climate model.  The following are the main 122 

components in this seasonal forecast system: Met Office Unified Model (MetUM) atmosphere 123 

GA6.0  (Walters et al. 2015) with the latest  dynamical core (Even Newer Dynamics for General 124 

Atmospheric Modelling of the Environment,  ENDGame; Wood et al. 2014), the Joint UK Land 125 

Environment Simulator GL6.0 (JULES; Best et al., 2011, Walters et al. 2015) land model, the 126 

Nucleus for European Modelling of the Ocean GO5 (NEMO; Madec 2008, Megann et al. 2014) 127 

ocean component, and the Los Alamos sea-ice model GSI6.0 (CICE; Hunke and Lipscomb 2010,  128 

Rae et al. 2015).  GloSea5 uses N216 horizontal resolution (0.8° in latitude and 0.5° in 129 

longitude) for the atmosphere, and 0.25° for the ocean (Williams et al. 2015, MacLachlan et al. 130 

2015). The vertical resolution is 85 levels for the atmosphere, giving a well-resolved 131 

stratosphere, and 75 levels for the ocean.  132 

To assess the behaviour of the seasonal forecast system over an extended period, a hindcast set is 133 

used over a range of years. The GloSea5 hindcast period covers 1996-2009, which for the 134 

summer season (as in this case) is initialised at start dates of April 25, May 5 and May 9.  135 

MetUM and JULES are initialized from ERA-Interim (Dee et al. 2011) and NEMO and CICE 136 

are initialized from GloSea5 Ocean and Sea ice analysis, but soil moisture is initialized with 137 

interannual variation from a JULES reanalysis. Further details of the initialization and data 138 

assimilation scheme are given in MacLachlan et al. 2015 and Johnson et al. 2016. Each start-date 139 

http://onlinelibrary.wiley.com/doi/10.1002/qj.2396/full#bib41
http://onlinelibrary.wiley.com/doi/10.1002/qj.2396/full#bib26
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has three ensemble members and is integrated for 140 days, extending beyond the end of August.  140 

Spread between the ensemble members is created by the SKEB2 stochastic physics scheme 141 

(Bowler et al. 2009). These hindcast data from the nine total samples for each year are used in 142 

the current study.  Xavier et al. (2014) used a previous version of the Met Office seasonal 143 

forecast system (GloSea5-GA3). They showed high skill in simulation of the Madden Julian 144 

Oscillation in winter and analyzed the general tropical performance in extreme rainfall cases.  145 

2.3 Identification of active-break events 146 

Identification of active-break events is based on daily rainfall averaged over the monsoon core 147 

zone (MCZ), as shown in Figure 4a of Rajeevan et al. (2010).  Standardized rainfall is first 148 

calculated by removing the climatological seasonal cycle and then dividing it by the normalized 149 

daily value for the seasonal cycle.  A break (active) spell is identified as a period during which 150 

the standardized rainfall anomaly is less (more) than -1.0 (+1.0) for three consecutive days or 151 

more.  We define the time of lag-0 corresponding to the peak rainfall phase of an event.  Lagged 152 

composites of all variables of interest are made with reference to active (break) rain events in the 153 

MCZ.  Table 1 lists active-break events based on the aforementioned criteria using TRMM and 154 

these spells are well compared with the spells identified in Rajeevan et al. (2010) using Indian 155 

Meteorological Department (IMD) data sets. Over the MCZ, intraseasonal variability using 156 

TRMM is highly correlated with IMD rain-gauge data (Figure 1 of Jayakumar et al., 2013) and 157 

sub-seasonal variability of TRMM over both land and ocean is good during the monsoon period 158 

(Rahman et al. 2009).  In addition to the ‘active-break events decomposition’ method described 159 

here, we also isolate the 30-60 day MISO signal by applying a Lanczos filter (Duchon 1979) on 160 

daily anomaly data with 121 weights. 161 

For the model ‘active-break events decomposition’, we have used normalized model rain 162 

anomaly calculated using 14 years of GloSea5 hindcast climatology covering the period from 163 

1996 to 2009 and calculated separately for each member of the ensemble to obtain thresholds for 164 

defining active/break dates. Since most MISO activity takes place within July-August months 165 

(Rajeevan et al. 2010; Jayakumar et al. 2013), to avoid signals from the onset and withdrawal of 166 

the monsoon, and to maintain a sufficient distance from the initialization dates, the diagnostics to 167 

be presented here are for July and August. The average number of events identified per ensemble 168 
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member was around 27 for active and 15 for break events respectively (i.e. the total number of 169 

events identified divided by nine ensemble members) in GloSea5 14 year hindcast (Table 1), 170 

while 34 active and 35 break events were identified in the 16 years of TRMM data. To ensure 171 

robustness in the results, we concatenate all events from each member having three initial 172 

conditions, so that we have a large sample of events.  We remind the reader that GloSea5 is not 173 

be expected to simulate equivalent (in phase) active or break events during July-August to those 174 

in observations since initialization occurs too far in advance.  However, performing an analysis 175 

of the average fidelity of active-break events in the seasonal hindcast framework allows us to 176 

examine them in an initialized coupled model system in which mean-state SST errors are as 177 

small as possible.   178 

3. The large-scale time-mean environment 179 

As discussed in Section 1, realistic locations of time-mean monsoon heat sources and the easterly 180 

wind shear in the vertical are necessary conditions for a model to simulate the proper amplitude 181 

and phase of MISO.  Figure 1a shows July and August mean monsoon precipitation in TRMM 182 

and the GloSea5 ensemble mean.  There is a primary maximum over the monsoon trough region 183 

(between 10°N and 25°N) and into the Bay of Bengal, and a secondary maximum over the 184 

oceanic tropical convergence zone of the East Equatorial Indian Ocean (EEIO).  While GloSea5 185 

reasonably simulates the pattern of precipitation in the northern region including the monsoon 186 

trough location, there is not enough rainfall in the EEIO secondary maximum.  The SST 187 

maximum between the equator and 10°S marks the preferred location for the secondary 188 

precipitation maximum, yet in GloSea5 the SST maximum is slightly too far north and too cold 189 

by around 1°C (Fig. 1d,e). Both locations are associated with low-level cyclonic vorticity and 190 

represent two preferred locations of the tropical convergence zone (e.g. Turner and Hannachi 191 

