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Inferring mixed-layer depth variability from Argo
observations in the western Indian Ocean

by T. V. S. Udaya Bhaskar', D. Swain' and M. Ravichandran'

ABSTRACT

The seasonal and spatial variability of mixed layer depth (MLD) was examined in the Western
Indian Ocean (WIO) (30E — 80E and 10S — 30N) for three consecutive years starting from June 2002
— May 2005 using Argo temperature and salinity (T/S) profiles. These were compared with MLD
estimates from World Ocean Atlas 2001 (WOAO1) T/S data. Temporal and spatial variability of
MLD estimated from Argo T/S profiles were found to correspond well with the MLD obtained from
WOAOI1 T/S data. However, slight deviations in the form of months of occurrence of minima and
maxima MLDs were observed. MLD from WOAOI climatology is underestimated compared to
MLD from Argo for almost the entire three years of study. It is also observed that MLD variability
features as brought out by both the data sets followed the dynamics that govern the mixed layer
variability in this region.

1. Introduction

The ocean’s effect on weather and climate is governed largely by processes occurring in the
few tens of meters of water bordering the ocean surface. The upper ocean is the most variable,
accessible and dynamically most active part of the marine environment. It connects the deeper
ocean, where the heat and fresh water are stored and released on longer time scales, with
surface forcing from winds, heat and fresh water. Exposed to these actions, the oceanic surface
layer is a region of vigorous mixing. This process produces a layer of uniform properties called
the mixed layer and the depth of this layer is referred to as the mixed layer depth (MLD). MLD
is one of the important parameters in physical oceanography which plays a vital role in air-sea
heat exchange. The transfer of mass, momentum and energy across the mixed layer provides
the source of all oceanic motions. The thickness of this layer determines the heat content and
mechanical inertia that directly interact with the atmosphere.

Temporal variabilities of MLD are in a way directly linked to processes occurring in the
mixed layer (Brainerd and Gregg, 1995). MLD varies on several temporal scales; viz., diurnal,
intraseasonal, and seasonal (Fischer, 1997, 2000; Weller and Farmer, 1992; Babu et al., 2004).
In order to model the ocean’s climate variability accurately, reliable information on the
space-time variability of MLD is significant. In addition, the restriction of all biological activity
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to the upper layers of the ocean demands the need for accurate MLD estimates for biological
studies (Morel and Andre, 1991; Longhurst, 1995). Until recently, MLD has been estimated
using climatological temperature and salinity (T/S) profiles (e.g., Levitus, 1982; Suga and
Hanawa, 1990; Montery and Levitus, 1997; Kara et al., 2000) or, in situ temperature and/or
density computed from in situ T/S observations obtained from CTDs (Lukas and Lindstrom,
1991; Ali and Sharma,1994; Thomson and Fine, 2003; de Boyer Montégut et al., 2004).
However, no single global definition for MLD has been agreed upon.

Owing to the limitation of in sifu observations in terms of their spatial and temporal
spreads and difficulty in defining MLD, several statistical and analytical models have
attempted to estimate MLD (e.g., Price er al., 1986; Chen et al., 1994; Godfrey and
Schiller, 1997; Schiller et al., 1997). However, it is necessary to validate these model
outputs with in situ observations to test their performance and finetune them.

To meet the demand for high quality hydrographic data on real/near-real time, the interna-
tional Argo project was launched in 2000 under which several floats have been deployed
worldwide. As of May 2005, 377 floats are active in the Indian Ocean region. These profiling
floats have enormous application capabilities in terms of providing a real-time capability for
measurement of T/S profiles within the upper 2000 m of the ocean. The data obtained from
these floats can be used to describe the seasonal cycle and interannual variability of the upper
ocean thermohaline circulation (Argo Science Team, 2001; Ravichandran et al., 2004).

