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Abstract

Based on 16-year MODIS-Aqua (MODISA) satellite products, a new method is used to derive vertical Chl distributions in

the equatorial and North Indian Oceans. The Chl seasonal and interannual variabilities are examined. The Bay of Bengal

(BoB) experiences summer surface Chl (SChl) increases in the areas south and east of Sri Lanka, and SChl increases in the

southwestern bay during the winter monsoon. The SChl high in the Sri Lanka Dome (SLD) exists as an annual feature along

the time series. SeasonalSChl variance is characterized by a distinct vertical evolution of the mixed layer depth (MLD), with

the SChl increase appearing with a shallow MLD in the SLD, while SChl increase with MLD deepens in the southwestern bay

in winter. The less productive southern equatorial region explains most of the interannual anomalies with diploe structures

present in both the physical fields and Chl. We observed a close correlation between the Indian Ocean dipole (IOD) and the

physical field anomalies, such that the wind stress curl is positively correlated with IOD in the easternequatorial India Oceanand

negatively correlated in the south, with the opposite pattern observed in sea surface height (SSH) with IOD. Both surface and

subsurface Chl anomalies are closely related to IOD, suggesting the bottom-up transition of thermocline feedback to biology

under the remote and local influence of IOD. The advent of depth-resolved satellite Chl improves the understanding of the Chl

response to changes in the environment under potential climatic feedbacks in the North Indian Ocean.
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Key Points: 12 

 A newly developed method based on satellite Chl is used to derive vertical Chl 13 

distributions in the equatorial and North Indian Oceans. 14 

 Based on a 16-year analysis, seasonal and interannual variability in Chl exist under 15 

different driving forcings. 16 

 The Indian Ocean dipole locally and remotely regulates the interannual anomalies of 17 

physics and the vertical distribution of Chl. 18 

  19 
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Abstract 20 

Based on 16-year MODIS-Aqua (MODISA) satellite products, a new method is used to 21 

derive vertical Chl distributions in the equatorial and North Indian Oceans. The Chl seasonal 22 

and interannual variabilities are examined. The Bay of Bengal (BoB) experiences summer 23 

surface Chl (SChl) increases in the areas south and east of Sri Lanka, and SChl increases in 24 

the southwestern bay during the winter monsoon. The SChl high in the Sri Lanka Dome 25 

(SLD) exists as an annual feature along the time series. Seasonal SChl variance is 26 

characterized by a distinct vertical evolution of the mixed layer depth (MLD), with the SChl 27 

increase appearing with a shallow MLD in the SLD, while SChl increase with  MLD deepens 28 

in the southwestern bay in winter. The less productive southern equatorial region explains 29 

most of the interannual anomalies with diploe structures present in both the physical fields 30 

and Chl. We observed a close correlation between the Indian Ocean dipole (IOD) and the 31 

physical field anomalies, such that the wind stress curl is positively correlated with IOD in 32 

the eastern equatorial India Ocean and negatively correlated in the south, with the opposite 33 

pattern observed in sea surface height (SSH) with IOD. Both surface and subsurface Chl 34 

anomalies are closely related to IOD, suggesting the bottom-up transition of thermocline 35 

feedback to biology under the remote and local influence of IOD. The advent of depth-36 

resolved satellite Chl improves the understanding of the Chl response to changes in the 37 

environment under potential climatic feedbacks in the North Indian Ocean. 38 

Plain Language Summary 39 

The North Indian Ocean experiences semiannual reversal of the monsoon wind across the 40 

entire basin north of 10°S, and no climatological upwelling occurs in the eastern equatorial 41 

region. This phenomenon makes this region unique, especially when a dipole mode (IOD) 42 

exists and influences both the atmosphere and ocean in this region. In this study, based on 43 

satellite‐derived chlorophyll (Chl) and other independent satellite and in situ match-up data, 44 

we examined the seasonal and interannual variabilities in Chl over a 16-year period (2003-45 

2018). We find that significant seasonal variability takes place in the Bay of Bengal (BoB), 46 

showing Chl enhancement during the summer monsoon in the area south near Sri Lanka and 47 

in the southwestern part of the bay during the winter monsoon. The less productive equatorial 48 

and southern regions display interannual variability with east-west oscillations in physical 49 

fields and Chl during IOD events. Our analysis also indicates that there are couples/decouples 50 

of physics with climatological conditions under negative/positive IODs, which result in 51 

different magnitude changes in biology. The analysis of vertical Chl variability suggests 52 

different mechanisms of nutrient entrainment, which are driven by the combination of 53 

monsoon winds and IOD-induced remote forcings. 54 

1 Introduction 55 

Physical forcings that drive the spatial and temporal variabilities in marine primary 56 

productivity in the open ocean have undergone various discussions, with the traditional 57 

conceptualization that vertical mixing controls nutrient and light availability (Sverdrup, 1953) 58 

as well as adjusting the physiological pressure within phytoplankton communities 59 

(Behrenfeld, 2006; Falkowski & Oliver, 2007). In the subtropical/tropical ocean, there is no 60 

deep mixing, wind-driven surface flow, coastal upwelling, and open ocean eddies act as the 61 

main processes that affect the nutrient supply to the oligotrophic euphotic zone and 62 

subsequently trigger surface phytoplankton blooms (Chavez et al., 2011). Climate variability 63 

can also drive pronounced changes in phytoplankton primary production in these regions, 64 

which has been the focus of many studies, including analyses of long-time in situ time series 65 

and satellite chlorophyll a (Chl) (Karl et al., 1996; Gregg & Watson, 2003; Behrenfeld, 66 
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2006). Similar to other subtropical/tropical oceans that are well known for their coupled 67 

ocean-atmosphere processes, the North Indian Ocean (north of 15°S) differs from the Atlantic 68 

and Pacific in a number of climatically important ways. The North Indian Ocean is the only 69 

tropical ocean where the annual mean winds on the equator are westerlies, and it is the only 70 

ocean basin that is bounded to the north by a continent (i.e., Tibetan Plateau). There are two 71 

distinctive features of the weather system in the tropical Indian Ocean: winds generally blow 72 

from the southwest during the summer monsoon (June-September) and from the northeast 73 

during the winter monsoon (November-February). These biannual reversal of winds force 74 

seasonal variations in circulation (Schott & McCreary, 2001) and make a basin-wide unique 75 

seasonal characters of phytoplankton bloom in the Indian Ocean (Lévy et al., 2007) that are 76 

different with the subtropical North Atlantic, which has traditionally been viewed as a system 77 

with annual winter bloom that are driven by seasonal destratification accompanied by 78 

nutrient entrainment from depth (Gruber et al., 2002), and different with the oligotrophic 79 

subtropical North Pacific which is characterized by strong stratification, chronic nutrient 80 

depletion and low Chl. 81 

 82 

In the northeastern part of the Indian Ocean, the Bay of Bengal (BoB) is highly forced by 83 

monsoons and characterized by low biological productivity compared with its western 84 

counterpart, the Arabian Sea. The weak vertical mixing due to freshwater-induced 85 

stratification and weak winds have been suggested as the major contributions to the less 86 

productivity (Kumar et al., 2002; Vinayachandran et al., 2002). The seasonal variations in the 87 

circulation in the BoB and the associated thermocline structure have influenced the biology. 88 

Increased Chl in the waters around Sri Lanka was found during the summer monsoon and 89 

was associated with a nutrient introduction into the upper layer by coastal upwelling. During 90 

the winter monsoon, the positive wind stress curl associated open ocean Ekman pumping has 91 

been related to phytoplankton blooms in the southwestern part of the bay (Vinayachandran & 92 

Mathew, 2003).  Another dominant feature in this region is a cyclonic gyre known as the Sri 93 

Lanka Dome (SLD), which is driven by open ocean Ekman pumping and contributes to high 94 

Chl concentrations in eastern Sri Lanka (Vinayachandran & Yamagata, 1998; Thushara et al., 95 