2010).  These two regions play an important role in spatial variations associated with the active-192 

break cycle and its northward propagation. Compared to the uninitialized atmosphere-only 193 

version of this model (HadGEM3 GA6.0), the mean precipitation bias in GloSea5 is, as 194 

expected, much reduced over the Indian land surface and over the equator, which bodes well for 195 

the assessment of subseasonal variability in this framework. The July-August mean SST bias 196 

shows characteristic cold SSTs (by more than ~1.2°C) in the equatorial region and Bay of Bengal 197 
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and positive SST biases in the western Arabian Sea.  The spatial shift of this equatorial SST 198 

maximum to the north of the observational position and penetration further east of the equatorial 199 

cold tongue is a long-standing bias in coupled versions of the Met Office Unified Model (e.g.  200 

Johnson et al. 2016) and may be a manifestation of an enhanced coupled Bjerknes feedback over 201 

the Indian Ocean, resulting in convergence and convection being shifted further northwestward 202 

(Fig. 1c and 1f).  A westerly wind bias can be seen in the lower troposphere (850 hPa) across the 203 

Indian mainland between 5°N and 25°N, whereas an easterly wind bias is seen over the EEIO 204 

close to Indonesia and the Sumatra region (Fig. 1c), consistent with the SST bias and 205 

exaggerated cold tongue.  The southeasterly wind bias in the equatorial region acts to reduce the 206 

SST there through wind-evaporation feedbacks and enhanced coastal and equatorial upwelling as 207 

in the Bjerknes feedback. Alternatively, pressure perturbations produced by deep convection and 208 

sea surface temperature (SST) gradients may play a role in the westerly wind bias over the Indian 209 

mainland and easterly bias over the EEIO.  210 

The overall bias of monsoon precipitation in the GloSea5 model is small when compared to the 211 

overall large dry bias seen in uninitialized coupled models of CMIP5 (Sperber et al. 2013). This 212 

is likely due in part to the proximal initialization in late spring and therefore the absence of 213 

significant cold bias errors in the Arabian Sea (Marathayil et al. 2013; Levine et al. 2013), which 214 

are known to lead to reduction in rainfall in the summer monsoon of coupled models.  However, 215 

GloSea5 still suffers from excessive precipitation in the western equatorial Indian Ocean. 216 

Jiang et al. (2004) proposed the importance of vertical wind shear and the meridional gradient of 217 

surface humidity in the northward propagation of MISO.  They showed that the vertical easterly 218 

wind shear strengthened low-level convergence ahead (north) of the convection through 219 

barotropic vorticity generation there.  Hence the ability of a model to simulate spatial variations 220 

of vertical wind shear and specific humidity is a necessary condition for the northward 221 

propagation characteristic of MISO in a coupled model (e.g. Sperber and Annamalai 2008). 222 

Figure 2 shows that July-August mean easterly vertical wind shear in the model is particularly 223 

strong in the northern Indian Ocean with a maximum located over the western Arabian Sea, 224 

particularly in the axis region of the climatological low-level Somali jet.  But in the case of the 225 

near-surface (10m) specific humidity, the model consistently simulates values that are too low all 226 
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the way from south to north of the Indian Ocean.  The stronger vertical wind shear may 227 

compensate for the low basin-mean humidity, allowing a reasonable simulation of northward 228 

propagation of MISO in the model.  However, as we shall see, mere representation of the time-229 

mean basic state alone does not guarantee a realistic simulation of the MISO.   230 

The July-August climatology of the monsoon local Hadley circulation and vertical pressure 231 

velocity from ERA-Interim and GloSea5 is illustrated in Fig. 3a and 3b. The meridional vertical 232 

distribution of the local Hadley circulation shows an ascending branch with maximum strength at 233 

around 20°N and a corresponding descending motion south of 10°S in ERA-Interim (Fig. 3a). 234 

The local Hadley circulation in GloSea5 displays a stronger ascending motion at 20°N and just 235 

north of the equator, leading to an elongated circulation in GloSea5 (Fig. 3c).  The strong 236 

monsoon westerlies with their core around 850hPa and maximum at 15°N can be seen in the 237 

seasonal zonal wind from both observations and GloSea5 (Fig. 3d).  The prevailing westerly 238 

winds in the northern hemisphere summer extend up to 400 hPa height with a southward tilt.  As 239 

seen in Figure 1, low-level westerly winds in the northern hemisphere are slightly stronger in 240 

GloSea5 (up to 800hPa).  As we shall see in the next section, these mean state biases of the local 241 

climate also project onto active-break events in GloSea5. 242 

4. Power spectra and wave-number frequency spectra of observed and GloSea5 243 

intraseasonal variability 244 

Before diagnosing the characteristics of the model monsoon active-break cycle, we use power 245 

spectra for estimating the dominant periodicity simulated in the model at intraseasonal time 246 

scales with respect to the available observations. In general, significant periodicities in both 247 

U850 and OLR power spectra from the model and ERA-Interim are in good agreement. 248 

However, power retained in the 30-60 day band in the model is weaker than in ERA-Interim 249 

(Fig. 4). The amplitude of the higher frequency band below 20 day period is found to be stronger 250 

in the model.  251 

Both eastward and northward propagating components are evident in intraseasonal oscillations 252 

during the monsoon period (e.g., Kemball-Cook and Wang 2001). To examine this behaviour in 253 

GloSea5 we have computed east-west and north-south space-time spectra following the 254 
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methodology of Wheeler and Kiladis (1999). Figure 5a shows the dominant power in the 255 

northward propagating component at wavenumber 1 from observations calculated over the 256 

Indian monsoon domain, which is consistent with results of earlier studies during boreal summer 257 

(e.g. Goswami 2011). The GloSea5 model shows a slightly weaker  northward propagating 258 

component, but the southward-propagating component is overestimated in the negative axis of 259 

the wavenumber (Fig. 5b). In accordance with the high frequency variability seen in the power 260 

spectra, the southward propagating component here is shifted slightly toward the shorter time 261 

scales. In contrast to eastward propagating signals of the Madden-Julian Oscillation (MJO, 262 

