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Abstract:  

Subsurface Layer Temperature Inversion (SLTI) is a prominent physical process occurring in the 

Bay of Bengal (BoB) during winter. BoB also witnesses intense cyclones during winter (post-

monsoon). Sidr is a category-5 cyclone that occurred in the BoB during 11-15 November 2007. The 

present study emphasises bringing out the effect of SLTI on SST warming. This paper uses 

observations and modelling to present SLTI's role in surface layer post-cyclone warming. In the 

absence of SLTI, the cyclone induces surface cooling. However, in the case of a surface layer with 

SLTI, instead of cooling, sea surface warming of <0.5 °C is observed near the head bay, where SLTI 

is prominent. Model results and observations suggest the role of entrainment and warming of the 

surface layer 

Keywords: Tropical Cyclone, Subsurface Layer Temperature Inversion, entrainment, sea surface 

temperature variability 

Highlights: 

 Subsurface Layer Temperature Inversion (SLTI) is a significant large-scale process in the 

Bay of Bengal. 

 This paper uses observations and modelling to present SLTI's role in surface layer post-

cyclone warming.  

 Model results and observations suggest the role of entrainment and warming of the surface 

layer.
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Introduction 

Tropical Cyclones (TC) majorly occur in the North Indian Ocean (NIO) during pre-monsoon 

(early April-June) and post-monsoon (October-December) seasons (Mondal et al., 2002). The 

number of occurrences is more during pre-monsoon than post-monsoon (Nadimpalli et al. 

2021). The strong wind shear during the monsoon limits cyclone formation (Li et al., 2013). 

Though the percentage of cyclone occurrence is less in the Indian Ocean (6% of the global 

ocean), 80% of the global fatalities occur in this region (Ali 1999; Beal et al. 2020; 

Longshore 2008; Neetu et al. 2012). 

TC forces the ocean surface by bringing subsurface cold water, cooling the surface layer. 

During pre-monsoon, the TC-induced surface cooling in the BoB varies from 2 to 3 ºC (Rao, 

Joshi, and Ravichandran 2008; Krishna et al. 1993; Sengupta, Goddalehundi, and Anitha 

2008) whereas, the post-monsoon cooling varies from 0.5 - 1 ºC (Subrahmanyam et al. 2005; 

Sengupta, Goddalehundi, and Anitha 2008). Cyclone-induced cooling is generally observed 

more in the south BoB, and the cooling decreases towards the north (Pothapakula et al. 2017) 

The reason for the observed lesser post-monsoon cooling is due to the existence of 

freshwater-induced salinity stratification in the northern BoB. As a result, during post-

monsoon, a thick barrier layer (BL) occurs in the northern BoB (Thadathil et al., 2007; 

Webster et al., 2002; Vinayachandran, Murty, and Ramesh Babu, 2002). BL suppresses the 

entrainment of subsurface cold water to the surface and reduces surface cooling (Sprintall and 

Tomczak 1992). The existence of BL decreases TC-induced surface cooling and promotes 

cyclone intensification through positive feedback. Maneesha et al. (2012) reported the role of 

BL in reducing the surface cooling in the BoB and intensification of cyclone Nargis in April 

2008.  

Using both observations and model, Balaguru et al. (2012) demonstrated reduced surface 

cooling and TC intensification associated with the presence of BL in the tropical Atlantic, 

Indian and Pacific oceans. Using a model, Jullien et al. (2014) reported increased cyclone 

intensity in the South Pacific Ocean due to increased BL thickness. Sengupta, Goddalehundi 

and Anitha (2008) and Neetu et al. (2012) compared the pre-monsoon and post-monsoon TC-

induced cooling in the BoB. They attributed the less cooling in the post-monsoon season to 

the presence of thick BL. Navaneeth et al. (2019) observed a weak SST cooling in the wake 

of cyclone Phailin due to strong near-surface haline stratification.  
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Figure 1: (a) Study region showing cyclone track (filled solid circles with colour shade ranging from 

light green(category-1) to dark red (category-5)) and TOGA-XBT line from Port Blair to Kolkata 

(solid black line). (b) Vertical section of temperature for November 2000 along the TOGA-XBT line. 

(c) Distribution of SLTI in the BoB for 9 November 2007 from GLORYS model. The rectangle in 

white line shows the TC induced SST anomaly area considered in figure-2a.  