2019).  96 

 97 

The monsoons also influence the equatorial Indian Ocean regions, making them different 98 

from other equatorial oceans. Notably, semiannual eastward winds occur over the equator 99 

during intermonsoons, which result in the remarkable Indian Ocean phenomenon of strong 100 

eastward surface jets during these periods, commonly referred to as Wyrtki Jets (WJs, 101 

Wyrtki, 1973), with maximum speed occurring between 65-85°E. These jets carry warm 102 

upper layer waters eastward, causing convergence with downwelling in the east, thereby 103 

increasing sea level and mixed layer thickness in the east and decreasing them in the west 104 

(Joseph et al., 2012). Although the WJs are an eastward transport phenomenon that occur in 105 

the equatorial region, when they are reflected from the eastern boundary in the form of 106 

coastal Kelvin and Rossby waves, their impacts can extend to regions away from the equator, 107 

i.e., the upwelling regime off Sumatra (Schott et al., 2009). Due to the lack of steady 108 

equatorial easterlies, there is no equatorial climatology upwelling in the eastern Indian 109 

Ocean; only when there are anomalous easterlies, WJs weaken, and surface divergence shoals 110 

the thermocline, the upwelling exists. 111 

 112 

Beyond the monsoonal feature in the North Indian Ocean, the Indian Ocean has exhibited its 113 

own mode of interannual variability, known as the Indian Ocean dipole (IOD) (Saji et al., 114 

1999; Webster et al., 1999), with associated forcing variabilities that can locally and remotely 115 

influence the basin. The positive IOD is associated with anomalous easterly winds on the 116 
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equator, weak WJs, a shallow thermocline in the east, and cold SST anomalies off the 117 

southwest coast of Sumatra and Java. The opposite anomalies occur over similar regions in 118 

the negative IOD phase. The response to IOD is not only confined to the equatorial ocean but 119 

also found in other parts of the tropical Indian Ocean. The annual eastward equatorial Kelvin 120 

waves, when reflected from the eastern boundary, propagate along the coastal wave guide of 121 

the BoB as a coastal Kelvin wave (Rao et al., 2002). During a positive IOD event, 122 

an upwelling Kelvin wave propagates along the periphery of the BoB, resulting in an 123 

anticyclonic anomalous circulation, which opposes the disintegrated circulation that is 124 

normally observed during this season. Conversely, during a negative phase of the IOD, the 125 

winter climatological cyclonic circulation pattern is enhanced (Rao et al., 2002). The sea 126 

level signals driven by the equatorial wind can also propagate as westward radiating Rossby 127 

waves (McCreary et al., 1993). The IOD effects are observed in the way that the 128 

downwelling favorable Rossby waves reflected from the eastern boundary propagate to the 129 

west and influence the off-equatorial region (~10°S) in the subsurface (Rao et al., 2002; Rao 130 

& Behera, 2005). 131 

 132 

Under this climatically complex physical framework with both local and remote forcings, a 133 

pronounced basin-wide spatiotemporal variability in the physical factors affecting 134 

productivity has been explored in terms of the compensating responses among different 135 

regions in the Indian Ocean basin. Satellite and in situ observations reveal the presence of 136 

intense regional Chl increases and inorganic carbon system variability in the eastern 137 

equatorial Indian Ocean (Xue et al., 2014; Ma et al., 2015). Previous studies have examined 138 

the physical processes that make the BoB a less productive region than the Arabian Sea 139 

(Kumar et al., 2002; Patra et al., 2007). Studies have also focused on a particular case of 140 

pronounced IOD and ENSO events (i.e., 1997/1998 IOD and ENSO): Based on SeaWiFS 141 

Chl, basin-wide net primary production (NPP) anomalies were used to assess the impact of 142 

IOD/El Niño events on biogeochemical processes, with positive NPP and Chl anomalies both 143 

shown in the eastern Indian Ocean during IOD events and more extensive NPP distributions 144 

when negative anomalies occur (Wiggert et al., 2009); A coupled biogeochemical model 145 

combined with SeaWiFS Chl was used to investigate changes in Chl both at the surface and 146 

subsurface caused by the 1997/1998 IOD and ENSO events in the Indian Ocean (Currie et al., 147 

2013). Based on SeaWiFS Chl, the phytoplankton size structure in the Indian Ocean was 148 

examined under the influence of IOD (Brewin et al., 2012). 149 

 150 

The purpose of this paper is to obtain a complete picture of the Chl variability in the North 151 

Indian Ocean and the equatorial region (bounded east of 78 ° E and north of 15° S) from 152 

2003-2018, with a focus on increasing the understanding of the monsoon and climate 153 

oscillation-regulated seasonal and interannual variabilities in Chl using observations with 154 

sufficient spatial and temporal coverage. In particular, we aim to examine the vertical 155 

evolution of Chl variability and the underlying physical mechanisms. The independent data 156 

sets used are presented in section 2. In section 3, the spatial and temporal variability in 157 

surface chlorophyll (SChl) and vertical Chl will be investigated under the framework of 158 

coupled seasonal monsoon and equatorial climate signals that have modulated this region 159 

with remarkable physical phenomena. Then, biota zones will be identified based on the 160 

empirical orthogonal function (EOF) results, with the vertical Chl evolution in each zone 161 

being individually examined. Finally, the interannual variability in this region will be 162 

assessed by checking the leading mode of the EOF analysis applied to physical and biological 163 

field anomalies, and an irregular oscillation will be examined with IOD. The mechanisms 164 

driving these fluctuations will also be discussed. The summary and discussion of our results 165 

are presented in section 4. 166 
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 168 

2 Materials and Methods 169 

We use the fully developed Carbon-based Production Model (CbPM) (Behrenfeld et al. 170 

2005; Westberry et al. 2008) to obtain vertical profiles of Chl. This model is a new approach 171 

based on satellite products, including information on the subsurface light field and nitracline 172 

depths to parameterize photoacclimation and nutrient stress in phytoplankton physiology 173 

throughout the water column. All the input data used for mode calculation were downloaded 174 

from http://www.science.oregonstate.edu, with a spatial resolution of ~9 km, and temporal 175 

scale from 2003/01-2018/12, including MODISA-derived monthly Chl and backscatter 176 

(BBP), which are based on the GSM algorithms, and diffuse attenuation at 490 nm (Kd 177 

(490)), photosynthetically available radiation (PAR), and SST, which are based on 178 

MODIS.r2018 reprocessing results. The mixed layer depth (MLD) is provided by the HYbrid 179 

Coordinate Ocean Model (HYCOM) output of the global model GLBu0.08 hindcast and is 180 

defined as a 0.5 degree decrease in temperature from the value at the surface. Climatological 181 

values of 1° resolution WOA18 nitrate data are used for the nitracline estimate. The bottom 182 

of the nitrate-depleted surface layer (referred to in the following as “nitracline”) is defined as 183 

the depth where the nitrate concentration exceeds 0.5 µM 184 

(https://www.nodc.noaa.gov/OC5/woa18/). The euphotic depth was computed following 1% 185 

of surface PAR. 186 

 187 

By using the CbPM model, the vertical profiles of Chl are evaluated by considering the light 188 

and nutrient change-induced pigment adjustment with depth. Chl changes as a function of 189 

light, nutrient, and MLD. The light is attenuated due to Chl and other visible spectra in the 190 

water column. Within the mixed layer, all properties (except light) are assumed to be 191 

homogeneous, and phytoplankton are assumed to be acclimated to median PAR in the mixed 192 

layer. Below the mixed layer, the phytoplankton community photoacclimates to a lower light 193 

level, thus changing the Chl biomass, which in turn changes the spectral attenuation 194 

accordingly. When the MLD approaches the nitracline, the nutrient stress for phytoplankton 195 

blooms reaches zero, and an increase in Chl occurs at the bottom of the mixed layer, 196 

indicating the combined effects of photoacclimation and decreasing nutrient stress. Further 197 

below, the light continues to decrease, and there is a more gradual increase in Chl due to 198 

photoacclimation until the phytoplankton growth rate becomes less than the background loss 199 

rate. Then, Chl starts to decrease and gives rise to a subsurface Chl maximum layer. Below 200 

the subsurface Chl maximum layer, the light, as well as the phytoplankton growth rate and 201 