Zhang 2005) with maximum power at wavenumber 1-3 evident in the observed east-west wave 263 

spectra during winter (Fig. 5c), the GloSea5 model shows less power  distributed over a larger 264 

range of wavenumbers (Fig. 5d). Overestimated power at longer than observed MJO time scale is 265 

simulated in both eastward and westward propagation, which is unrealistic. The westward 266 

Rossby wave response to the eastward-moving MJO is much amplified in the model at periods 267 

longer than 80 days.  The mean cold bias in the EEIO (Fig. 1) could be largely caused by the lack 268 

of strong enough boreal-summer MJO activity over the equatorial Indian Ocean. The weaker 269 

MJO activity during boreal summer and its relation to the mean cold SST bias is beyond the 270 

scope of the current work, since our focus is on the ability of GloSea5 to  simulate the  MISO.  271 

 5. Characteristics of the GloSea5 monsoon active-break cycle 272 

In this section we analyse the spatial pattern and vertical structure of a composite active-break 273 

cycle in GloSea5 based on the Rajeevan et al. (2010) rainfall index described in section 2.3  274 

5.1. Spatial pattern  275 

We have used a time-lagged composite analysis of low-level winds and precipitation to derive 276 

the spatiotemporal evolution of the monsoon active–break cycle.  This lagged composite analysis 277 

will also help us gain an idea of the evolution of active-break events in the observations and the 278 

GloSea5 model. Evolution of the TRMM and GloSea5 rainfall active and break events and 279 

associated low-level wind anomalies from ERA-Interim and GloSea5 is displayed using 280 

composite lags ranging from −12 to +12 days and shown in Fig. 6a,b and Fig. 6c,d respectively. 281 

Lag=0 denotes the peak phase of active and break event composites, the respective figure panels 282 
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showing positive rainfall anomalies over the MCZ and north Bay of Bengal (Fig. 6a) and 283 

equatorial Indian Ocean (Fig. 6b) respectively; these patterns are consistent with those discussed 284 

in previous studies (e.g. Annamalai and Slingo 2001; Rajeevan et al. 2010). For GloSea5 lag=0, 285 

a similar pattern is generated for the Indian mainland, but the amplitude of the rainfall anomaly 286 

over the Bay of Bengal is reduced compared to observations. Thus while our observational and 287 

model composites are selected using the same MCZ method over land, GloSea5 shows a much 288 

weaker connection with anomalies of the same sign over the north Bay of Bengal.  The largest 289 

errors in the anomaly composites when compared to observations are over the EEIO, especially 290 

during the break phase (Fig. 6d). This suggests that GloSea5 faces problems in simulating the 291 

connection between anomalies in the continental tropical convergence zone and the oceanic 292 

tropical convergence zone.  ERA-Interim low-level wind anomalies associated with the 293 

composite active-break cycle are characterized by two vortices of opposite sign in the circulation 294 

field, close to the equator, similar in structure to the n=2 equatorial Rossby wave (Krishnan et al. 295 

2000).  This pattern is visible in both GloSea5 with only small differences relative to ERA-296 

Interim. From twelve days before (lag=-12) to three days (lag=-3) before the peak of the 297 

observed active spell, positive rainfall anomalies weaken in the eastern Arabian Sea while they 298 

intensify in the Bay of Bengal  (Fig. 6a). By lag=0, rainfall anomalies extend to the MCZ from 299 

the Bay of Bengal, and a corresponding shift in the axis of the low-level jet is found in the wind 300 

anomaly. After the peak phase (lag=+3), the positive rainfall anomaly bifurcates to two bands of 301 

rainfall along north-west India and in the eastern portion of the north Bay of Bengal. Similar 302 

patterns characterize the break during phases closes to the event peak (lag=0) with negative 303 

rainfall anomalies over the MCZ and Bay of Bengal and positive rainfall anomalies along the 304 

Himalayan foothills and equatorial Indian Ocean (Fig. 6b). But the asymmetric nature in rainfall 305 

patterns and associated circulation patterns between active and break composites during the 306 

evolution (lag=-12 to lag=-6) and dissipation (lag=+6 to lag=+12) of the events is clearly 307 

depicted in Fig. 6a and Fig. 6b respectively.  Though the GloSea5 spatial pattern is largely 308 

consistent with observations during the phases close to the peak spell of active/break events, 309 

greater inconsistencies can be seen away from the peak spells (Fig. 6c and Fig. 6d).      310 

 311 
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  5.2 Vertical structure 312 

We now examine the vertical structures of the local monsoon Hadley circulation and zonal winds 313 

associated with active and break phases over the Indian Ocean region.  During active periods, 314 

strong anomalous ascending motion is found over the north Bay of Bengal with respect to 315 

climatology as shown in Fig. 7a. This motion is associated with deep convection in the monsoon 316 

trough region, whereas weakening of the local Hadley circulation is found during break periods 317 

(Fig. 7b).  Differences in the heating and meridional transport between active and break events is 318 

clearly visible in the ERA-Interim active-break cycle.  In GloSea5 (Fig. 3c), biases can also be 319 

seen for active and break periods (Fig. 7c,d).  During break events, the anomalous circulation is 320 

more meridionally confined compared to ERA-Interim, with particularly weak anomalies over 321 

the equator (Fig. 7d).  The anomalous descending motion in GloSea5 active periods is also weak 322 

and meridionally confined (Fig. 7c).   323 

The vertical structure of zonal wind anomalies for both ERA-Interim and GloSea5 is illustrated 324 

in Fig 8.  Enhanced westerly winds associated with active convection over the monsoon trough 325 

region appear to be barotropic in nature north of 10°N, and are clearly visible in both ERA-326 

Interim  (Fig. 8a,b) and GloSea5 (Fig. 8c,d).  Similarly, reduced westerly winds associated with 327 

break conditions are well represented in GloSea5.  In the GloSea5 break phase, an anomalous 328 

westerly tongue south of the equator extends as far as 20°S, from 200hPa down to the mid-329 

troposphere, quite different from the narrow extent of this feature in ERA-Interim.  Similarly, 330 

anomalous upper-level easterly winds extend too far south in the active phase. One possible 331 

reason for the erroneous upper-level vertical wind anomalies during the break phase may be the 332 

unrealistic vertical distribution of heat fluxes relating to deficiencies in the parametrization of 333 

deep convection, which are beyond the scope of this study.  Model-simulated wind anomalies 334 

during both active and break periods are very weak below 800hPa in the equatorial Indian Ocean 335 

region.  336 

There are thus clear biases in the horizontal and vertical structure of composite active and break 337 

events in GloSea5.  The next section will explore air-sea interaction processes relating to these 338 

biases.     339 
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6. Air-sea interaction process associated with GloSea5 MISO 340 

