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Abstract

The land-locked northern boundary and seasonal high productivity in the Arabian sea (AS) leads to the formation and the
maintenance of one of the most intense and thickest open ocean oxygen minimum zones (OMZ) there (S1). Earlier studies
based on both observation and model sensitivity experiments have reported that this perennial OMZ is highly sensitive to the
strength of the monsoonal circulation and surface heating. Model simulations from the fifth phase of Coupled Model
Intercomparison project (CMIP5) indicate significant changes in the Indian monsoonal circulation and the atmospheric heat
fluxes under climate change. However, the future projection of AS OMZ under climate change remains largely uncertain and
ill-understood. This is mainly due to a poor representation of the AS OMZ in the CMIP5 simulations and an important spread
in their future oxygen projections for the region (S2). Here we explore how downscaling CMIP5 global simulations with a
high-resolution configuration of the Regional Ocean Modeling System (ROMS) model coupled to a nitrogen-based NPZD
ecosystem model can help improving the representation of the AS OMZ and reduce the spread in CMIP5 projections. To this
end, we performed a climatological “reference” simulation, i.e., the control simulation, where ROMS is forced with observed
atmospheric and lateral boundary conditions (ROMS_CTL), and a set of corresponding downscaled sensitivity experiment
where ROMS is forced with atmospheric and lateral boundary conditions derived from global CMIP5 simulations
(ROMS_HIST & ROMS_RCP85). For the downscaling experiment, we chose one of the best performing models (MPI-
ESM-LR) from the CMIP5 database based on their skill in simulating the present day (historical) climatology. The control
simulation has been extensively validated against the observations for its skill in simulating the physical and biogeochemical
variables (S3 & S4). We find that the downscaled experiments improve the representation of different classes of oxygen
(Oxic - O2 > 60mmol/l; Hypoxic - 60µmol/l >= O2 > 4µmol/l; and the Suboxic - 4 µmol/l > O2 > 0 µmol/l) within the 0-
1500m depth range (S5). In particular, the downscaled experiments simulate a much smaller fraction of suboxic waters
relative to hypoxic and oxic fractions, in agreement with observations.
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Figure 3. (a) Map of yearly climatological O2 concentration
(µmol L�1) averaged between 200 and 1500 m depths in the north-
ern Indian Ocean from WOA13. (b) The vertical distribution of
yearly climatological O2 (µmol L�1; shaded) and temperature (�C;
dashed white contours with 2 �C interval) across the east–west sec-
tion at 15� N (indicated by white line in panels a and c) in the Ara-
bian Sea from WOA13 data. (c, d) Same as (a, b) but for the model.
Depths of 23 �C isotherm (white line) and of 100 µmolL�1 isoline
(black line) are marked in panels (b) and (d).

of Sri Lanka and around the rim the Bay of Bengal (Fig. 2a
and c). The seasonal chlorophyll patterns in fall are very sim-
ilar although weaker than those in summer in both observa-
tions and the model (not shown).

The comparison of the modeled horizontal and vertical
climatological oxygen distribution with that of WOA13 is
shown in Fig. 3. In observations, the core of the OMZ is con-
fined to the northern part of the basin (Fig. 3a) and expands
vertically between 150 and 1000 m depth (Fig. 3b), with low-
est subsurface oxygen concentrations found in the central and
eastern part of the basin. The OMZ is thus shifted to the east
of the region of highest biological production located along
the west coast of the Arabian Sea (Fig. 2). The oxycline lies
around ⇠ 100 m and is slightly shallower in the western and
eastern part of the basin (Fig. 3b) because of the seasonal
upwelling systems there. The model captures these observed
oxygen patterns, with poorly oxygenated water confined to
the northern Arabian Sea and highly oxygenated water found
near the equator and farther south and an OMZ core located
in the eastern part of the Arabian Sea despite a slight overes-
timation of the modeled oxygen content at depth in the Ara-
bian Sea (Fig. 3b vs. d). We can also note that the model
underestimates the depth of the OMZ core (⇠ 200 m in the
model and ⇠ 300 m in observations). The upper-ocean verti-
cal oxygen distribution is well captured, with a model oxy-
cline depth of around 100 m (Fig. 3d), similar to the observed
one (Fig. 3c).