Chl, continue to decrease. The CbPM model-derived vertical distribution of Chl was 202 

compared with the chlorophyll fluorescence measured based on the cruise track conducted in 203 

April 2013 along 88°E (supplementary information). The model is able to reproduce the 204 

surface Chl maximum layer at approximately 50~80 m and matches the latitudinal 205 

distribution of Chl from the observations. 206 

 207 

As a comparison with other physical variables with different measurement sources, we 208 

produced wind, net heat flux (NHF), and sea surface height (SSH) for the same periods. 209 

Wind data are from the European Centre for Medium-Range Weather Forecasts (ECMWF), 210 

ERA-Interim, which is a global atmospheric reanalysis that is available at 211 

https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/. The local surface wind 212 

stress curl ( ∇ × 𝜏 , 𝜕𝜏𝑦 𝜕𝑥 − 𝜕𝜏𝑥 𝜕𝑦⁄⁄ , with x and y as the eastward and northward 213 

coordinates, respectively, and 𝜏𝑥, 𝜏𝑦 are the corresponding components of the surface stress) 214 

was calculated based on monthly wind generated from ERA-Interim hourly data. In addition 215 

http://science.oregonstate.edu/ocean.productivity/references.php#Behrenfeld.2005
http://science.oregonstate.edu/ocean.productivity/references.php#Behrenfeld.2005
http://science.oregonstate.edu/ocean.productivity/references.php#Westberry.2008
http://www.science.oregonstate.edu/
https://www.nodc.noaa.gov/OC5/woa18/
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/
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to the local wind stress curl, we consider air-sea fluxes from the ECMWF reanalysis. The 216 

NHF is derived from the shortwave and longwave radiation and sensible and latent heat 217 

fluxes. Monthly mean multimission gridded satellite products of SSH were downloaded from 218 

the Archiving, Validation and Interpretation of Satellite Oceanographic Data website 219 

(AVISO, http://www.aviso.oceanobs.com/) for the same periods as MODISA Chl. 220 

 221 

To calculate the anomalies, monthly climatologies for SSH, wind, and Chl were first 222 

produced for the 16-year period on a pixel-by-pixel basis, and then, the monthly 223 

climatologies were moved by subtracting each monthly climatology from the corresponding 224 

month of the time series to obtain the anomalies. 225 

3 Results 226 

3.1 EOF analysis of SChl 227 

 228 

EOF analysis partitions the SChl covariance among locations into a series of orthogonal 229 

modes, each having a spatial pattern that is associated with a time series of variability in that 230 

mode. Sixteen years of MODISA-derived monthly SChl composites were used to investigate 231 

the spatial and temporal variability in surface phytoplankton productivity in this region. The 232 

first mode (33% of the total variance) shows variability of the seasonal pattern with maxima 233 

from June to September during the summer monsoon in the temporal amplitude (Figure 1e). 234 

The spatial loadings are almost positive, and in phase in the whole domain. It shows high 235 

positive loadings along the east coast of India with the most significant positive variabilities 236 

in the areas west and south of Sri Lanka (Figure 1a). This feature is associated with coastal 237 

upwelling driven by southwest monsoon winds that cause nutrient enrichment to the surface 238 

layer in these regions (Vinayachandran et al., 2004). The southwest monsoon current also 239 

advects Chl-rich India/Sri Lanka coastal waters into the bay along its path, as shown in the 240 

EOF spatial loadings, where a high Chl band was found extending eastward from the 241 

southeastern tip of Sri Lanka. High EOF loadings seen east of Sri Lanka are completely 242 

separated from the coast, corresponding with a cyclonic eddy known as the SLD, which 243 

usually matures east of Sri Lanka in June, as noted previously by Vinayachandran & 244 

Yamagata (1998) and Burns et al. (2017). 245 

 246 

The seasonal climatology of the physical background wind and SSH field were analyzed to 247 

establish a link with the SChl variability (Figure 2). Biannual reversing monsoon winds 248 

dominate the BoB and result in a unique seasonal dependence of the wind stress curl. 249 

Anticyclonic surface wind stress curl dominant in the intermonsoonal months (February-250 

April) and generate an anticyclonic current gyre (Shetye et al. 1993) with anomalously high 251 

SSH in the western bay due to convergence (Figure 2b-d). The gyre disappears during the 252 

southwest monsoon when  positive wind stress curl occur in the northeast corner of Sri 253 

Lanka, and then, the wind turns southwest in June, which shapes a negative SSH anomaly 254 

(Figure 2f) and corresponds with high SChl in EOF mode 1. 255 

 256 

The second mode accounts for approximately 14% of the total variance. As shown by the 257 

related spatial loadings (Figure 1b), the high positive loadings are in the western BoB along 258 

the east coast of India, where a well-known monsoon-driven regional dynamic exists. 259 

Temporal variabilities show high coefficients during the northeast monsoon (November-260 

February), with the highest coefficients in December. When times the positive spatial 261 

variabilities, indicate high SChl the western BoB during this period. The positive wind stress 262 

curl starts to dominate the southwest BoB with the transition of the southwest monsoon to the 263 

northwest and leads to anomalously low SSH during October to January in the southwest of 264 
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the Bay (Figure 2j, k, l, and a). The winter time SChl high detected in this mode is consistent 265 

with results of previous studies in this region that northeasterly winds driven open Ekman 266 

pumping upwells nutrient and sustain phytoplankton blooms (Vinayachandran & Mathew, 267 

2003). 268 

 269 
Figure 1. Leading modes of EOF results for SChl. Upper panels show the spatial structures 270 

of the first four modes (a)-(d). The temporal amplitudes for the four modes are shown in (e)-271 

(h). 272 

 273 

  274 

The third EOF mode accounts for approximately 5% of the total variance. The spatial 275 

distributions of this mode are related to significant SChl variability in the open ocean 276 

between 5-10°S (Figure 1c), where a shallow thermocline area have been confined in the 277 

same place, and with prominent SST variance. Positive wind stress curls are identified 278 

throughout the year along the equator to the south with largest value showing between 5-10°S 279 

during boreal fall-winter in the seasonal climatology field (Figure 2j-l). In the same region 280 

identified in Chl EOF mode 3, where the southeasterly trades in the southern Indian Ocean 281 

meet the equatorial westerlies, positive curl form (Schott & McCreary, 2001), drive the 282 

cyclonic equatorial gyre and result in upwelling and enhanced SChl. As shown in the 283 

temporal amplitude (Figure 1g), a pronounced high SChl in this region exists during the 284 

boreal winters of 2005-2006, 2010-2011, and 2015-2016 (Figure 1g). Although this open 285 

ocean upwelling zone exists year round in the central south Indian Ocean, it is relatively 286 

weak, and its effect is masked by an equatorward SST gradient (Xie et al., 2002). Therefore, 287 

the anomalies in the east could also radiate to the interannual variability in this region. 288 
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 289 

 290 
Figure 2. Seasonal climatology of SSH anomalies (color; m), wind stress curl (contour lines; 291 

10
-6 

N m
-3

), and wind vectors (scale factor is 5 m s
-1

). 292 

 293 

The fourth EOF mode (approximately 4% of the total variance) shows negative loadings over 294 

the western part of the study area with the lowest loadings found in area  south of Sri Lanka,  295 

and positive loadings over the eastern part of the study area with the highest loadings at 296 

approximately 55°S in the tropical eastern Indian Ocean near the coast of Sumatra (Figure 297 