In the northern BoB, during post-monsoon, the BL is modified with SLTI, a warm layer sandwiched 

between a colder surface and a subsurface layer (Thadathil et al. 2002). Mathew et al. (2018) 

reported sea surface warming induced by the passage of cyclone Thane over the SLTI zone in the 

south-western BoB, even with a low (ߡt < 2 °C) SLTI gradient. The southern BoB has significantly 

less SLTI than the head bay (ߡt ~ 5 °C) (Thadathil et al. 2002). Therefore, the role of SLTI is 

examined in TC-induced warming in the prominent SLTI regions. For this purpose, in the present 

study, we consider a category-5 cyclone, Sidr, which occurs from 11-15 November 2007 and has a 

near longitudinal track to cross the SLTI intense zone near the head bay (Figure 1a). Vissa et al. 

(2013) highlight the observed less cooling after the passage of cyclone Sidr due to the presence of 

BL south of the region selected in the present study without considering the role of SLTI. This paper 
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uses observations and modelling to present SLTI's role in surface layer post-cyclone warming. 

Section-2 summarises the data and method used in this study. Section-3 illustrates the results 

obtained from the model and other observations, followed by a discussion in section-4. 

Data and Method 

Sidr, an extremely severe cyclone, occurred in BoB during 11-15 November 2007, causing one of the 

worst natural disasters in India and Bangladesh. It formed in the central BoB on 11 November 2007 

and became a category-5 TC (Saffir–Simpson scale), eventually landfall in Bangladesh on 15 

November. The cyclone parameters were obtained from the International Best Track Archive for 

Climate Stewardship (IBTrACS; Knapp et al. 2010) dataset. Filled solid circles represent the cyclone 

track (Figure 1a), with colour shades ranging from light green (category-1) to dark red (category-5). 

 

Figure 2: Schematic of the SLTI characteristics (Du – Upper depth limit of Temperature Inversion; 

Dl – Lower depth limit of Temperature Inversion; Tu –Temperature at Du, Tl – Temperature at Dl; 

D – Depth difference of Dl and Du; T – Temperature difference between Dl and Du; LT – 

Inversion layer thickness) 

The SLTI is noticed to have very high intra-seasonal variability in the NIO. The major causative 

factors for the SLTI are freshwater flux, surface heat flux, and surface advection (Thadathil et al. 

2002, 2016). Detailed investigation of SLTI, its causative factors, characteristics, stability, inter-

annual variability and generating mechanism, etc., has been done by many researchers (Thadathil et 

al. 2002, 2007, 2016; Vinayachandran, Murty, and Ramesh Babu 2002; Jian et al. 2012; Chowdhury 
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2022a, b). SLTI characteristics, such as the gradient of the inversion layer (ߡt) and inversion layer 

thickness (LT), are illustrated in Figure 2. Considering the XBT temperature profile spikes and 

sensor accuracy, the ߡt threshold is fixed at 0.5 °C and the LT threshold at 5 m (Thadathil et al. 

2002). In the present study, we use the Global Ocean Reanalysis and Simulations (GLORYS) 

(Lellouche et al. 2018) and Princeton Ocean Model (POM model) (Blumberg and Mellor 1987) 

temperature data during November 2007 to understand the spatial and vertical structure of SLTI. The 

horizontal distribution of SLTI during November 2007 has been derived from GLORYS. 

Temperature data along 89.5°E (Matching the cyclone track) have been derived from GLORYS and 

POM. GLORYS v1 database (Lellouche et al. 2018) is produced under the framework of the 

European Copernicus Marine Environment Monitoring Service. GLORYS v1 is a global reanalysis 

product, available daily at an eddy-resolving 1/12° horizontal resolution and 50 standard vertical 

levels during the 1993-present day. GLORYS uses NEMO (Nucleus for European Modeling of the 

Ocean) as its model component and a reduced-order Kalman filter for assimilating sea level 

anomaly, temperature, and salinity observations, with a 3D-VAR scheme to reduce large-scale bias. 

The model is forced with European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-

Interim (Dee et al. 2011), and ERA5 reanalysis (Hersbach et al. 2020) atmospheric fluxes. GLORYS 

provides reliable assessments and accurate estimates of ocean features (Verezemskaya et al. 2021). 

POM (Blumberg and Mellor 1987) with realistic bottom topography (Sindhu et al. 2007) also 

addresses the role of entrainment associated with Sidr. More details of the model for the Indian 

Ocean scenario are given in Rao, Joshi, and Ravichandran (2008) and Kumar et al. (2009). In this 

study, a multi-grid POM model with a fine resolution domain (80°-100°E, 10°-25°N) within the 

coarse resolution (38°E to 118°E and 14°S to 26°N) is employed. The model uses a time-splitting 

technique with 20 s and 400 s time intervals for barotropic and baroclinic modes, respectively. The 

open boundary condition is set as radiation condition. Initial temperature and salinity fields are 

obtained from the World Ocean Atlas 2018 (Garcia et al. 2019). The model is forced by wind, solar 

radiation and net heat flux data from ECMWF ERA5 fifth-generation reanalysis (Hersbach et al. 

