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Abstract: The thermal energy needed for the development of hurricanes and monsoons as well as
any prolonged marine weather event comes from layers in the upper oceans, not just from the thin
layer represented by sea surface temperature alone. Ocean layers have different modes of thermal
energy variability because of the different time scales of ocean–atmosphere interaction. Although
many previous studies have focused on the influence of upper ocean heat content (OHC) on tropical
cyclones and monsoons, no study thus far—particularly in the North Indian Ocean (NIO)—has
specifically concluded the types of dominant modes in different layers of the ocean. In this study,
we examined the dominant modes of variability of OHC of seven layers in the NIO during 1998–2014.
We conclude that the thermal variability in the top 50 m of the ocean had statistically significant
semiannual and annual modes of variability, while the deeper layers had the annual mode alone.
Time series of OHC for the top four layers were analyzed separately for the NIO, Arabian Sea, and Bay
of Bengal. For the surface to 50 m layer, the lowest and the highest values of OHC were present in
January and May every year, respectively, which was mainly caused by the solar radiation cycle.
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1. Introduction

The influence of upper ocean heat content (OHC) on the development and intensity of a tropical
cyclone has been broadly studied for several decades. For example, Leipper et al. [1] brought the
concept of tropical cyclone heat potential (TCHP). Shay et al. [2] showed the importance of TCHP in
cyclone studies. Mie et al. [3] studied and described an anomalously strong upper ocean warming in
the low-latitude northwestern Pacific believed to favor high typhoon intensity over the northwestern
Pacific during the recent global warming hiatus period by modulating the amplitude of the sea surface
temperature (SST) from the subsurface water. Furthermore, daily OHC analyses generated at the
National Hurricane Center (NHC) were used qualitatively for the official NHC intensity forecast of
category five hurricanes by Mainelli et al. [4]. In fact, the importance of upper OHC on the development
and intensification of tropical cyclones has been widely realized, so much so that TCHP—defined as
the OHC in a column where the ocean temperature is above 26 ◦C [1]—was proposed by Ali et al. [5]
for cyclone studies. This parameter has now been used in numerous studies [2,4,6–10]. Several studies
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have suggested that OHC would be a better parameter than SST for cyclone studies [7,11,12]. It has
also been suggested that the average temperature of an upper ocean layer derived from TCHP [13]
may play a key role in monsoon performance by providing thermal energy to the system. In the North
Indian Ocean (NIO), this upper ocean layer varies from 10m to 90m [14]. Nagamani et al. [14] reported
that during 1998–2010, the TCHP of the Arabian Sea mini warm pool showed an overall warming of
14.5 kJ/cm2, 17 kJ/cm2, and 20.5 kJ/cm2 in the in situ observations, satellite estimations, and model
simulations, respectively. The authors speculated that this increase in the TCHP might be responsible
for the overall decrease in Indian summer monsoon rainfall.

The above studies and the references cited therein recognized the importance of OHC in the
development of tropical cyclone and monsoon activities. Although it is obvious that variability in
the depth-averaged upper OHC decreases with depth as the major coupling with the atmosphere
occurs at the surface, the dominant modes of the top ocean layers are worth studying. This short
paper is intended to report the dominant modes of the top seven layers in the NIO, i.e., surface to
50 m, 100 m, 150 m, 200 m, 300 m, 500 m, and 700 m depth. Here, we present the time scales of the
dominant modes of heat content of different layers without explicitly testing their relationship with the
monsoon and cyclone phenomena. Secondly, the ocean mixing processes within these depths may vary
regionally, indicating that these results apply only to the NIO. We have assumed that vertical mixing
dominates horizontal transport related to outcropping, therefore the layers we examined extended
from the surface down to specific depths.

2. Data and Methodology

To study the dominant modes of ocean energy variability, we performed a spectral analysis of the
OHC in the NIO (Figure 1, 0◦–30◦ N; 40◦–120◦ E) as one unit. The National Remote Sensing Centre
(NRSC) computed the OHC and ocean mean temperature from surface to 50 m, 100 m, 150 m, 200 m,
300 m, 500 m, 700 m and up to 26 ◦C isotherm depth (i.e., TCHP) following Jagadeesh et al. [15];
the data isavailable on the NRSC website, Bhuvan (http://bhuvan.nrsc.gov.in). They used the artificial
neural network (ANN) technique to estimate the above parameters from SST, sea surface height
anomaly, and climatological OHC values at the respective depths. These products were at a spatial
resolution of 0.25◦× 0.25◦ spanning 0◦–30◦ N and 40◦–120◦ E on a daily basis for the period 1998–2014.
Their ANN-based estimations compared well with the estimations computed using independent in
situ temperature and salinity profiles from Argo profiling floats and the World Ocean Data Centre,
with a scatter index of less than 0.025 and with a Pearson’s correlation coefficient of 0.93, which is
significant at 99% confidence level.
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Daily basin-wide averages were computed from these products for each layer (see Table 1 for
the layer definitions). Spectral analysis was performed for each layer of these daily values during the
study period. The statistical significance of each mode of variability was determined, and only those
that were significant were examined indetail.