MISO can be modified by air-sea interaction processes that modulate the propagation and life 341 

cycle of active-break convective activity.  This section mainly addresses air-sea interaction 342 

process using available observational data sets and GloSea5.  343 

6.1 Regression and correlation analysis  344 

Lag-latitude diagrams of 30-60 day filtered precipitation (shaded) and SST (contour) regressed 345 

onto reference time series over the Bay of Bengal (BoB) and the central/east equatorial region 346 

(Eq) are shown in Fig. 9a-d. Here the Eq region is same as EEIO used earlier (Figure 1), except 347 

the longitudinal range is extended to 70°E instead of 85°E to also cover the central Indian Ocean 348 

signal.  In observations (Fig. 9a,c), there is a clear northward propagation of MISO apparent both 349 

at Bay of Bengal and equatorial latitudes in precipitation and SST anomalies.  This northward 350 

propagation is associated with cyclonic vorticity ahead of the convection in the background 351 

monsoon flow and an easterly wind shear in the vertical (Goswami 2011).  Air–sea coupling is 352 

certainly a feature of the northward propagation of MISO given the strong quadrature 353 

relationship (~90° phase lag) between precipitation and SST.  The 90° phase relationship can be 354 

seen clearly in the observations, with warm SST leading the positive phase of the convective 355 

anomaly, and vice-versa.  However, in GloSea5 (bottom row), propagation is not clear in 356 

precipitation or SST and the ~90° phase lag relationship is not maintained properly especially in 357 

the equatorial region (Fig. 9d).  This can be better elucidated by considering the lead-lag 358 

correlation of filtered anomalies of rainfall averaged over box-averaged regions over the head of 359 

the Bay of Bengal and equatorial regions  (Fig. 9e).  This correlation diagram represents the 360 

strength of the correlation in the quadrature relationship between SST and precipitation. In 361 

observations, SST anomaly correlations peak 10-15 days ahead of the precipitation anomaly. 362 

Over the north Bay of Bengal (see black curves in Fig. 9e), this relationship is captured in the 363 

model, but is weaker than in the observations.  Over equatorial latitudes (red curves) there is an 364 

extremely weak correlation between these fields in GloSea5, and the phase of the relationship is 365 

also incorrect, with SSTs being most highly anti-correlated with current precipitation, rather than 366 

lagged precipitation.   367 
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 To quantify the role of air-sea interactions in GloSea5 in more detail, we perform a detailed 368 

analysis of air-sea flux, SST and precipitation, specifically focused on the BoB and Eq regions. 369 

The net air-sea flux at the sea surface is given by the sum of net radiative fluxes (longwave and 370 

shortwave radiation) and turbulent fluxes (latent and sensible heat fluxes).  Changes in the 371 

circulation and precipitation will have an impact on the net heat flux (Qnet) perturbation.  A 372 

quadrature phase relationship also exists between SST and Qnet, indicating that intraseasonal SST 373 

fluctuations are essentially being driven by the atmosphere through Qnet as in previous studies by 374 

Sengupta et al. (2011) and Vialard et al. (2011).  Figure 10 shows the lag regression analysis of 375 

30-60 day filtered Qnet and its components (shortwave, latent heat, longwave and sensible heat) 376 

onto the 30-60 day filtered SST in the BoB and Eq from OAFlux and GloSea5.  The OAFlux 377 

observed estimate shows the dominant contribution of short wave flux variations to the total net 378 

heat flux perturbation, which is consistent with earlier work by Vialard et al. (2011).  The 379 

amplitude and phase of the GloSea5 net heat flux and its components shows a similar pattern in 380 

BoB consistent with OAFlux, although latent heat variations are slightly overestimated and the 381 

SW flux variations are underestimated, resulting in an overall underestimation of the net heat 382 

flux variations.  In the equatorial box, GloSea5 shows poor performance in simulating the 383 

amplitude of net heat flux and its components, with verylow values of all terms.  Additionally we 384 

have calculated lead–lag correlations for precipitation against atmospheric fields (figure not 385 

shown) such as OLR, net surface flux, SW flux, LHF and wind speed (WS) for +20 day to -20 386 

day lags following a similar method to that presented  in Fig. 9e.  Cloud-precipitation 387 

relationships are found to perform well over the GloSea5 equatorial region, although further 388 

discussion on convection parametrization is not within scope of the current work. Clear phase 389 

mismatches are reflected in the latent heat flux and wind speed correlation analysis, along with 390 

SST-precipitation presented earlier (Fig. 9e).  This suggests that a deeper analysis of sources of 391 

bias in the LH flux is significant.  The next section focuses on the decomposition of drivers of 392 

latent heat flux variations rather than the short wave flux, since latent heat flux part is partially 393 

related to the variations of primary fields in the model such as low-level wind, humidity and SST 394 

and there are clear biases in those fields in the model, particularly near the equator.  395 

 396 
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6.2 Latent heat flux decomposition   397 

Latent heat flux (L) is calculated using the bulk aerodynamic formula of the form: 398 
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, where the overbar and prime symbols denote the daily mean and perturbation values, 407 

respectively. The contribution from the error term (  ) is not significant in the observational 408 

decomposition using OAFlux, though the error has a slightly higher value in the model. We have 409 

also verified the observational latent heat flux decomposition with TropFlux (Praveen Kumar et 410 

al. 2011), which is independent of OAFlux, with consistent results (Figure not shown).   411 

The LH decomposition terms are shown for both observations and GloSea5 in Fig. 11. Total LH 412 

flux variability from observations shows maxima over the BoB and equatorial region (Fig. 11a), 413 

whereas GloSea5 shows a maximum over the western Arabian Sea (Fig. 11f).  In general, LH 414 

decomposition terms show spatial coherence in accordance with the variability of LH as a whole 415 