In the present analysis, we have estimated MLD based on the Argo float T/S profile data
from June 2002 to May 2005 and studied its distribution and variability in the western
Indian Ocean (WIO) [30E — 80E and 10S — 30N] during the same period. The profile
density in the study region during the study period is shown in Figure 1. Since many of the
oceanic studies carried out have relied on World Ocean Atlas 2001 (WOAO1) (Conkright
et al., 2002), we have compared the MLD obtained from Argo float profiles (MLD,) with
those obtained using WOAOI1 climatology T/S profiles (MLDyy,) to have a comparison
between both the MLDs. We believe that the present study will be a useful contribution in
understanding the regional and seasonal dependencies of MLD variability in WIO. Ohno et
al. (2004) have used Argo data to estimate MLD and study its spatial and temporal
distribution in the North Pacific. However, no such study has been carried out employing
Argo float data for the North Indian Ocean, a region that is of high significance owing to its
topography and contribution to regional and global climate variability.

2. Data and methodology

The data used in this study are the T/S profiles measured by the Argo floats in the WIO
from June 2002 to May 2005. The profiles’ data were obtained from the INCOIS web site
(http://www.incois.gov.in/Incois/argo/argo_webGIS_intro.jsp#) which are made available
by USGODAE and IFREMER. The climatological monthly mean T/S data of the WOAO1
have been used for comparison.

Argo floats measure T/S from surface to 2000 m depth every 5/10 days. Out of 8337
available T/S profiles from June 2002 — May 2005 in the study area, 5962 profiles were selected
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Figure 1. Map of Argo profile density in the study region for the period June 2002 — May 2005.

after applying the real time quality control checks like density inversion test, spike test and
gradient test (see Wong et al., 2004). Since data are unavailable at regular depths for all the
floats, we interpolated the profiles linearly to 1 m depth resolution until 1000 m for all the
observations.

For estimating MLD, density was first computed from the T/S measurements using the
high-pressure equation of state (Millero ez al., 1980). MLD was then estimated as the depth at
which the density is greater than the density at the surface by 0.125 kg m > (e.g., Levitus, 1982;
Uehara et al. 2003; Suga et al. 2004; Ohno et al., 2004). MLD , computed from the T/S profiles
was interpolated to regular grids of resolution 1° X 1° in the study region using the Kriging
method. The error in the interpolation is presented as Kriging standard deviation (SD).

Kriging is based on the statistical principles and on the assumption that the parameter
being interpolated can be treated as a regionalized variable which is true for MLD
(de Boyer Montégut et al., 2004). The advantage of Kriging as an objective analysis tool is
that it is an exact interpolator, and the estimation error in the form of the Kriging SD (an
analogy to the statistical SD) is provided. This method assumes that local means are not
necessarily related to the population mean, and therefore uses only the sample in the local
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Figure 2. Seasonal means and Kriging Standard Deviation contours of MLD estimated from
WOAO1 (MLDy,) and Argo (MLD,) for the seasons:(a) summer monsoon (JJAS), (b) post-
monsoon (ON), (c) winter monsoon (DJF), and (d) pre-monsoon (MAM).

neighborhood of the estimation location. It builds a weighted average of those neighboring
data so as to minimize the estimation variance which can be expressed in terms of the
model covariances of the data (Wackernagel, 1998).

Our intention in this paper is to study MLD , from limited data sets available from the initial
phase of Argo floats deployment in the Indian Ocean region. Further, we compare these with
MLDyy obtained with a similar definition in order to identify the difference between them. We
also intend to observe the spatial and seasonal variability of MLD obtained from both the data
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Figure 2. (Continued)

sets and we have also used outgoing longwave radiation (OLR) data from CDC (http://
www.cdc.noaa.gov/) and QuikScat wind stress (WS) data obtained from IFREMER (ftp.
ifremer.fr/ifremer/cersat/products/gridded/mwf-quikscat/data) during the study period to have
a qualitative analysis of their influence on MLD variability.