Table 1. Average, standard deviation (SD), and coefficient of variation (CV) of the ocean heat content
(OHC) integrated from the surface to 50 m, 100 m,150 m, 200 m, 300 m, 500 m, and 700 m depths.

Depth (m) Average OHC (kJ/cm2) SD CV (%)

50 570.3 13.7 2.4
100 1077.5 22.6 2.1
150 1478.5 29.7 2.0
200 1801.5 33.3 1.9
300 2346.9 37.5 1.6
500 3264.6 42.4 1.3
700 4057.7 47.0 1.2

3. Results

The 17-year average OHC in the NIO, as a whole, for the seven ocean layers used in this analysis,
the standard deviations (SDs) of OHC for each layer, and the coefficient of variations (CV) (defined
as SD divided by the respective averages) are shown in Table 1. As expected, the OHC increased
with depth, as this is the value integrated from surface to a specific depth. The OHC (SD) values
increased from 570.3 (13.7) kJ/cm2 in the upper 50 m layer to 4057 (47.0) kJ/cm2 in the upper 700 m
layer. Since the OHC increased with depth, its value and SD were greater for the deeper layers. Hence,
we computed the relative magnitude of the SD to the average OHC as the CV, which decreased with
depth. The surface to 700 m layer had 50% less CVthan that of the top layer. This indicates that
the OHC per unit depth of near-surface waters was significantly more variable than that of deep
waters. This happened because the upper layers of the ocean have maximum interaction with the
atmosphere through wind, radiation, and turbulent heat fluxes, which have larger diurnal and seasonal
variations. Large-scale upwelling and motion of the thermocline that have seasonal signals contributed
to these changes.

Spectral analyses were performed to identify the dominantmodes of OHC for each layer (Figure 2).
Since OHC from the surface to different depths increasedwithdepth, the spectral powers were scaled
by subtracting their mean and dividing by their SD. This scaling enabled a comparison between the
seven different depths that we analyzed. The first three modes derived from the spectral analysis of
basin-wide daily OHC average values; their normalized amplitudes are given in Table 2. The data had
two primary modes of 182.5 and 365.0 days. The modes significant at more than 90% confidence are
marked with an asterisk (*) in the table. The top 50 m layer alone had two significant dominantmodes
of 182.5 (semiannual) and 365.0 (annual) days, both of which were significant at a 90% confidence
level. The first layer’s semiannual mode had a normalized amplitude of 24.08 that dominated over the
annual mode, which had a normalized amplitude of 20.41. Although the normalized amplitudes of the
first two modes were similar with a difference of 3.67 in the amplitude for the 50 m layer, the difference
increased with depth. The difference was as high as 28.01 at the upper 700 m layer. With the exception
of the 50 m layer, all other layers had only one significant dominantmode of 365 days. The dominance
of semiannual mode (with a period of 182.5 days) in the upper ocean layer may be attributed to a
combination of radiative, dynamic, and convective processes. The NIO gets heated up by annual
solar heating between the months of January and May. The ocean starts losing the heat with the
onset of the Asian summer monsoon (ASM) in June. The atmospheric circulation associated with the
ASM is one of the most dominant components of global circulation and the hydrological cycle. Some
of the important characteristics of the ASM includea strong low-level Somali Jet at the east coast of
Africa and the large-scale convective activity with associated precipitation in the Bay of Bengal and
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the Indian subcontinent during the monsoon season (June to September). The western part of the
Arabian Sea experiences strong upwelling and cooling due to Somali Jet during the monsoon season.
Strong surface-level monsoon winds over the ocean surface also result in the evaporative cooling ofthe
Arabian Sea. By contrast, a large part of the Bay of Bengal experiences convective activity during
the monsoon season, which results in the cooling of the ocean surface, first, due to the blocking of
solar radiation by clouds and second, due to large-scale precipitation. Thus, a number of different
physical processes work together during the monsoon season to cool the ocean surface in the NIO in
the monsoon season. While the wintertime cooling of the upper ocean can be primarily attributedto the
annual solar cycle, the summertime cooling is mainly driven by the atmosphere–ocean dynamics and
convective processes. This phenomenon may be the main causative factor for the observed semiannual
mode in the OHC time series of upper oceanic layers. After the end of the monsoon season in October,
when the atmospheric flow has weakened and the convective activity has reduced, the solar radiative
energy is again available for the ocean to heat up. However, this second radiative heating phase is
short-lived due to the southward migration of the sun and the onset of winter season after October.
Our analysis indicated that the effect of seasonal interactions with the atmosphere was mostly limited
to the upper ocean layers where the OHC displayed the variability on the semiannual time scale. In the
deeper layers, the contribution of the semiannual mode to total OHC variability became less and less
significant with the increasing depth, suggesting lesser control of the atmospheric processes on the
deeper oceanic energy structure. However, a detailed analysis is required to understand the interaction
between the OHC and the atmospheric phenomena.

Table 2. First three modes (days) of the spectral analysis and their normalized amplitudes of the OHC
of the surface to 50 m, 100 m, 150 m, 200 m, 300 m, 500 m, and 700 m depths. Values marked with an
asterisk (*) are significant at a 99% confidence level.