(Fig. 11 a-e). In GloSea5, there is an over-estimation of the contribution of SST variability to LH 416 

flux variability in the western Arabian Sea as well as off Sumatra (Fig. 11g).  The warm bias of 417 

the model SST in the western Arabian Sea (Fig. 1f) may be a causative factor of the anomalous 418 

contribution of SST variability to LH flux changes in this region. Wind has the largest 419 
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contribution to the total observed LH flux variability (Fig. 11a,d). Lack of variance in the 420 

equatorial wind (Fig. 13c) contributes to the low LH variability in the EEIO in GloSea5 (Fig. 421 

11i), which is a prominent feature in OAFlux for this region (Fig. 11d).  Instead of in the EEIO, 422 

the GloSea5 model shows maximum variance of wind-contributed LH variability in the southeast 423 

Arabian Sea (Fig. 11i), where the variability from   also shows slighter higher values compared 424 

to OAFlux.  425 

6.3 Impact of net heat flux variations on a thermodynamic slab ocean 426 

To calculate the potential change in SST associated with fluctuations in the net surface heat flux, 427 

we approximate a simple ocean using a slab-ocean mixed layer depth approach as, ,0
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dt
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   428 

where Qo and h are the net heat flux perturbation and July-August climatological mixed layer 429 

depth (MLD) respectively.  We obtain the observed climatological MLD from the de Boyer 430 

Montégut data set (de Boyer Montégut et al. 2004).  The net heat flux variations are 30-60 day 431 

bandpass filtered for the observations and model at each grid point, and used to force the slab 432 

model.  The 30–60 day SST variability obtained from the slab ocean approach in GloSea5 is 433 

missing its equatorial maximum (Fig. 12), consistent with the earlier analysis.  Intraseasonal SST 434 

variability in the equatorial Indian Ocean region has an important role in the mechanism of the 435 

northward propagation of MISO through changes in the net heat flux and SST, which eventually 436 

brings about convective changes here through destabilizing the lower atmosphere and enhancing 437 

moist static energy as discussed in previous literature (e.g. Roxy and Tanimoto 2007).  In case 438 

the model MLD should be biased, for the model we have also repeated the slab-ocean approach, 439 

using observed MLD instead of GloSea5 MLD, which resulted in similar SST variance (figure 440 

not shown); this suggests that it is biases in the intraseasonal surface heat flux perturbation rather 441 

than mean state model MLD biases that are damping the intraseasonal variability of SST in the 442 

GloSea5 equatorial region.  The July-August slab-ocean SST response in GloSea5 is therefore 443 

not supporting the coherent quadrature phase relationship between SST and precipitation, which 444 

may thus have an impact on the spatial structure of MISO and its northward propagation.  445 

 446 
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 447 

 448 

7. Summary and discussion 449 

7.1 Summary 450 

We have carried out an assessment of sub-seasonal variability using a 9-member 14-year set of 451 

coupled hindcasts in the GloSea5 initialized seasonal forecast model during boreal summer by 452 

examining the time-mean background state, and the spatial pattern and vertical structure of the 453 

active-break cycle of monsoon intraseasonal oscillations based on a rainfall index over the 454 

monsoon core zone.  The main features of the simulated time-mean background state are the 455 

overly strong low-level jet (westerly wind bias), a warm SST bias over the western Arabian Sea 456 

with respect to observations, together with a coupled wind and SST bias in the equatorial Indian 457 

Ocean with excessive trade winds and cold SSTs.  458 

Dominant modes of monsoon intraseasonal oscillation are clearly displayed in apower spectrum 459 

analysis, but the strength of the 30-60 day (10-20 day) mode is under (over) estimated. East-west 460 

and north-south space-time spectra during this season show weak MJO and northward 461 

propagating components at wavenumber 1.      462 

The spatial pattern of the precipitation and low-level wind anomalies in the lagged-composite of 463 

active and break events over the Indian mainland and north Bay of Bengal are in reasonable 464 

agreement with observations, whereas large deviations from observations are noted over the 465 

southern flanks of the equator.  Though the July-August mean state of the GloSea5 monsoon 466 

Hadley circulation and vertical profile of zonal wind are in reasonable agreement with respect to 467 

ERA-Interim reanalysis, the vertical profiles of active and break events are not simulated so well, 468 

the break phase especially exhibiting anomalous ascending vertical motions over a belt that is too 469 

meridionally confined.  We found that the observed near-quadrature phase relationship between 470 

SST and precipitation is not represented properly over the equatorial Indian Ocean in GloSea5.  471 

By using a latent heat flux decomposition method and slab ocean approach we highlighted the 472 

role of low wind variance and heat flux perturbations in reducing the model’s SST variability in 473 

the equatorial Indian Ocean.  Weaker subseasonal variance over the equatorial Indian Ocean in 474 
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GloSea5 is clearly visible even in 10m zonal wind stress when compared to both QuikSCAT and 475 

ERA-Interim (Fig. 13); the low wind variance in the EEIO region may itself relate to the high 476 

mean winds.  Simulated air-sea interactions in the equatorial central Indian Ocean are therefore 477 

not supportive of initiation and northward propagation of MISO in that region, likely a result of 478 

the low surface wind variance there. 479 

7.2 Discussion  480 

Current work diagnosing the biases in simulating MISO together with this study may motivate 481 

further work on linkages between couple model mean climate and simulation of MISO, and 482 

thereby ways to improve it. Even though intraseasonal variability during the monsoon period is 483 

simulated satisfactory (Fig. 4), both eastward- and northward-propagating characteristics over 484 

the tropical belt in this model framework are not satisfactory (Fig. 5). Goswami (2011) discussed 485 

the role of cyclonic vorticity and the importance of boundary layer moisture convergence ahead 486 

of maximum convection enabling the northward propagation of MISO-associated convection.  487 

To elucidate it further here, regression analysis of potential vorticity anomaly (PV) in the lower 488 

atmosphere and convection for Glosea5 is depicted in Fig. 14 along with observations, here PV 489 

reflects both vorticity and thermodynamic properties of the atmosphere. The lead-lag relationship 490 

between convection and PV anomalies over the central equatorial Indian Ocean is also not 491 

maintained properly in GloSea5 from lower levels to the middle atmosphere. Instead of a 492 

coherent phase relationship, regressed phases are stationary at the equator and 20°N in GloSea5.  493 

According to Ajayamohan et al. (2009), disorganized northward propagation is found in 494 

situations with positive IOD-like SSTs, by modulating the propagation characteristics of 495 

convection through changes in the mean moisture convergence and meridional specific humidity. 496 