3. Results and discussion
The spatial distribution of MLDy, and MLD, are presented as seasonal means for the
years 2002-2005 in Figure 2, for the months chosen to be representative of (a) Southwest
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Figure 3. Seasonal Scatter of MLD estimated from WOAO1 (MLD,,) and Argo (MLD,) for the
seasons summer monsoon (JJAS), post-monsoon (ON), winter monsoon (DJF), and pre- monsoon
(MAM).

monsoon: June, July, August, September (JJAS), (b) Post-monsoon: October, November
(ON), (c) Northeast monsoon: December, January, February (DJF), (d) Pre-monsoon:
March, April, May (MAM). The SD contours that are representative of the errors in the
objective analysis method (error plots for WOAO1 are not provided as the available grided
T/S data has been used directly for computation of MLDy,) have been presented in Figure
2. The SD plots further include the location of Argo profiles indicating the data densities.
SD is large in regions with less number of profiles and is less in regions with large number
of profiles. However, the maximum SD is confined to about 3.5 m for all the seasons.

Figure 3 depicts the scatter between MLD, and MLDy,. The correlation coefficient (R)
between MLD, and MLDy, is 0.60, 0.28, 0.67 and 0.40 for southwest monsoon,
post-monsoon, northeast monsoon, and pre-monsoon, respectively. The corresponding
regression equations are also presented in Figure 3. Observations from Argo as well as
WOAOI revealed that MLD is relatively shallow in the equatorial region through all the
seasons of the year. However, a seasonal variation in MLD is observed in the North-
Western Indian Ocean.

The North Indian Ocean is influenced by seasonally reversing monsoonal wind forcing,
apart from winter cooling, radiative forcing and fresh-water forcing. All these factors affect
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Figure 4. Seasonal averages of zonal and meridional wind stress vectors overlayed on seasonal
average wind stress contours for the study period (a) Summer Monsoon (b) Post Monsoon (c)
Winter Monsoon, (d) Pre Monsoon.

the mixed-layer dynamics and contribute to its variability. Prasad and Bahulayan (1996),
Weller et al. (2002), and Prasad (2004) attribute variations in solar insolation, WS and
buoyancy flux as the significant factors that determine the MLD variability in this region.
The seasonal analysis presented below pertains to variations in MLD, and MLDy,.
Furthermore, we cross checked to see if the variability in MLD is in accordance with the
dynamics that govern it. Qualitative analyses of seasonal averages of WS and OLR for the
study period are presented in Figures 4 and 5 to support the observations.

a. Southhwest (SW) monsoon

During the SW monsoon season (JJAS), solar insolation decreases due to cloud cover
and winds play a major role in determining the MLD, which changes in accordance with
monsoon winds. This can be seen when comparing Figures 4a and 5a with Figure 2a.
During this period, the MLD increases markedly in the interior Arabian Sea (AS) owing to
Ekman convergence associated with strong, negative wind curl southeast of the Findlater
jet axis (see Findlater, 1969) and shallows to its west (Duing and Leetma, 1980; McCreary
and Kundu, 1989; Prasad and Bahulayan, 1996). In our analysis, this is seen by the



400 Journal of Marine Research (64,3

30°N
z 20m
Q
-
&
=1 10°M
b=
=
] o
]
10°s
30°E

z 20
Q
'
@
=] 10°N
£
=
'3 o
-~ — 10°s
30°E 40°E SO0°E BO°E 70°E B80°E 30°E 40°E S50°E BO0°E 70°E

Longitude (°E) Longitude (° E)

Figure 5. Contour plots of seasonal averages of outgoing longwave radiation (OLR).for the study
period (a) Summer Monsoon, (b) Post Monsoon, (¢) Winter Monsoon, and (d) Pre Monsoon.

deepening of MLD in the central AS (60E — 70E and 5N — 15N) and shallowing along the
coast of Somalia, Arabia and northern most corners of the AS in case of both MLDyy, and
MLD, (Fig. 2a) in response to the prevailing SW monsoon winds (Fig. 4a). This
contrasting phenomenon of deep and shallow MLD between the interior AS and western
Arabian Coast persisted throughout the summer monsoon up to September and vanished
with the onset of winter.