2020), and assimilation is done using Copernicus Marine Environment Monitoring Service 

(CMEMS) SLA data and ECMWF ERA5 reanalysis (Hersbach et al. 2020) SST data obtained from 

climate data store-Copernicus. A 20-year spin-up is performed for the model forced by climatology 

wind and heat flux to get a steady state. Subsequently, the model is forced from September 2007 to 

January 2008. TOGA-XBT data for 2000, 2006, 2007 and 2009 have been obtained from the 

National Institute of Oceanography, Goa, India. 

In order to understand the possible role of entrainment in the observed sea surface warming after the 
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passage of cyclone, the mixed layer heat budget at the centre of the warming region is examined for 

pre-cyclone, cyclone and post-cyclone dates. The heat budget analysis of Rao and Sivakumar (2000) 

had used in this study.    

 

where  is the mixed layer temperature tendency, the first term on the RHS represents the heat 

fluxes due to atmospheric forcing, in which Qnet is the net surface heat flux, Qpen is the penetrative 

shortwave below the mixed layer, ρ (=1023 kg/m3) is the density of seawater, Cp (=3989.2 J/kg.K) 

is the specific heat capacity of seawater, and h is the MLD. The terms -  and -   are the zonal 

and meridional components of horizontal advection, respectively. The residual mainly accounts for 

the vertical processes (entrainment and vertical diffusion Surface latent heat flux (Qlat), surface 

sensible heat flux (Qsen), surface net solar radiation (Qshort) and surface net thermal radiation (Qlong) 

daily data are downloaded from ERA-interim at 12 noon at 0.125 x 0.125 spatial resolution for 

November 2007. (https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/). Temperature 

daily mean fields are used from GLORYS product ‘Global Ocean 1/12° Physics Analysis and 

Forecast updated Daily’ at 0.083°x0.083° which is interpolated to 

0.125°x0.125° (https://data.marine.copernicus.eu/product/GLOBAL_ANALYSISFORECAST_PHY

_001_024/services). Qpen is estimated as, 

 

where ζ1 is the attenuation depths of long visible and ζ2 is the attenuation depths of short visible and 

ultraviolet wavelengths, and h is the MLD in meters [Morel and Antoine, 1994; Sweeney et al., 

2005]. As in Girishkumar et al., [2013], the values of V1, V2, ζ1 and ζ2 are 0.39, 0.69, 1.52, and 18.9 

respectively. 

Results 

During winter, the northern BoB witnesses large-scale SLTI with the inversion gradient reaching 

5°C (Thadathil et al. 2002). This warmer layer just below a very shallow mixed layer is a potential 

heat source for the surface layer once it is tapped by entrainment by the passage of the cyclone. 

Figure 1b illustrates the XBT temperature section from Kolkata to Andaman during November 2000 

along the TOGA-XBT track shown as solid black line in Figure 1a. The spatial distribution of the 

file:///C:/Users/Dr%20Suneel/Downloads/(https:/apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/)
file:///C:/Users/Dr%20Suneel/Downloads/(https:/data.marine.copernicus.eu/product/GLOBAL_ANALYSISFORECAST_PHY_001_024/services)
file:///C:/Users/Dr%20Suneel/Downloads/(https:/data.marine.copernicus.eu/product/GLOBAL_ANALYSISFORECAST_PHY_001_024/services)
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SLTI on 11 November 2007 (GLORYS model) shows that the SLTI is more prominent towards the 

northern bay (Figure 1c) with a variability of 0 to 3.5°C from the southern to the northern bay. 

.  

 Figure 3:(a) SST anomaly (ECMWF Copernicus), taken as the difference between pre-cyclone and 

post-cyclone SSTs. Cyclone track is shown as filled solid circles with colour shades ranging from 

light green(category-1) to dark red (category-5). (b) SST anomaly (Pink solid line) and wind speed 

(blue solid line) along the cyclone track.  

The cyclone-induced SST change is presented as SST anomaly (Figure 3a) between pre-cyclone (10 

November 2007)) and post-cyclone (16 November 2007). The observed SST anomaly shows the 

typical trend of the cyclone passage of the northern hemisphere, i.e., cooling to the right side of the 

track till 20°N, with a maximum value of 1.5°C. Followed by this cooling, a warm region is observed 

from 20°N - 22°N, with maximum warming to the range of < 0.5°C (Figure 3a). Sidr attains 

category-5 on 14 November 2007, when it crosses 20°N, where the SLTI gradient is significant as 3-

4 °C (Thadathil et al. 2002). The cooling of the surface with the increase of wind speed can be 

noticed below 19°N, and thereafter SST increases even at the windspeed of 60 knots (Figure 3b). 