1d). This mode indicates an oscillation between the eastern and western regions, which has 298 

been demonstrated in previous analyses of the SSH and SST fields (Rao et al., 2002; Huang 299 

et al., 2002). Combined with the temporal amplitude, the increase in SChl that persisted 300 

throughout the eastern equatorial Indian Ocean and southward to the coastline of Sumatra is 301 

most pronounced in September-December of 2006 and 2015, while the decrease in SChl 302 

occurred south of Sri Lanka during the same time. Opposing variabilities take place in fall 303 
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2010 and 2016, as shown in the temporal pattern. Mechanisms contributing to the interannual 304 

anomalies are examined in the following section. 305 

 306 

3.2 Biota zones 307 

 308 

To further identify the zones with characteristic variabilities, we extend the EOF analysis 309 

results in section 3.1 by calculating the percentage of the local variance explained by the first 310 

four EOF modes. Four biota zones in our study area are identified, each of which can explain 311 

more than 50% of the local variance (Figure 3a). The monthly climatology of the spatial 312 

mean SChl, NHF and SST in the four zones are shown in Figure 3b-c. This figure highlights 313 

the seasonality variance in these regions in terms of timing and magnitude. 314 

 315 

 316 
Figure 3. (a) Four biota zones identified by the EOF analysis. (b) Seasonal climatology of 317 

spatial mean SChl in the four biota zones. (c) Seasonal climatology of spatial mean SST 318 

(solid line) and NHF (dashed line) in the four biota zones. 319 

 320 

In the area south of Sri Lanka (zone 1), SChl starts to increase in May with the onset of the 321 

summer monsoon, reaching a maximum in July/August as the monsoon reaches its strongest 322 

(Figure 3b). SST is lowest during the summer monsoon periods, which is the same as the 323 

NHF seasonality (Figure 3c). The decrease in NHF during the summer monsoon season is 324 

associated with monsoon-induced precipitation that can cover 65% of the total rainfall in a 325 

year (Weller et al., 2019), and accompanied by a decrease in solar radiation due to cloud 326 

cover. In the southwestern part of the BoB (zone 2), SChl is high during winter monsoons 327 

(December-January). This winter bloom occurs in response to convective vertical mixing 328 

driven by cold, dry northeasterly winds. The maximum NHF exists during the inter-monsoon 329 

periods with higher SST during March/April than in October. Cloud free and light winds 330 

contribute to the strongest ocean heating. After the NHF peaks in the spring during the inter-331 

monsoon, the NHF starts to decrease and remains low during the summer monsoon, which is 332 

mostly due to the heat loss during the latent flux exchange (not shown here). The maximum 333 

NHF loss occurs in December, the month when the SChl peaks. This suggests that 334 

superposition of wind mixing and northeast monsoon-induced open ocean Ekman pumping 335 
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maximizes the amount of phytoplankton blooms in this region. The SST in zone 2 indicates a 336 

clear semiannual cycle characterized by higher SSTs during March/April and October and a 337 

minimum SST during the winter monsoon. The in-phase variabilities between SST and NHF 338 

indicate the occurrence of oceanic-atmospheric feedback. The SChl values in zone 3 and 339 

zone 4 are much lower than those in zone 1 and zone 2 and have less seasonal variability. The 340 

seasonal climatologies of SST and NHF in zone 3 and zone 4 are similar to those in zone 1, 341 

with lowest NHF in the  summer and higher NHF during the inter-monsoon seasons; 342 

however, they show higher values which are in response to lower wind mixing near the 343 

equatorial south region . 344 

 345 

To further explore the vertical Chl variability in the four biotas identified in our study area, 346 

sections along 85°E and 5°S are chosen to examine the longitude- or latitude-associated 347 

dominant vertical features. Surface phytoplankton production is modulated by fluxes in 348 

nutrient through the base of the mixed layer and the availability of light. Nutrient are initially 349 

exhausted at the surface, and the bloom can be triggered by the supply of nutrient due to 350 

upwelling, convection, or horizontal advection. To check the vertical evolution of Chl, a 351 

single pixel in each zone (indicated in Figure 3a) representing different water properties was 352 

chosen to present the variabilities in Chl, MLD, and Zeu in the upper 200 m along the time 353 

series. 354 

 355 

a. Bay of Bengal region 356 

 357 

The grid in zone 1 that represents the SLD-modulated feature is selected to examine the 358 

vertical evolution of Chl along the time series (Figure 4a). The euphotic zone depth is deeper 359 

than the MLD in all years, suggesting that light is not a limiting factor for phytoplankton 360 

growth. A subsurface Chl maximum exists at the bottom of the MLD between 50-75 m, 361 

indicating the local maximum in the phytoplankton growth rate near the MLD and 362 

photoacclimation of pigment content. Enhanced Chl events on the surface are observed 363 

starting in the middle of a year with the deepening of the MLD, and the maximum SChl 364 

appears at the time when the MLD is uplifted as the SLD matures. The comparison between 365 

the highest SChl time (June) and the lowest SChl time (April) captured the increase in SChl 366 

with the uplifted MLD, revealing that the development of phytoplankton blooms in the upper 367 

mixed layer is facilitated by the dome (Figure 4c). 368 

 369 

 370 
Figure 4. Time series of vertical Chl in biota zone 1 (a) and zone 2 (b). The black lines 371 

represent the euphotic zone depth, and the white lines represent the MLD. Right panel: 372 

Comparison of two Chl profiles with one at the time when SChl is highest (solid line) and the 373 
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other when SChl is lowest (dashed line). (c) is for the grid in zone 1. (d) is for the grid in 374 

zone 2. 375 

 376 

The grid in zone 2 located further north along 85°E is shown in Figure 4b. The time series 377 

shows a deeper Zeu than the MLD and a notably high Chl between 50-100 m depth. 378 

Subsurface Chl starts to increase earlier in fall with shallowing of the MLD. A high SChl 379 

only appears in boreal winter when the MLD is deep enough. The Chl and MLD patterns 380 

support the notion that during the northwest monsoon, a cyclonic gyre that occupies in the 381 

southwestern bay causes Ekman pumping that lifts the thermocline, transports nutrient from 382 

depth and triggers a fall subsurface bloom. The SChl maximum exists at the time that the 383 

thermocline has already been lifted by Ekman pumping, and winter mixing enhances the 384 

entrainment of nutrient into the upper mixed layer from the bottom of the deepened mixed 385 

layer. The comparison between the highest SChl time (December) and the lowest SChl time 386 

(April) indicates the deepening of the MLD when the surface Chl reaches its maximum 387 

(Figure 4d). 388 

 389 

 390 
Figure 5. EOF analysis of Chl in the section along 85°E. (a) Spatial structure of the 1

st
 EOF 391 

mode. The EOF of the MLD is overlaid (solid black line), and the climatology of the MLD is 392 

overlaid as a black dashed line. (b) Temporal amplitudes of Chl (solid line) and MLD 393 

(dashed line). (c) Spatial structures of EOF mode 2 for Chl and MLD. (d) Temporal 394 

amplitudes of EOF mode 2 of Chl (solid line) and MLD (dashed line). 395 

 396 

An EOF analysis of Chl and MLD along 85°E confirmed the different mechanisms of Chl 397 

variabilities, as interpreted in the above results. The first EOF mode explains 24% of the total 398 

variance and shows the maximum Chl in the subsurface layer with relatively high loadings in 399 

the upper mixed layer during boreal fall-winter (Figure 5a, b). This result corresponds with 400 

the second MLD EOF mode (22.4% of the total variance) that displays a sloping thermocline 401 

generally uplifted from north to south and MLD deepening during boreal fall-winter, as 402 

shown in the temporal amplitudes (Figure 5a, black line). The monthly climatology plots of 403 

MLD, nitracline and NHF (Figure 6) indicate the decrease of NHF and deepening of MLD 404 

occur beginning in October, with shallowing of nitracline depth in the northern part of the 405 

section. The NHF became negative in December, indicating destratification due to winter 406 

convection. The first EOF mode along 85°E captures the features of nitracline lift and MLD 407 

deepening during boreal fall-winter and the associated subsurface and surface Chl high. 408 