b. Post-monsoon

With the withdrawal of the southwest monsoon, the prevailing winds become westerlies,
near and north of the equator along 60E to 90E. During this period (ON) there is a strong
eastward current along the equator known as the Wyrtki jet (Wyrtki, 1973). A feature of
high MLD surrounded by patches of low MLD for MLDy starting from central AS and
extending up to the equator is seen which is some what distinct compared to MLD , for all
the years of analysis. However, both the MLD estimates are shallow in the AS (north of
10N) and deeper from 10N to 10S. Along this region, MLD is observed to be deeper in the
eastern part (around 80E) and shallower on the west (around 50E). From Figure 4b, we
observe that winds have reduced and OLR has just started to pick up in the northern AS
(Fig. 5b) during ON. The prevailing westerlies pile up water toward the east coast resulting
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in downward sloping of MLD from west to east (Ali and Sharma, 1994; O’Brien and
Hurlburt, 1974). This phenomenon is clearly reflected in our analysis presented in
Figure 2b. The month of November is characterized by northeasterly winds appearing in
the AS, marking the beginning of northeast monsoon.

c. Northeast (NE) monsoon

During the NE monsoon (DJF), wind-stress forcing is weak (Fig. 4c), OLR is quite high
(Fig. 5¢), and convective mixing due to winter cooling plays a major role in determining
MLD in the northern Indian Ocean. The local forcing by northeasterly winds helps to
strengthen the Somali undercurrent flow in December and January, but negative wind-
stress curl to its north weakens the current in February. MLD was observed to be deeper in
AS with gradual decrease toward the equator and below. Prasad (2004) attribute the
deepening of MLD in AS to negative surface heat flux and the associated temperature
changes due to winter cooling during the NE monsoon. From our analysis (Fig. 2¢), a band
of low MLD is found to form between the equator and 10S. This low is observed
consistently for the years 2002 — 2005 in the case of MLD . The gradual decrease of MLD
toward the equator is due to change in solar insolation as one moves towards the southern
hemisphere (Fig. 5¢). A similar trend is also observed in the case of MLDyy,.

d. Pre-monsoon

The pre-monsoon (MAM) is marked by a relative decrease in solar insolation as
compared to DJF but significant reduction in wind activity. This is seen in Figure 5d with
decrease in OLR values and less WS magnitude (Fig. 4d). Consequently, the northern
Indian Ocean continues to warm up. A southward Somali undercurrent is present near the
equator (5N — 0°) which develops during March in response to the forcing by wind in AS.
By May, it is remotely forced by the radiation of Rossby waves from the west coast of India
(eg: McCreary et al., 1993). In our analysis, MLD (both MLD, and MLDy,) was observed
to have shallowed in the central AS during this period (Fig. 2d). However, the convergence
of the southward- flowing Somali Current and northward-flowing East African Coastal
Current deepens MLD along the coast of Africa in the vicinity of the equator (McCreary et
al., 1993; Prasad and Bahulayan, 1996) which is clearly observed in the present study.

e. MLD variability

We plotted MLD along the 64E longitude representing the central AS, to observe the
latitudinal variability of MLD (Fig. 6) for each of the seasons spanning the analysis period.
The figure reveals that MLD variability is quite high between 5N to 20N in the summer and
winter monsoon seasons where as the variability is low in pre and post monsoons. From the
latitudinal variability, we observe that the MLD difference between the two estimates is
large when the MLD is deep. Kanegae and Kubota (2003) have carried out a similar
analysis for the North Pacific Ocean and compared their results with Joint Environmental
Data Analysis (JEDAC). They found that the MLD, underestimates MLD from JEDAC
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Figure 6. Latitudinal variability of MLD estimated from Argo along 64E longitude.

and the difference between both the estimates is high whenever MLD is deep in mid
latitudes.