Correlations between surface wind speed and SST are always negative (Shukla and Misra 1977), 

which suggests that the observed warming can be attributed to the tapped heat from the SLTI by 

entrainment caused by the passage of Sidr. 
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Figure 4: Temperature sections along 89.5°E from POM on (a) 10 November 2007 (Pre-cyclone); 

(b) 16 November 2007 (post-cyclone); (c) Temperature difference section plot (between (a) and (b)); 

Figures (d) to (f) represents similar plots with GLORYS model output. 

This issue is addressed by analysing pre-cyclone and post-cyclone temperature sections taken from 

two models, namely POM and GLORYS. Figure 4a shows the longitudinal (89.5°E) pre-cyclone (10 

November 2022) temperature section, matching the track of Sidr. Similarly, Figure 4b shows the 

POM temperature section for post-cyclone (16 November 2022). The temperature anomaly from 

these two sections is presented in Figure 4c. Similar GLORYS model output figures are presented in 

Figures 4d, 4e, and 4f, respectively. Both POM and GLORYS capture well the pre-cyclone strong 

inversion near the head bay and also the post-cyclone entrainment caused by Sidr. Both POM and 

GLORYS capture the surface layer warming caused by entrainment.  
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Figure 5: Temperature profiles from TOGA-XBT observations (Port Blair-Kolkata line) close to the 

cyclone track during October(red) and November(blue) in (a)2007 (b)2006 (c)2009. Location of the 

observations is given in Figure-1.  

In order to consolidate the model result of possible warming by entrainment of heat from the SLTI, 

we have examined the November 2007 XBT data from one station along the Port Blair-Kolkata 

TOGA-XBT line close to the cyclone track (marked as star in Figure-1a), where the SST warming is 

observed. Figure 5a illustrates temperature profiles up to 100 m at the location in the passage of Sidr 

(marked as star in Figure 1a). Temperature profiles for October and November 2007 are shown as 

red and blue lines, respectively. In the year 2007, a strong SLTI was visible during October (red), 

which vanished after the passage of Sidr in November (blue) (Figure 5a). In the case of non-cyclone 

years, SLTI during November is more organised and stronger, as depicted in Figures 5b and 5c. In 

November 2007, the temperature profile showed a near-mixed layer, indicating the cyclone-induced 

mixing and disappearance of SLTI. Figure 6a justifies the conclusion drawn on entrainment heating 

from POM and GLORYS, which results in the observed post-cyclone sea surface warming. 
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Figure 6: (a) Four components of the mixed layer heat budget; temperature tendency (black), net 

surface heat (red), horizontal advection (blue) and entrainment (green). Shaded region represents 

the study period (b) Temporal evolution of mixed layer temperature at the centre of the warming 

region (89.5°E, 20.5°N). (c) Vertical profile of temperature at the centre of the warming region 

during pre-cyclone (blue), cyclone (red) and post-cyclone (green).  

Figure 6a shows the four components of the mixed layer heat budget; temperature tendency (black), 

net surface heat (red), horizontal advection through vertical advection and mixing (blue) and 

entrainment (green) at the location (89.5°E, 20.5°N) of the cyclone induced warming estimated from 

the GLORYS model output. Figure 6b shows the temporal evolution of surface layer temperature at 

the centre of the warming region (89.5°E, 20.5°N). Figure 6c shows the vertical profile of 

temperature at the centre of the warming region during pre-cyclone (blue), cyclone (red), and post-

cyclone (green). The temperature tendency shows cooling prior to the arrival of the cyclone in the 

region. This can be attributed to the advection (green), which is very much evident from the 

simultaneous drop of values with that of temperature tendency. As the cyclone passes by, the 

entrainment supersedes the advection, and the temperature tendency starts to increase. All these 

reconfirm the role of entrainment in the near annihilation of the inversion layer and associated SST 

warming. This is well demonstrated in figure 6c, where the inversion layer (blue profile) is 

completely annihilated after the passage of the cyclone. 

Discussion 

SLTI distribution in the coastal water of BoB has certain characteristics in terms of its temperature 
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gradient. SLTI with larger temperature gradients is located near the coast compared to offshore 

(Thadathil et al. 2002). This distribution characteristic is attributed to the freshening effect of the 

water close to the coast from runoff. Therefore, when a cyclone approaches the coast, the possible 

entrainment of warmer water is likely to occur near the coast compared to offshore. 