 409 



manuscript submitted to JGR Oceans 

 

 

 410 
Figure 6. Seasonal climatology of MLD (black), nitracline (blue) and NHF (orange) along 411 

the section at 85°E. 412 

 413 

The second EOF mode of vertical Chl (13% of the total variance) matches the first EOF 414 

mode of MLD (49.7% of the total variance), indicating a dome-shaped vertical loading of 415 

high Chl in the upper layer. Maximum Chl EOF loadings were found between 5-9°N. The 416 

corresponding temporal amplitude steadily increases beginning in April and reaches a 417 

maximum in July/August. This MLD feature represents an uplifted dome shape between 5-418 

9°N (Figure 6f-h, black line), suggesting eddy development around April and intensification 419 

in July or August. Under the right divergent conditions, cool, nutrient-rich waters can be 420 

upwelled from deeper waters to the surface and result in enhanced SChl. Seasonal nitracline 421 

variance indicates that shallowing of nitracline starts in July, with the increase in NHF in the 422 

position of the eddy, as illustrated in Figure 6; this finding suggests that eddy-induced 423 

pumping of nutrient in the center of the eddy and cold water from the deep surface result in a 424 

positive sensible flux into the ocean (Figure 6f-h, orange line). This feature indicates 425 

enhanced productivity in the upper mixed layer associated with the SLD (Figure 7), which 426 

has been reported to first form in approximately May, mature in July, and decay in 427 

approximately September (Burns et al., 2017). 428 

 429 

 430 
Figure 7. Time series of SChl along 85°E as a function of latitude and year from 2003-2018. 431 

SSH anomalies are plotted as black dashed lines (contour interval 0.1 m). The -0.1 contour 432 

lines are highlighted as bold dashed lines. 433 

 434 

b. Equator south region 435 

 436 
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The Chl of the grid in zone 3 indicates a significant subsurface Chl maximum along the time 437 

series. There is an annual deepening of MLD starting in boreal summer and increasing during 438 

fall-winter (Figure 8). Zeu is deeper than the mixed layer most of the time. Less seasonal 439 

variability of Chl is found in the upper mixed layer. The grid in zone 4 on the east side 440 

indicates the same seasonal pattern of deepened MLD in summer and enhanced MLD in fall-441 

winter; however, the MLD is relatively deeper than the grid in zone 3, which has been 442 

detailed in the literature that a west-to-east gradient in the thermocline in this region. The 443 

comparisons between the highest SChl time (January for zone 3, September for zone 4) and 444 

the lowest SChl time April for zone 3, May for zone 4) indicate the increase of surface Chl 445 

with shallowing of MLD for the grids in zone 3 and zone 4 (Figure 8 c, d). 446 

  447 

 448 
Figure 8. Time series of vertical Chl in biota zone 3 (a) and zone 4 (b). The black lines 449 

represent the euphotic zone depth. The white lines represent MLD. Right panel: Comparison 450 

of two Chl profiles with one at the time when SChl is highest (solid line) and the other when 451 

SChl is lowest (dashed line). (c) is for the grid in zone 3. (d) is for the grid in zone 4. 452 

 453 

The EOF analysis of Chl and MLD along 5°S represents a stratified tropical ocean vertical 454 

Chl seasonality in the first mode (Figure 9a). The Chl EOF explains 43% of the total 455 

variance, which is characterized by longitudinal uniform positive loadings with the highest 456 

variance existing between 30-70 m depth, near-zero EOF loadings on the surface, and 457 

negative loadings at depth, indicating subsurface Chl maximum and a decline in Chl due to 458 

increased light attenuation by phytoplankton in the upper layer. The temporal amplitude 459 

increases steadily from July/August and reaches a maximum in December, indicating an 460 

increase in Chl during these periods. The first EOF of MLD (explains 57.7% of the total 461 

variance) indicates a dome shape with maximum variability occurring at the same longitude 462 

where Chl EOF loadings are at the maximum (between 85-92°E) and similar temporal 463 

variability with Chl (Figure 9b, gray dashed line). The relationship between Chl and MLD 464 

suggests that the positive temporal amplitude during fall-winter indicates an increase in 465 

subsurface Chl and shallowing of MLD at that time, and the reverse variability takes place in 466 

summer. This result is consistent with the interpretation from MLD and nitracline seasonal 467 

climatology (Figure 10), where there is significant shallowing of MLD starting in October. 468 

One month later, the nitracline lifts to ~30 m and is shallower than the MLD, especially in the 469 

western part of the section (Figure 10), suggesting that the increase in Chl was triggered by 470 

shallowing og MLD and nutrient intrusion into the upper mixed layer. Seasonal MLD 471 

deepening start in June and occurs until August (negative MLD EOF temporal amplitude, 472 

Figure 9b, gray dashed line) along with a decrease in NHF in response to the northward 473 

migration of the sun and atmospheric deep convection (Figure 10f-h). When combining the 474 

EOF features of Chl and MLD, the results suggest that the intensification of the subsurface 475 
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Chl maximum can be related to the shallowing of the thermocline such that the vertical 476 

transport of nutrient is affected by changes in thermocline depth. Based on further 477 

interpretation of the underlying mechanism, we found that a positive wind stress curl occurs 478 

beginning in boreal fall and peaks in winter over this area (Figure 2j-l), suggesting that 479 

Ekman pumping uplifts the thermocline and induces enhanced subsurface Chl. 480 

 481 

 482 
Figure 9. EOF analysis of Chl in the section along 5°S. (a) Spatial structure of the 1

st
 EOF 483 

mode. The EOF of the MLD is overlaid (solid black line), and the climatology of the MLD is 484 

overlain as a black dashed line. (b) Temporal amplitudes of Chl (solid line) and MLD 485 

(dashed line). (c) Spatial structures of EOF mode 2 for Chl and MLD. (d) Temporal 486 

amplitudes of EOF mode 2 of Chl (solid line) and MLD (dashed line). 487 

 488 

The second Chl EOF characterizes the signal of interannual variability in the subsurface 489 

(9.4% of the total variance). This mode exhibits zero loadings crossing near 90°E with 490 

inverse variability on the west and east sides (Figure 9c). On the west side, there are positive 491 

loadings, indicating an increase in Chl in the upper layer when the temporal amplitudes are 492 

positive (i.e., in boreal fall-winter of 2005 and 2010), which is in contrast to the decrease in 493 

Chl in the eastern area at the same time. The negative loadings east of 90°E represent an 494 

increase in Chl in the negative temporal amplitude and a decrease in Chl at the same time in 495 

the west (in boreal winter of 2006-2007). This finding agrees with the third mode of EOF 496 

analysis of SChl, as indicated in Figure 1c and g. A pronounced increase in SChl is found in 497 

the boreal fall-winter of 2005 and 2010 in this region. This finding suggests that strong 498 

Ekman pumping could influence from the subsurface up to the surface, leading to Chl 499 

interannual variabilities as presented in our EOF mode. 500 

 501 

Similarly, MLD EOF mode 2 is characterized by contrasting variabilities in the east and west, 502 

with stronger variance in the east than in the west. Along the time series, the temporal 503 

amplitude shows a negative correlation with Chl temporal amplitude, suggesting a pattern of 504 

MLD shallowing with an increase in Chl on the east side and MLD deepening in response to 505 

a decrease in Chl on the west side. The subsurface Chl east-west oscillation reveals the same 506 

information from the MLD variation, indicating coupled physical-biological interactions. The 507 