In order to observe the changes in MLD year to year, the central AS (60E — 70E and
5N — 15N) was chosen. There were 20 floats in this region with 1708 observations
during the study period. A comparison of MLD , for the seasons corresponding to years
2002, 2003, 2004, 2005 with MLDyy, for this region is presented in Figure 7. Both
MLD, and MLDyy, clearly show a semi-annual oscillation where one maxima is
observed during January — February and the second maxima during July — August
which could be attributed to the convective mixing due to winter cooling and high
winds, respectively as has been observed by Babu ef al. (2004), Shetye (1986), Rao and
Mathew (1990), and Rao and Sivakumar (1998). Low MLDs were observed during
March — May, and September — November for all the years for MLD ,, with a similar
trend observed for MLDy,. However, MLDy; is underestimated compared to MLD
during the summer monsoon (JJAS), pre-monsoon (MAM) and winter monsoon (DJF)
seasons and overestimated during post-monsoon (ON). This is observed for all the
months except December 02 when WLD,, overestimates MLD ,, and again in October
03 when WLDy, underestimates MLD . This study revealed that MLD, values did
vary significantly from MLDy, in WIO for most part of the analysis. However, the
MLD variability patterns observed in both the estimates are similar.
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The year to year variability of MLD in the central AS is summarized in Table 1. The
maximum monthly average MLD obtained is presented in bold and minimum in bold
italics for each of the years of study. The SD in the estimations are presented in braces.
Maximum monthly mean MLD Of 69 m was observed in August for MLDy, where as in
case of Argo 2002, this was observed in August (~78 m), and for Argo 2003 (2004),
maximum MLD of ~70 m (~74 m) was observed in July. Minimum monthly mean MLD
was found in the month of April with values of 18 m (WOAO1), ~30 m in March (Argo
2003), 30 m in April (Argo 2004), and ~20 m in May for Argo 2005.

4. Conclusions

MLD from Argo float T/S data was estimated and its variability was observed for three
consecutive years starting from June 2002 to May 2005 for WIO. These MLD estimates
were compared with MLDy,. The seasonal changes of MLD , showed trends almost similar
to those found in climatology throughout the study period. However, some inter-annual
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Table 1. Monthly Average MLDs in central Arabian Sea from WOAOl (Jan-Dec), Argo 2002
(Jun—Dec), Argo 2003 (Jan-Dec), Argo 2004 (Jan—Dec) and Argo 2005 (Jan—May). The standard
deviations for the MLD estimations are presented in braces.

MLD (m) (=SD)

MONTH WOA 01 ARGO 2002 ARGO?2003 ARGO 2004 ARGO 2005
JAN 44.1 54.6(+1.6) 572(=12) 50.1(*1.1)
FEB 34.7 56.1(+1.8) 46.9(*+13) 463 (*1.2)
MAR 17.7 304 (£1.7)  269(x1.2) 304 (*=1.3)
APR 17.6 34.6(£1.7)  21.0(x1.3) 21.4(*1.3)
MAY 19.8 30.5(£1.6)  356(x1.0) 19.5(*+1.2)
JUN 302 509(+1.5) 483 (=1.1) 603 (*1.0)

JUL 645  757(*1.6) 69.8(+1.1) 744 (=1.1)
AUG 69.0  775(*1.5) 67.7(+12) 72.0(*1.0)
SEP 39.6  41.2(*+1.5)  48.8(*x12) 38.1(*L.1)
OCT 2834  288(*1.5) 37.2(+12) 29.8(*12)
NOV 39.6  332(x1.6) 358(=xL1) 32.6(£L1)
DEC 437 355(*1.5) 474(+12) 43.8(=1.2)

variabilites did exist in MLD in terms of minimum and maximum values and their months
of occurrence (as shown in Table 1). The R values between MLDy, and MLD, are 0.60,
0.28, 0.67 and 0.40 for the months JJAS, ON, DJF and MAM, respectively. Further,
seasonal averages of OLR and WS have been analyzed for the study period to qualitatively
observe their impact on MLD variability. It is found that during the study period, MLDy, is
underestimated as compared to MLD, for almost all the months except November. This
study demonstrates that Argo T/S profile data can be successfully used to study the spatial
and seasonal variability of MLD and the Argo profiles were able to capture the effects of
seasonal factors that affect MLD and mixed layer dynamics like wind, solar insolation and
currents. With the availability of more number of Argo profiles in the future, the
interannual variability studies of MLD and mixed layer heat budget can be successfully
carried out with the possibility of incorporating these profiles data into ocean models. With
availability of long term Argo data, a better climatology can also be constituted which will
be a significant contribution for oceanographic studies.
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