There are many studies on the effects of salinity-induced BL on TC development and intensification. 

BL promotes TC intensification [e.g., Wang et al. (2011), Neetu et al. (2012), Balaguru et al. (2012), 

Vissa et al. (2013), Domingues et al. (2015)]. However, it is also reported that the BL has a limited 

impact on TC intensification [Newinger and Toumi (2015), Hernandez, Jouanno, and Durand 

(2016)]. Yan, Li, and Wang (2017) reported that TC intensification due to the presence of BL is a 

complex process depending on the forcing time, stratification and intensity itself. The present study 

emphasises bringing out the effect of SLTI on SST warming. Without SLTI, the cyclone induces 

cooling that produces negative feedback on TC and its intensification. However, in the case of a 

surface layer with SLTI, the warm water can induce positive feedback on TC, leading to the 

intensification of the cyclone. Figure 3b shows the Sidr wind speed and the SST anomaly along its 

track. In spite of the warming, an intensification of the cyclone associated with possible positive 

feedback is not clearly seen here, which may be due to the immediate landfall of the cyclone after 

crossing the SLTI zone. 

Cyclone Sidr attains category-1 in the central bay, where the BL is thin compared to that at the head 

bay. Therefore, cyclone-induced entrainment of cold water occurs in this region. This is visible in the 

SST anomaly (Figure 3a). As Sidr advances to the north, it attains category-5 near the head bay, 

where strong SLTI is present; the cyclone-induced mixing in this region brings warm water to the 

surface to cause the observed warming in this region. The mixing, deepening of the mixed layer and 

annihilation of the inversion layer are well exhibited in temperature profiles (Figure 5a). After the 

passage of the cyclone on 20 November, the vertical mixing was forced to annihilate the SLTI and 

distribute the temperature to form a deep mixed layer (Figure 5a). In the model results, the maximum 

temperature in the subsurface is noticed along 20°N (Figure 4a, 4d), which coincides with the surface 

warming noticed after the cyclone pass (Figure 3a). This scenario reinforces the conclusion drawn 

from the model results of POM and GLORYS on entrainment warming. As seen in Figure 6a, 

compared to other heating terms (temperature tendency, surface heating and horizontal advection), 

the entrainment term shows a positive tendency during the passage of cyclones of the location 

89.5°E and 20.5°N. The presence of strong SLTI before the cyclone and weakening of SLTI during 

the passage of the cyclone due to entrainment and vertical mixing and a possible recurrence of SLTI 

after the passage of the cyclone is well depicted in Figure 6b. This is also well manifested in 
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Figure6c. The tapped heating from the inversion layer significantly reduces cyclone-induced cooling 

and forces surface warming.  

 

Figure 7: Temperature sections along 89.5°E from POM on Non-SLTI case (a) 10 November 2007 

(Pre-cyclone) (b) 16 November 2007 (post-cyclone) (c) Temperature difference between (a) and (b). 

Figures (d) to (f) are the same but double the value of the actual SLTI gradient.  

The 3-D POM model is further utilised to ascertain the role of SLTI-tapped heat in warming the 

surface layer. The model is run for different conditions viz. (a) non-inversion (b) double the value of 

the actual SLTI gradient, to study the sensitivity of inversion in the cyclone-induced SST changes 

(Fig. 7). In the case with no inversion, instead of warming the surface is cooled by ~1.5°C. Whereas 
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in the case of higher SLTI (double the value of actual SLTI gradient), the surface layer warming is 

increased from normal case by around 0.7°C (0.5°C during normal to 1.2°C when SLTI gradient is 

double). Since category-5 cyclone passing through a high SLTI zone is limited, the model study and 

in-situ data are of prime importance. For a better understanding and appreciation of the process, a 

schematic shown in Figure 8 explains the role of each process involved in the observed warming. 

Thadathil et al. (2002; 2016) show that the SLTI in the BoB is subjected to strong intra-seasonal to 

inter-annual variability. The main candidate for the observed SLTI variability is the freshwater input 

through runoff and precipitation. This study also suggests the importance of incorporating the short-

term variability of SLTI in cyclone forecasting models. 

 

Figure 8: Schematic of the passage of Sidr with warm water entrainment from the inversion layer. 

In the present study, we have addressed the role of Sidr, a category-5 cyclone. In order to establish 

the theory of post-cyclone SST warming due to SLTI, a composite analysis will be more appropriate 

instead of the case study from one cyclone (Sidr). The non-availability of data in this regard limited 

our study to Sidr. Although the case studies using the POM model strengthen the findings from the 

present study, analysis of observations from similar cyclones in future will reinforce the present 

findings.  
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