Since GloSea5 SST has a mean cold bias in the eastern equatorial Indian Ocean (Johnson et al. 497 

2016), the aforementioned hypothesis may also be a factor for the incoherent nature of MISO 498 

propagation. On other hand, the mean EEIO cold bias could be caused largely by the lack of 499 

strong enough boreal-summer MJO activity over the equatorial Indian Ocean. With weaker 500 

westerly winds in GloSea5 here, the cross-equatorial monsoonal flow west of the Sumatra will 501 

induce strong upwelling cold water, which will be advected westward along the equatorial Indian 502 
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Ocean. This may suppress the convective initiation associated with MISO and in turn affect the 503 

northward propagation through air-sea interaction.   504 

Our diagnostics have pointed out the limitations of the GloSea5 seasonal forecasting model in 505 

representing the local monsoon Hadley circulation (Fig. 7d) and low-level wind variance in the 506 

equatorial Indian Ocean (Fig. 13).  Joseph and Sijikumar (2004) showed that during break phases 507 

of the monsoon, the low-level winds of the Somali jet curve clockwise over the Arabian Sea 508 

under conservation of potential vorticity (Rodwell and Hoskins 1995).  This shifting of the jet 509 

axis towards the equatorial region during break phases is an important feature lacking in the 510 

model (figure not shown).  A budget analysis of potential vorticity including contributions from 511 

advection, momentum and diabatic heating terms from convection (radiation, cumulus physics) 512 

covering active-break events may reveal more details of the large-scale monsoon flow dynamics 513 

and their relation to the convective parameterization of the model.  This analysis will be 514 

performed in a future study. 515 

Annamalai and Sperber (2005) demonstrated that the three main heating centers during the 516 

monsoon period are located over the equatorial central-eastern Indian Ocean, the Bay of Bengal, 517 

and the tropical west Pacific; emanation of Rossby waves associated with this heating is 518 

important to the life cycle and northward propagation of MISO in addition to its modulation by 519 

air-sea interaction processes.  Since our study has shown the limitation of GloSea5 in 520 

maintaining a correctly phased SST-precipitation relationship in the equatorial Indian Ocean 521 

region (Fig. 7g) and atmospheric convection is also connected to the thermodynamics of the 522 

upper ocean via low-level wind variability, we will pursue further research towards the model 523 

dynamics associated with the heating centres suggested by Annamalai and Sperber (2005).  Thus 524 

the current study motivates us to address the errors in active-break monsoon heating and Rossby 525 

wave responses by performing nudging experiment in the atmospheric GCM component of 526 

GloSea5, in which wind and temperature fields on all pressure levels will be pushed toward 527 

reanalysis climatology (e.g. ERA-Interim data).  By doing this experiment, we hope to quantify 528 

the impact of intraseasonal oscillations on the seasonal equatorial rainfall bias suffered in the 529 

GloSea5 model configuration.  530 
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The latent heat flux decomposition of GloSea5 discussed in Fig. 11g showed anomalously weak 531 

variability from the SST component as compared to observations and this may also feed back on 532 

moisture transport during the monsoon period, following the mechanism discussed by Izumo et 533 

al. (2008).  They suggested that the enhanced LH/SST ratio may increase the advected moisture 534 

transport in the lower troposphere towards India, which ultimately results in increased rainfall on 535 

the west coast of India that we see in this model.  The GloSea5 seasonal precipitation bias on the 536 

west coast of India and the corresponding SST bias in the Arabian Sea depicted in Fig. 1 are 537 

mostly in agreement with this mechanism.  The error term in the GloSea5 latent heat flux 538 

decomposition method is slightly higher than that derived from OAFlux, and may be due to the 539 

larger non-linearity present in the model ocean response, which will be considered as the 540 

limitation of this approach. 541 
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678 

 679 

Fig. 1 Upper panels show July/August mean precipitation (mmday
-1

) from (a) TRMM 680 

observations (1998-2013); (b) GloSea5 ensemble mean (1996-2009) and (c)their difference. 681 

Lower tropospheric (850 hPa) wind vectors are also shown, using ERA-Interim reanalysis (1998-682 

2013). Lower panels depict July/August mean SST in (d) TMI observations (1998-2013); (e) 683 

GloSea5 ensemble mean (1996-2009) and (f) their difference. The two boxes represent the Bay 684 

of Bengal (BoB, 85°E-95°E, 15°-20°N) and Eastern Equatorial Indian Ocean (EEIO, 85°E-95°E, 685 

2.5°S-2.5°N), regions used  later in this article. 686 

 687 
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 688 

Fig. 2 Upper panels give July/August mean easterly wind shear (200 hPa minus 850 hPa) (m s
-1

) 689 

from (a) ERA-Interim reanalysis (1998-2013); (b) GloSea5 ensemble mean (1996-2009) and c) 690 

zonal mean easterly wind shear over the Indian monsoon domain (65
o
E-95

o
E). Lower panels 691 

show specific humidity at 10m (g kg
-1

) in (d) ERA-Interim (1998-2013); (e) GloSea5 ensemble 692 

mean (1996-2009) and (f) their zonal mean.  693 
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 694 

Fig. 3 Upper panels: July/August climatology of the meridional overturning circulation (known 695 

as the Monsoon Hadley circulation; MH, vectors) and vertical pressure velocity (multiplied by -696 

1, Pa s
-1

, shaded) zonally averaged over 65°E–95°E from (a) ERA-Interim (1998-2013) and (c) 697 

GloSea5 ensemble mean (1996-2009). (b,d) same as (a,c) but for zonal mean zonal winds (m s
-1