MLD seasonal climatology shows a deeper MLD in the east that could be associated with 508 

slightly cooler waters in the western tropical Indian Ocean, causing a west-to-east gradient in 509 

the thermocline. A barrier layer in the eastern equatorial Indian Ocean due to large 510 

precipitation (Kumar & Prasad, 1997) could also contribute to the deepening of the MLD in 511 

the east. In the west, a year-round upwelling zone presents from 5-15°S and 50-80°E due to 512 
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wind curl driving the uplifted thermocline in the west (Schott & McCreary, 2001). Beyond 513 

the seasonal climatology of the west-to-east thermocline gradient condition, and the 514 

pronounced oscillation of MLD in certain years indicates that the fluctuations induced by the 515 

interannual ocean dynamics could induce subsurface and surface variability in biology. 516 

 517 

 518 
Figure 10. Seasonal climatology of MLD (black), nitracline (blue) and NHF (orange) along 519 

the section at 5°S. 520 

 521 

3.3 Leading Mode of Interannual Variability 522 

 523 

Through the EOF analysis of Chl, a substantial fraction of the temporal variability occurs at 524 

annual and shorter periods in the first mode. To focus on interannual scales, we first remove 525 

the seasonal cycle from the time series by subtracting the seasonal climatology of each month 526 

in each pixel. Then, we analyzed the anomalous variabilities in physical and biological 527 

components (wind, SSH, and Chl) using the EOF analysis. By doing so, we could identify 528 

when and where the anomalous increase/decrease in the components takes place. Different 529 

from the EOF analysis in section 3.1, the EOF analysis in this section can capture the 530 

interannual signal in the leading mode and provide a direct comparison of the physical and 531 

biological components that are coupled in the system. In the upper panel of Figure 11, the 532 

EOF spatial structures of the first mode (EOF1) for all components are shown as color maps. 533 

In the lower panel of Figure 11, the temporal amplitudes are normalized by the maximum and 534 

plotted with DMI (IOD index, where DMI is defined as the SSTA difference between the 535 

western node (10°S-10°N, 50-70°E) and eastern node (10°S-0°, 90-110°E) regions (Saji et 536 

al., 1999) and were downloaded from the Japanese Agency for Marine-Earth Science and 537 

Technology (JAMSTEC), http://www.jamstec.go.jp/frsgc/research/). A positive DMI value 538 

indicates an IOD event, and vice versa. To link the dominant mode of physics and biology 539 

with the Indian Ocean’s own model of interannual variability, we also calculated the 540 

correlation coefficient between each of the EOF temporal amplitudes and DMI. 541 

 542 

http://www.jamstec.go.jp/frsgc/research/
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 543 
Figure 11. Spatial structure of the first EOF mode of anomalous wind stress curl (a), SSH 544 

(b), SChl (c), and Chl at 50 m (e). The second EOF mode of SChl is plotted in (d). In (a), the 545 

EOF modes of the wind component are shown as vectors. The temporal amplitudes are 546 

shown in (f) with the DMI. The contour lines in each of the maps indicate the pixel-by-pixel 547 

correlation coefficients (passing the 99% significance level) between the DMI and anomalies, 548 

the solid line indicates a positive correlation, and the dashed line indicates a negative 549 

correlation. 550 

 551 

Figure 11a shows the EOF1 spatial structure of the wind stress curl with spatial loadings of 552 

the EOF1 wind vector overlaid. For the wind vector EOF1 (16.7% of the total variance), 553 

easterly wind anomalies are identified along the equator with alongshore components near 554 

the southeast coast and anomalous southeast winds that are prominent in the central southern 555 

ocean. The wind stress curl (13.8% of the total variance) spatial structure is characterized by 556 

contrasting negative features on the northern side of 5°S in the eastern equatorial region 557 

(Figure 11a, dark blue) and positive features on the southern side, which indicates an 558 

oscillation when there is an increase in the wind stress curl in the eastern equatorial region, 559 

and correspondingly, a decrease in the wind stress curl emerges in the south. Furthermore, the 560 

time series of the first mode shows strong negative peaks occurring during boreal fall-winter 561 

of 2006 and 2015, and positive peaks during boreal fall-winter of 2010 and 2016 (Figure 11f, 562 

black line), coinciding with the positive IOD and negative IOD events, respectively 563 

(correlation significant at the 99% level, R=-0.51). Taking the positive IOD in fall 2006 as an 564 

example, the negative EOF loadings multiplied by the negative temporal amplitude in fall 565 

2006 indicate an increase in the wind stress curl in fall 2006 in the eastern equatorial region, 566 

and conversely, the maximum EOF wind stress curl loadings are found in the southwestern 567 

area, revealing that there are anomalously low (decrease) wind stress curls compared with the 568 

seasonal climatology at the same time. 569 

 570 

The SSH that represents the oceanic response to the surface wind anomalies agrees with what 571 

we observe in the wind field. An oscillating pattern of SSH EOF1 is clearly seen in the 572 

tropical Indian Ocean with negative loadings in the northeast and positive loadings at the 573 
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southern equator (Figure 11b). The associated temporal amplitudes are opposite with the 574 

wind stress curl temporal amplitudes (Figure 11 f, black dashed line) but coincide with major 575 

IOD events with a significant positive correlation (R=0.53, p<0.01). The out-of-phase 576 

variability in the wind and SSH fields suggests that during a positive IOD, an increase in the 577 

positive wind stress curl in the equatorial east induces open ocean Ekman pumping, resulting 578 

in negative SSH anomalies (lower SSH), while during a negative IOD, opposite conditions to 579 

that of the positive phase prevail.  580 

 581 

The SChl EOF1 (16.9% of the total variance, Figure 11c) indicates that negative loadings 582 

with a maximum variance appear in the area southwest of Sri Lanka and south of the equator 583 

from 5-15°S near 85°E, which is different from the SSH and wind spatial structure of 584 

oscillation-type regional positive and negative loadings. The low correlation (R=1.59, 585 

p<0.01) is mostly due to a lag of approximately two months for the SChl EOF mode1 586 

temporal amplitude when compared with the DMI (Figure 11e, blue line). This delay is 587 

associated with the reflected Rossby waves spreading the IOD signals from east to west. An 588 

oscillating pattern can be seen in the second mode of SChl EOF with positive loadings in the 589 

east equatorial region and negative loadings in the areas south and west of Sri Lanka (6.8% of 590 

the total variance, Figure 11d). A high correlation was found between the corresponding 591 

temporal amplitude and DMI (R=0.68, p<0.01). The dominant variability captured in the 592 

SChl EOF mode1 is the pronounced increase in Chl south of Sri Lanka and a wider region in 593 

the southern equator during negative DMI events (i.e., fall 2010), which overwhelm the east-594 

west oscillation shown in the second mode. When applying the EOF analysis on Chl at 50 m 595 

(Chl50m), an oscillating feature is present in the first mode, with positive loadings in the east 596 

and negative loadings at the southern equator between 5-15°S. The correlation between the 597 

DMI and temporal amplitude of Chl50m EOF1 was 0.47 (p<0.01) (Figure 11e, green dashed 598 

line). 599 

 600 

The pixel-by-pixel correlation coefficients between the anomalies and DMI over the 16-year 601 

time series are shown as contour lines in the color map. The DMI is positively correlated with 602 

the wind stress curl in the eastern equatorial region (Figure 11a, significant at the 99% level, 603 

solid contour line) and negatively correlated at the southern equator, with a corresponding 604 

opposing relationship found between the DMI and SSH anomaly in the same place (Figure 605 

11a, b black contour lines). The positive correlation between DMI and SChl exists on the east 606 

side from the southern equator to 15°S, and a negative correlation is shown on the west side 607 

in the area southwest of Sri Lanka (Figure 11c). At a depth of 50 m, there is still a positive 608 

correlation in the east further north to 5°S and a negative correlation in the west and 609 

equatorial south; however, there is a lower correlation coefficient (R<0.5). This finding 610 

suggests the remote forcing from the IOD by northwestward propagation of the IOD 611 

influences the area from Java to the Sumatra coast, the westward propagation of the 612 

downwelling Rossby wave force by the IOD to the south Indian Ocean and deepening of the 613 

thermocline in the west (Murtugudde et al., 2000; Chen et al., 2016). This close coupling 614 

provides evidence that all the components of a system, including physical and biological, are 615 

intrinsically linked under the combined effort of a local or remote forcing. In the positive 616 