Depth (m) First Mode (days),
Norm. amp

Second Mode (days),
Norm. amp

Third Mode (days),
Norm. amp

50 182.5 *, 24.08 365 *, 20.41 6205, 0.22
100 365 *, 30.48 182.5, 8.05 6205, 1.72
150 365 *, 31.16 6205, 3.83 182.5, 3.30
200 365 *, 31.08 6205, 5.19 182.5, 1.84
300 365 *, 31.05 6205, 5.56 182.5, 1.03
500 365 *, 31.29 6205, 4.15 182.5, 0.59
700 365 *, 31.39 6205, 3.38 182.5, 0.51

To further study the periodicity, time series of OHC from the surface to 50 m, 100 m, 150 m,
and 200 m were analyzed separately for the NIO, Arabian Sea (AS), and Bay of Bengal (BoB)
(Figures 3–5). For the surface to 50 m layer in NIO (Figure 3), the lowest and highest values of
OHC were in January and Mayevery year, respectively, which was mainly caused by minimum and
maximum solar radiation during winter and summer, respectively. Monsoon started in June and,
as a result, the irradiation reaching the surface decreased due to increased cloudiness. The second
minimum was inAugust and the second maximum was in October/November. The OHC reduced by
January and the cycle then continued. The peak to peak variation varied from 43 kJ/cm2 to 50 kJ/cm2.
The first mode of 182.5 days was due to this variation in the OHC. As the layer depth increased, the rise
in OHC after August reduced and hence the 365-day cycle was significant for the deeper layers. Time
series for the AS (Figure 4) and BoB (Figure 5) were almost similar to those of NIO. However, the drop
in OHC of the upper 50 m layer in August in BoB was not as prominent as in the AS, which was due to
less cloudiness in this region.
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Figure 3. Time series of the North Indian Ocean (NIO) ocean heat content(OHC) from 1998 to 2014 for
surface to (a) 50 m, (b) 100 m, (c) 150 m, and (d) 200 m depth.
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Figure 5. Time series of the Bay of Bengal OHC from 1998 to 2014 for surface to (a) 50 m, (b) 100 m,
(c) 150 m, and (d) 200 m depth.

4. Discussions and Conclusions

The dominant modes of the OHC in different upper layers of the NIO—from the surface to a depth
of 50 m, 100 m, 150 m, 200 m, 300 m, 500 m, and 700 m—were analyzed. Unlike the equatorial Pacific
Ocean, there are no dominant trade winds over the tropical Indian Ocean. The variation of upper OHC
in the NIO was remarkably affected by the strong annual cycle of meridional heat transport by Ekman
currents in the Ekman layer (which is deeper than 50 m). The meridional Ekman heat transport was
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primarily caused by the dominant monsoon cycle (i.e., southwest winds during summer monsoons
and northeast winds during winter monsoons). Hence, the strong annual cycle of NIO OHC in the
entire upper layer (the entire Ekman layer, including the upper 50 m layer) wasseen in the observed
variability of the OHC. In addition to the strong annual cycle, the semiannual cycle was dominant
in the upper 50 m layer. The OHC of the upper 50 m layer can be greatly influenced by surface heat
fluxes from at least two major sources: (1) solar radiation (the sun crossing the NIO twice a year) and
(2) latent heat and/or sensible heat flux(es) (cold northeast winds from the continent during boreal
winter cooling the upper layer efficiently, and southwest winds that are relatively warmer during
boreal summer cooling the NIO less efficiently). Another cause for the variations in the OHC of the
top 50 m layer isthe cyclone activity requiring energy from the ocean, leading to variations of OHC in
the upper 50 m layer on the interannual time scales [16]. However, to get this signature, daily values
have to be analyzed. These contributions to semiannual variability were likely intrinsically linked
rather than independent. Therest of the layers had only one significant dominant mode of 365 days
with a normalized amplitude of less than 32. Therefore, if we assume that most of the thermal energy
for the atmospheric phenomenon, particularly monsoons, comes from the ocean (including the ocean
variability due to absorbing solar radiation) and dominates the air/sea coupling, then it is the top 50 m
layer that matters the most. Thus, we deduce that this layer is most important in providing the thermal
energy for both cyclones and monsoon as this layer has both significant annual and semiannual modes
of OHC variability. However, the influence of OHC on cyclones should be of a much smaller scale than
a month. Besides, the conclusion of Lin et al. [17] that the top 80m layer influences the development
of tropical cyclones in the northern Pacific Ocean is worth exploring in the Indian Ocean. Since the
present resolution of the data was 50 m, we could not carry out this analysis. Similarly, we could
not carry out other modeling and observational-based studies reported earlier [18–20]. These studies
require detail analysis.

In this article, while we presented the dominant modes of OHC of different ocean layers, we did
not carry out detailed analysis to conclude the layers and the time scales of the upper ocean heat
content that influence the tropical cyclones and monsoons. This would require very complex modeling
efforts, which is beyond the scope of the present study.
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