).  698 

 699 
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 700 

Fig. 4 Power x frequency spectra from U850 wind (left) and OLR (right) from ERA-Interim 701 

reanalysis (top row: a, b) and GloSea5 (bottom row: c,d) over the Bay of Bengal (BoB). The 702 

null, 5% and 90% red noise significance levels are included. The period (x) axis is on a 703 

logarithmic scale.  704 

 705 

 706 

 707 

 708 

 709 

 710 

 711 

 712 

 713 
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 714 

 715 

 716 

 717 

Fig. 5 Top panels show meridional wavenumber-frequency spectra of rainfall anomalies 718 

calculated over 10
o
S–30

o
N, 60

o
E–95

o
E for the June-August period from (a) TRMM observations 719 

and (b) GloSea5. Bottom panels show zonal wavenumber-frequency spectra of rainfall anomalies 720 

calculated over the global tropics (10
o
S–10

o
N) from (c) TRMM observations and (d) GloSea5 721 

for the same period.   722 

 723 
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 724 

 725 

 726 

 727 

 728 

Fig. 6a Lagged composite diagram of TRMM precipitation anomaly (mmday
-1

, shaded) overlaid 729 

with 850 hPa wind anomaly from ERA-Interim reanalysis (ms
-1

, vector) for 34 observed active 730 

events (see text for details of compositing).  731 



32 

 

 732 

Fig. 6b same as Fig. 6a but for 35 observed break events.  733 
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 734 

Fig. 6c Lagged composite diagram of GloSea5 precipitation anomalies (mmday
-1

, shaded) 735 

overlaid with 850hPa wind anomalies (ms
-1

, vector) for ~240 active events identified in  the 736 

GloSea5 hindcast set. 737 

 738 

 739 
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 740 

Fig. 6d same as Fig. 6c but for ~135 GloSea5 break events.  741 

 742 

  743 

 744 
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745 
Fig. 7 Anomalous meridional overturning or local Monsoon Hadley circulation (vector) and 746 

vertical pressure velocity (multiplied by -1, Pas
-1

, shaded) zonally averaged over 65°E–95°E 747 

calculated for ERA-Interim reanalysis (a) active and (b) break events and GloSea5 model (c) 748 

active and (d) break events.   749 
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750 
Fig. 8  Anomalous zonal wind (ms

-1
), zonally averaged over 65°E–95°E calculated for ERA-751 

Interim reanalysis (a) active and (b) break events and GloSea5 model (c) active and (d) break 752 

events 753 

 754 
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 755 

Fig. 9 Regressed 30-60-day bandpass-filtered anomalies of precipitation (in mm; shaded) and 756 

SST (contours) zonally averaged over 70
o
E to 90

o
E, with respect to a reference time series of 30-757 

60 day bandpass-filtered precipitation over BoB (left column) and Eq (right column) from  758 

TRMM precipitation and TMI SST observations (a, c) and  GloSea5 model precipitation and 759 

SST (b, d) over the lag range of ±30 days. Solid (dashed) contour lines indicate positive 760 

(negative) SST correlations, with thick contours showing the zero line. Panel (e) shows lead-lag 761 

correlations of filtered anomalies of precipitation with SST box-averaged over the BoB (black  762 

curve) and Eq (red curve) from observations (solid) and GloSea5 (dashed). 763 
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 764 

Fig. 10 June-August 30–60 day bandpass filtered net heat flux (black) and its four components 765 

(shortwave radiation in red, latent heat flux in green, sensible heat flux in blue and longwave 766 

radiation in purple) regressed onto normalized average 30–60 day bandpass-filtered SST for BoB 767 

and Eq from OA Flux (a,c) and GloSea5 (b,d).   768 

 769 
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 770 

Fig. 11   Standard deviation of 30-60 day filtered latent heat flux and its decomposition terms 771 

(see text for details) for OA flux observations (a-e) and GloSea5 (f-j) 772 

 773 

 774 

 775 
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 776 

 777 

 778 

 779 

Fig. 12  Standard deviation of 30–60 day bandpass-filtered SST from (a) TMI observations and 780 

(e) GloSea5, and the standard deviation of 30–60 day bandpass-filtered SST variability estimated 781 

using a slab-ocean approach from (d) observations and (h) GloSea5. The mixed layer depth 782 

(MLD) and net heat flux used to calculate the slab ocean variability are shown for observations 783 

(b, c) and GloSea5 (f, g).   784 

 785 
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 786 

 787 

 788 

Fig. 13   Standard deviation of 30-60 day bandpass-filtered 10m zonal wind stress from (a) 789 

QuikScat, (b) ERA-Interim Reanalysis, and (c) GloSea5.  790 



42 

 

 791 

Fig.14 Lag regression of 850 hPa PV (x10
2
 PVU, 1 PVU=10

-6
K m

2
Kg

-1
s

1
, shaded) and 792 

precipitation anomalies (contours) onto normalized precipitation anomalies in the central 793 

equatorial Indian Ocean region (70
o
-95

o
E, 5

o
S-5

o
N) from ERA-Interim (a) and GloSea5 (b). (c,d) 794 

Same as (a,b) but for 500 hPa PV anomalies.  795 

 796 

 797 

 798 

799 
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 801 

 

 

year 

 

        TRMM 

                           ENSEMBLE-1                   ENSEMBLE-2                    ENSEMBLE-3 

      April 25     May 5 May 9       April 25     May 5 May 9       April 25     May 5 May 9 

 Active Break Active Break Active Break Active Break Active Break Active Break Active Break Active Break Active Break Active Break 

1996 

 

  1-3J, 

10-13J 

,20-23J 

3-14J, 

22-25J 

22-24J, 

7-10A, 

18-20A 

12-

21J,4-

10A, 

14-21A 

15-18J, 

22-25J 

13-15A   2-4J 30J-

3A 

2-4J, 10-

12J, 15-

19J, 30-

31J, 1A, 

10-12A 

20-22A 19-23J  15-18J 15-

21J,4-

10A, 

14-21A 

2-6J, 

17-19J 

 

1997 

 

  12-

14A, 

26-28A 

20-22A  1-11J  6-15J 2-8J 10-

12A,16

-19A 

21-24A 23-

31J 

 2-15J, 7-

11A 

19-

21A, 

27-31A 

7-17J  5-12J  5-6J, 

10-18J, 

14-

18A,  

21-24A 

1998 

 

2-5J 18-26J 

,4-6A, 

17-19A 

13-16J, 

24-

27J,7-

9A 

26-29J 13-17J, 

22-24A 

 10-13J, 

6-8A 

1-6J 5-7A  20-24A 13-

15J,2

0-

29J,1

3-15A 

26-28J,  2-7J, 11-

13A 

17-22J 15-19J 13-17J, 

22-24A 

 3-4J, 

31J-2A 

18-21J, 

28-30A 

1999 9-14A 1-5J, 

29-31J. 