IOD, an increase in the wind stress curl occurs in the eastern equatorial region, resulting in 617 

decreased SSH and SST but a higher-than-normal Chl. In contrast to that observed in the east, 618 

a decrease in the wind stress curl exists in the equatorial south, corresponding to an increase 619 

in SSH, which leads to weak Ekman pumping and a decline in Chl. Here, we chose the 2006 620 

fall positive IOD event and 2010 fall negative IOD event to investigate the coupled physics 621 

and biology in the system (Figure 12). 622 
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3.4 Positive and Negative IOD events 623 

The 2006 positive IOD events are associated with anomalous easterly winds along the 624 

equator, strong southeasterly winds in the southern Indian Ocean, and upwelling-favorable 625 

alongshore winds off the coast of Sumatra (Figure 12c). Wind stress curl anomalies over the 626 

equatorial east are positive and negative over the southern ocean and west of the BoB, as 627 

shown in Figure 12a. This finding suggests that the increase in wind-induced Ekman puming 628 

in the east results in lower SSH and play an important role in forming colder SST and higher 629 

Chl in both the surface and subsurface. In contrast, an increase in SSH occurs in the south, 630 

where negative wind stress curl anomalies are colocated. This suggests reduced open ocean 631 

Ekman pumping and upwelling in the south equatorial India Ocean, forming the anomalously 632 

high SSH (enhanced SSH) and results in low SCh (Figure 12 upper panels). However, the 633 

Chl decline in the surface of the south Indian Ocean is relatively weak and is overwhelmed 634 

by the anomalous increase in SChl in the east (Figure 12e). The Chl anomalies at 50 m depth 635 

are much larger than their surface counterparts. There is a distinct dipole pattern with 636 

negative anomalies (decrease) occurring at the southern equator, while positive anomalies 637 

(increase) occur over much of the eastern equatorial region in 2006 (Figure 12g). 638 

 639 

 640 
Figure 12. Anomalies with respect to SST, wind stress curl (contour lines in panels a and b), 641 

SSH, SChl, and Chl at 50 m depth during 2006 positive IOD events (upper panels) and 2010 642 

negative IOD events (lower panels). 643 

 644 

For the fall 2010 negative IOD event, all the variations are opposite to the 2006 positive IOD 645 

event (Figure 12 lower panels). However, the prominent SChl increase in the area south of 646 

Sri Lanka and along the southern equator at ~5-10°S is notable (Figure 12f), with the same 647 

magnitude as the SChl increase in the east during the positive 2006 IOD event. This explains 648 

the reason that increase in SChl during fall 2010 in the southern equator from 5-10°S is 649 

captured as the first dominant mode by the EOF of the SChl anomaly (Figure 11c). 650 

 651 
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The subsurface Chl anomalies captured by the vertical Chl field during 2006 positive and 652 

2010 negative IOD events support our prior analysis (Figure 13). The Chl anomalies along 653 

5°S present a dipole pattern with subsurface anomalies that are much larger than their surface 654 

counterparts. The positive anomalies in the east during 2006 are accompanied by a shoaling 655 

of MLD in the east (shallower compared with the climatology) and deepen in the west 656 

(Figure 13a). In the negative IOD event in 2010, the spatial pattern of the anomalies has the 657 

opposite sign to that during 2006 (Figure 13b). There are distinct subsurface Chl increases in 658 

the west, along with notable Chl increases in the surface mixed layer and relatively weak 659 

shallowing of the mixed layer in the west. 660 

 661 
Figure 13. Comparison of Chl and MLD anomalies along section 5°S under three phases of 662 

IOD. (a) Positive IOD (2006), (b) Negative IOD (2010), and (c) Neutral year (2009). The 663 

black line on each of the plots indicates the MLD depth during that period, and the dashed 664 

line indicates the 16-year climatology of MLD along this section. 665 

4 Summary and Discussion 666 

In our analysis, the Chl values used are based on the derivation of different satellite products, 667 

numerical modeling for the physical field, and ocean profiles of nitrate to provide 668 

information on the nitracline depths to parameterize photoacclimation and nutrient stress. 669 

This method is an alternative way to assess the physically induced change in vertical biology 670 

under the conditions of limited long-term ecosystem assessments, such as the North Indian 671 

Ocean. An analysis of 16-year Chl provides an opportunity to study seasonal cycles as well 672 

as interannual variability and ecosystem responses to climatic forcings. Combined with 673 

reanalyzed model products of weather and the physical environment in the ocean interior and 674 

satellite-based monitoring of SSH, a deeper understanding of the Chl spatiotemporal 675 

dynamics and biophysical feedbacks becomes possible. 676 

 677 

In this paper, we decompose the Chl variability into principal modes by EOF analysis and 678 

statistically identify biota zones with different seasonal/interannual signals. We also 679 

document the vertical feature of Chl and link it to the combined effects of monsoonal wind 680 

and atmospheric flux, which control vertical mixing. The dominant feature of Chl variability 681 

in the BoB is the monsoonal-directed seasonal cycle, in both the surface and subsurface 682 
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waters. Summer-time high SChl in the areas west and south of Sri Lanka are associated with 683 

summer monsoon-driven coastal upwelling. High SChl values in eastern Sri Lanka, referred 684 

to as SLD, are detected annually in the SChl time series. The vertical distribution of Chl 685 

indicates that the dome develops along with the MLD lift in the center and results in an 686 

enhanced surface Chl concentration. There is evidence of the decay of the dome as it 687 

propagates to the north in fall from the time series of SChl along 85°E. However, another 688 

hotspot of high SChl occurs in northern Sri Lanka southwest of the BoB. With the monsoon's 689 

transition to the northeast mode, dry and strong northeast winds introduce strong mixing in 690 

the bay as well as Ekman pumping due to a positive wind stress curl. Wintertime high SChl 691 

in the southwest of the BoB are then associated with nutrient intrusion due to Ekman 692 

pumping along with increased heat loss. In our analysis, we observe the deepening of the 693 

MLD and shallowing of nitracline in the northern part along the 85°E section during fall; 694 

however, we cannot separate whether the Ekman pumping-induced nutrient entrainment into 695 

the mixed layer or winter convection-driven vertical mixing contributes to the surface Chl 696 

increase since either process could contribute to the intrusion of nutrient to the surface and 697 

trigger Chl variability. There could also be other top-down control, such as the zooplankton 698 

dilution fading effect on the phytoplankton loss due to strong mixing (Behrenfeld, 2010). 699 

Therefore, further analyses need to be developed to understand the unique monsoon-driven 700 

system. 701 

 702 

 703 
Figure 14. A schematic of the effect of three phases of the IOD mode on ocean physical-704 

biological interactions. The left panel shows the IOD in the positive phase, the middle is in 705 

the neutral phase, and the right is in the positive phase. 706 

 707 

Interannual SChl anomalies are detected in the southwest BoB with less distinct decline in 708 

Chl during the positive IOD event (2006) and significantly enhanced SChl during the 709 

negative IOD event (2010). This result could be explained by both the local forcing and 710 

remote forcing from the equator. In the positive IOD, there is a negative wind curl over the 711 

area west of the BoB, in addition to anomalously strong upwelling Kelvin waves along the 712 

equator, which set up strong northward currents along the western boundary and southward 713 

currents along the eastern boundary. These currents establish an anticyclonic circulation 714 

along the perimeter of the bay that is opposed to the normal cyclonic circulation (Rao, et al., 715 

2002), which counteracts the surface divergence and leads to a decline in Chl in this region. 716 

In contrast, in the negative IOD, an enhanced wind curl and anomalously strong cyclonic 717 

circulation exist in the bay, which superimpose onto the normal cyclonic circulation and 718 

strengthen the Ekman pumping, showing that the biology is enhanced by Chl (Figure 14). 719 
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 720 