10-15A 

 8-12J, 

9-12A 

6-9J, 

6-9A 

29J-2A 14-16J,  2-4J, 

17-23A 

6-10A  21J-

2A,7-

10A 

3-10J, 

21-24J 

 4-9J, 

5-11A 

12-20A 6-9J, 

6-9A 

9-14A   

2000 6-

13A,17

-19A 

21J-

6A, 1-

6A, 19-

21A 

27-

29J,4-

6A, 18-

22A 

6-16J, 

30-31J, 

1-3A 

13-

15A, 

21-23A 

7-9J 9-11J, 

28-30J, 

17-19A 

 3-

8A,16-

19A 

 8-14A 21-

23J 

23-25J, 

17-20A 

1-4J, 

25J-2A 

8-22A 7-19J, 

29-3A 

13-

15A, 

21-23A 

8-12J 5-7J, 

12-14J 

25-28J, 

11-13A 

2001 7-11J 24J-

1A,25-

29A 

25-27J 3-5A 18-20J 3-8A 3-5J, 20-

22J, 14-

16A 

 26-

28J,1-

6A,13-

16A,19

-22A 

 10-

12J,23-

26J,21-

24A 

  26-30J 26-29J 23-27A 18-20J 23-26A 21-23J, 9-18J 
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2002 22-24A 1-13J 

,21-

29J, 

19-21A 

2-5J,9-

12J, 

29J-1A 

1-6J 8-10J, 

21-23J 

   8-

10A,13

-20A 

17-23J 8-10J, 

21-23J 

  14-21J, 

24-27J, 

10-12A, 

16-29A 

4-10J, 

27-29J 

20-29J 8-10J, 

21-23J 

12-15J 10-

14A, 

24-26A 

9-11J 

2003 23-27J 

,22-

24A 

29J-1A 4-6J, 

29-31J 

 2-4J, 

11-

16J,8-

10A, 

21-24A 

 1-3J, 13-

15A, 22-

26A 

22-31J, 

1-4A 

20-22A 18-20A 2-4J, 

11-

16J,8-

10A, 

21-24A 

11-

14J,2

6-28J 

6-9J, 21-

23A 

16-18J  24-

29J 

 2-4J, 

11-

16J,8-

10A, 

21-24A 

27J-5A 2-14J, 

20-22J 

5-7A 

2004 3-8A, 

20-22A 

8-12J, 

24-31A 

  2-5A   1-8J 8-11J, 

21-

24J,19-

21A 

18-20A 5-

8J,13-

15J, 

27-

29A,8-

10A,21

-24A 

 19-22J, 

14-16A, 

22-24A 

1-6J  21-30A 2-5A   1-3J 

2005 24J-1A 16-18J, 

7-13A, 

23-31A 

14-17J, 

29J-

1A,6-

13A, 

24-27A 

 17-21J, 

16-18A 

 3-6A 6-15J, 

20-28A 

3-5J,2-

4A,12-

14A 

28-

30J,3-

7A 

8-

12J,15-

17A,21

-23A 

17-

28J 

4-7J, 11-

17J, 23-

26J 

14-18A, 

21-23A 

16-

22J, 

29J-6A 

 17-21J, 

16-18A 

 30-31J, 

1A 

 

2006 1-5J, 

20J-1A   

,4-7A, 

11-19A 

,29-

31A 

10-13J, 

23-25J, 

24-27A 

1-5J,7-

10J 

1-4J, 

23-30J, 

7-9A, 

17-19A 

13-15J, 

25-28J, 

3-5A 

2-4J 15-18J 1-8J 2-4J,8-

11J,3-

5A 

23-

28J,14-

18A 

2-

6J,29J-

2A 

 21-30J,6-

9A 

2-11J 8-

12J,5-

11A 

5-12J,  

15-

19A,  

13-15J, 

25-28J, 

3-5A 

7-9J 28-30J 16-19J, 

14-17A 

2007 1-8J 

,4-8A 

,26-

28A 

17-

24J,14-

16A 

3-7J, 

20-23, 

J, 25-

28A  

16-21A 22-25J, 

15-7A, 

21-23A 

11-13J 1-16J 

23-28A 

1-12A 28-

30J,17-

19A 

 13-15J  23-25J,  6-13J, 

21-25, 

J,  

 22-25J, 

15-7A, 

21-23A 

15-22J 29-31J 23-26J 

2008 27-29J 

,9-12A 

 12-

20J,20-

23A 

8-10J, 

18-21J 

4-12J 7-9J, 

24-31J 

11-13J 25-27A 4-9A, 

8-12A 

21-27J 2-6J 22-

26J,13-

16A 

 2-6J, 14-

16J, 12-

14A, 19-

21A 

6-9A 10-13J 4-8A 7-9J, 

24-31J 

18-25J 23-25J 5-16A 

2009 5-7J, 

12-

15J,18-

22J,25-

24J-

9A,15-

18A 

3-5J, 

22-25J, 

31J-2A 

12-21J 22-29J, 

4-10A, 

14-21A 

6-16J 7-11J, 

12-14A 

24-26J 5-8J 30J-6A 16-

21J,17-

19A 

 8-16A 3-10J 5-8J, 

21-

26J, 2-

27-31J 22-29J, 

13-20A 

1-9J 15-21A 2-8J, 

15-17J, 

24-31J, 
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9A 5A 1-8A 

2010 23-26J, 

30J-

2A, 26-

30A 

13-

19J,8-

10A,21

-23A 

                  

2011 15-18J 

,24-

31A 

1-

3J,23-

27J 

                  

2012 1-6J, 

10-12A 

-                   

2013 24-27J, 

15-22A 

24-27 

A 

                  

Table 1 List of active and break events based on the TRMM rainfall index from the MCZ region (see text for details) for the July-August period of 802 

1998-2013 (columns 2-3). The same approach is used for selecting active-break events from three hindcast members of GloSea5, denoted 803 

ENSEMBLE-1, ENSEMBLE2 and ENSEMBLE3 generated using stochastic perturbed physics and with three initial condition dates April 25, May 5 804 

and May 9 for the period of 1996-2009. Letters ‘J’ and ‘A’ denote July and August.  Note that we would not expect the dates of events in GloSea5 to 805 

match those in observations due to the length of time elapsed in July/August since the initialization of the seasonal forecasts. 806 

 807 