In the equatorial and southern regions, significant interannual variabilities are detected in 721 

both the surface and subsurface. The DMI is correlated with interannual anomalies in wind, 722 

SSH, and Chl that are derived independently using thermal satellite radiometry, satellite 723 

altimetry and model data assimilation. In the IOD event, distinct oscillations were present 724 

between the east and southwest in the physical fields; however, they were only apparent in 725 

the subsurface Chl from approximately 50 m depth to 80 m depth. One of the reasons for the 726 

less dominant diploe pattern in the surface is because the equatorial region in our study site is 727 

less productive on the surface due to strong stratification, and a decease cannot be detected 728 

easily in the region with low Chl. Another reason is that compared with subsurfaces in which 729 

upwelling/entrainment occur and may properly account for thermocline variability, other 730 

mechanisms, such as surface heat exchange and horizontal advection by anomalous currents, 731 

could result in a more complicated surface environment, less significantly correlated Chl and 732 

a single physical index. 733 

 734 

The physical regulations of ocean productivity have focused on nutrient inputs to the mixed 735 

layer from deep layers, especially in the oligotrophic tropic ocean. In the Indian Ocean, the 736 

change in the equatorial thermocline is unique and is associated with a counteracting 737 

(superimposed) effort with neutral IOD conditions in positive (negative) IOD events. Under 738 

neutral conditions, the westerly winds blow over the tropical Indian Ocean, and the 739 

thermocline is slightly deeper in the east. The positive IODs are associated with a raised 740 

thermocline in the east, counteract the climatological west-to-east thermocline gradient, and 741 

turn the thermocline gradient to east to west, so only in a strong positive IOD event can such 742 

thermocline-induced variability be transmitted to the surface. However, in the negative IOD 743 

events, the anomalous westerlies deepen the thermocline in the east and raise it in the west, 744 

superimposing it on the neutral west-to-east thermocline. In this condition, the thermocline 745 

variability is coupled with the climatological condition, so even a less significant negative 746 

IOD event can contribute to interannual anomalies in the magnitude of the surface biological 747 

response in the region that has a shallower thermocline (Figure 14). This is the reason why 748 

the EOF first dominant mode of the SChl anomaly is confined to the equatorial south with a 749 

relatively shallow thermocline (Xie et al., 2002); a modest change in the thermocline depth 750 

can significantly change the nutrient distribution and hence impact SChl. Although the ENSO 751 

is another important factor that has been determined to have a teleconnection with 752 

thermocline feedback in this region (Xie et al., 2002; Yu et al., 2005), how these two 753 

interannual climate signals interact with each other and regulate physics and biology needs to 754 

be further studied. 755 

 756 

This study was based on a variety of datasets to assess the response of Chl to changes in the 757 

air forcing, MLD, to gain a better understanding of the physical processes driving the 758 

biological patterns in the North Indian Ocean. Proper estimation of the vertical distribution of 759 

Chl by CbPM considers the influence of photoacclimation and nutrient stress, which helps to 760 

better understand the Chl distributions in the water column, especially in terms of further 761 

insight into the consequence of changes in physics to biology under different mechanisms. 762 

This result give a general picture of Chl variability in the North Indian Ocean and the 763 

equatorial region, will have implications for further accurate estimations of primary 764 

production, which is now generally based on Chl, as well as the export of fixed C out of the 765 

upper mixed layer by ocean color remote sensing in the unique Indian Ocean under the 766 

scenario of climate change. 767 
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Figure captions 775 

Figure 1. Leading modes of EOF results for SChl. Upper panels show the spatial structures 776 

of the first four modes (a)-(d). The temporal amplitudes for the four modes are shown in (e)-777 

(h). 778 

Figure 2. Seasonal climatology of SSH anomalies (color; m), wind stress curl (contour lines; 779 

10
-6 

N m
-3

), and wind vectors (scale factor is 5 m s
-1

). 780 

Figure 3. (a) Four biota zones identified by the EOF analysis. (b) Seasonal climatology of 781 

spatial mean SChl in the four biota zones. (c) Seasonal climatology of spatial mean SST 782 

(solid line) and NHF (dashed line) in the four biota zones. 783 

Figure 4. Time series of vertical Chl in biota zone 1 (a) and zone 2 (b). The black lines 784 

represent the euphotic zone depth, and the white lines represent the MLD. Right panel: 785 

Comparison of two Chl profiles with one at the time when SChl is highest (solid line) and the 786 

other when SChl is lowest (dashed line). (c) is for the grid in zone 1. (d) is for the grid in 787 

zone 2. 788 

Figure 5. EOF analysis of Chl in the section along 85°E. (a) Spatial structure of the 1
st
 EOF 789 

mode. The EOF of the MLD is overlaid (solid black line), and the climatology of the MLD is 790 

overlaid as a black dashed line. (b) Temporal amplitudes of Chl (solid line) and MLD 791 

(dashed line). (c) Spatial structures of EOF mode 2 for Chl and MLD. (d) Temporal 792 

amplitudes of EOF mode 2 of Chl (solid line) and MLD (dashed line). 793 

Figure 6. Seasonal climatology of MLD (black), nitracline (blue) and NHF (orange) along 794 

the section at 85°E. 795 

Figure 7. Time series of SChl along 85°E as a function of latitude and year from 2003-2018. 796 

SSH anomalies are plotted as black dashed lines (contour interval 0.1 m). The -0.1 contour 797 

lines are highlighted as bold dashed lines. 798 

Figure 8. Time series of vertical Chl in biota zone 3 (a) and zone 4 (b). The black lines 799 

represent the euphotic zone depth. The white lines represent MLD. Right panel: Comparison 800 

of two Chl profiles with one at the time when SChl is highest (solid line) and the other when 801 

SChl is lowest (dashed line). (c) is for the grid in zone 3. (d) is for the grid in zone 4. 802 

Figure 9. EOF analysis of Chl in the section along 5°S. (a) Spatial structure of the 1
st
 EOF 803 

mode. The EOF of the MLD is overlaid (solid black line), and the climatology of the MLD is 804 

overlain as a black dashed line. (b) Temporal amplitudes of Chl (solid line) and MLD 805 

(dashed line). (c) Spatial structures of EOF mode 2 for Chl and MLD. (d) Temporal 806 

amplitudes of EOF mode 2 of Chl (solid line) and MLD (dashed line). 807 

Figure 10. Seasonal climatology of MLD (black), nitracline (blue) and NHF (orange) along 808 

the section at 5°S. 809 

Figure 11. Spatial structure of the first EOF mode of anomalous wind stress curl (a), SSH 810 

(b), SChl (c), and Chl at 50 m (e). The second EOF mode of SChl is plotted in (d). In (a), the 811 

EOF modes of the wind component are shown as vectors. The temporal amplitudes are 812 

shown in (f) with the DMI. The contour lines in each of the maps indicate the pixel-by-pixel 813 

correlation coefficients (passing the 99% significance level) between the DMI and anomalies, 814 

https://figshare.com/articles/JGROceans_IO/12236078
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the solid line indicates a positive correlation, and the dashed line indicates a negative 815 

correlation. 816 

Figure 12. Anomalies with respect to SST, wind stress curl (contour lines in panels a and b), 817 

SSH, SChl, and Chl at 50 m depth during 2006 positive IOD events (upper panels) and 2010 818 

negative IOD events (lower panels). 819 

Figure 13. Comparison of Chl and MLD anomalies along section 5°S under three phases of 820 

IOD. (a) Positive IOD (2006), (b) Negative IOD (2010), and (c) Neutral year (2009). The 821 

black line on each of the plots indicates the MLD depth during that period, and the dashed 822 

line indicates the 16-year climatology of MLD along this section. 823 

Figure 14. A schematic of the effect of three phases of the IOD mode on ocean physical-824 

biological interactions. The left panel shows the IOD in the positive phase, the middle is in 825 

the neutral phase, and the right is in the positive phase. 826 
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