2.4 Thermocline and oxycline depths

Both temperature and dissolved oxygen decrease with in-
creasing depth below the mixed layer (Fig. 3b and d). The
oxycline or thermocline depths are defined as the depths
of maximum gradient. It is, however, customary to approx-
imate those depths from a fixed isocontour, especially in
tropical regions. Resplandy et al. (2012) used the depth of
100 µmolL�1 as a proxy for the oxycline depth in their study,
whereas Prakash et al. (2013) used 50 µmolL�1. Here, we
define the oxycline depth (hereafter OCD) as the depth of
the 100 µmolL�1 oxygen isocontour (following Resplandy
et al., 2012) and the thermocline depth (hereafter TCD) as
the depth of 23 �C isotherm (following Prakash et al., 2013).
The conclusions of our study are not sensitive to the above
choices in the northern Indian Ocean (and especially in our
focus region along the WCI), i.e., the results discussed be-
low are similar when considering the 50 or 150 µmolL�1 in-
stead of 100 µmolL�1, to define the oxycline depth and 20 or
25 �C instead of 23 �C to define the thermocline depth. The
OCD and TCD were both derived from observed or modeled
profiles using linear interpolation. To ascertain the variabil-
ity along the WCI, we average relevant parameters over a
box located between 10 and 15� N extending from the coast
to 2� offshore (hereafter referred to as the WCI box, shown in
Fig. 5). It must be noted that the results discussed below are
not sensitive to any slight modifications of the box bound-
aries or offshore extent of this box. Interannual anomalies
of all variables are calculated from monthly time series by
subtracting the mean seasonal cycle and applying a 3-month
smoothing to remove the sub-seasonal variations.

2.5 IOD index

To characterize the IOD variability, we used the standard
definition of the Dipole Mode Index (DMI; Saji et al.,
1999), which is calculated as the difference between the
interannual sea surface temperature (SST) anomalies in
the western (50–70� E, 10� N–10� S) and southeastern (90–
110� E, 10� S–0�) equatorial Indian Ocean averaged over
September–November. We have used the DMI derived from
observed SST, but the very high correlation between the DMI
based on model and observations (⇠ 0.94) makes our results
fairly insensitive to the choice of either model or observa-
tionally based DMI. This index has been normalized by its
standard deviation to make it dimensionless.

3 Results

3.1 Physical control of the seasonal oxygen variability
off the WCI

The seasonality of the oxygen concentration within the core
of the OMZ is very weak, but this is not the case for the OCD
(Resplandy et al., 2012). Figure 4 shows the depth–time sec-
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(µmol L�1) averaged between 200 and 1500 m depths in the north-
ern Indian Ocean from WOA13. (b) The vertical distribution of
yearly climatological O2 (µmol L�1; shaded) and temperature (�C;
dashed white contours with 2 �C interval) across the east–west sec-
tion at 15� N (indicated by white line in panels a and c) in the Ara-
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Depths of 23 �C isotherm (white line) and of 100 µmolL�1 isoline
(black line) are marked in panels (b) and (d).
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Dissolved O2 averaged between 200-1500m

Courtesy L. Resplandy

Vertical view of Arabian sea OMZ  from Equator & associated processes

v Arabian sea hosts one of the thickest and perennial open ocean oxygen minimum zones

v Formation: Lack of ventilation due to land-locked northern boundary and the seasonal high productivity 

v Consequences: Important influence on the coastal ecosystems through seasonal upwelling – leading to seasonal 
hypoxia/anoxia along the west coast of India and coast of Oman => impacts the fisheries and economy 
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Figure 6.10. Dissolved oxygen averaged between 200-600 m from (a) WOA13 observation and 

(b-l) CMIP5 HIST models. 

 

 

 

Figure 6.11. Dissolved oxygen averaged between 100-200 m from (a) WOA13 and (b) MMM 

HIST of 11 models from CMIP5. 

Arabian sea OMZ in the CMIP5 Historical (S2)

Ø In general the mean 
state is very poorly 
represented in 
CMIP5 

Ø Only annual outputs 
are available

Goal of this study: Can we improve the mean state representation of AS OMZ by
downscaling the CMIP5 models?

Methodology: Force the regional configuration of ROMS with the surface fluxes and the
boundary conditions extracted from parent CMIP5 simulation – downscaled experiments
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Figure 6.10. Dissolved oxygen averaged between 200-600 m from (a) WOA13 observation and 

(b-l) CMIP5 HIST models. 

 

 

 

Figure 6.11. Dissolved oxygen averaged between 100-200 m from (a) WOA13 and (b) MMM 

HIST of 11 models from CMIP5. 



Mean state comparison of downscaled experiments: Physical variables (S3)  
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Annual mean zonal distribution of Salinity (PSU) at 15N from Observations and simulations 

Annual mean zonal distribution of Temperature (oC) at 15N from Observations and simulations 

• ROMS_CTL realistically captures the observations (ROMS_CTL v/s OBS_WOA2018)

• The downscaled ROMS experiments shows only a slight improvement (ROMS_HIST v/s OBS_WOA2018) in the
mean state representation compared to the parent CMIP5 (CMIP5_HIST v/s OBS_WOA2018)
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Mean state comparison of downscaled experiments: Oxygen (S4)  

WOA18-O2 at E-W_15NWOA18-O2 at E-W_15N
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Annual mean zonal distribution of Oxygen (µmol/L) at 15N from Observations and simulations 

• ROMS_CTL realistically captures the observations (ROMS_CTL v/s OBS_WOA2018)

• The downscaled ROMS experiments shows only a slight improvement (ROMS_HIST v/s OBS_WOA2018) in the mean state
representation compared to the parent CMIP5 (CMIP5_HIST v/s OBS_WOA2018)

• Currently we are assessing in detail the performance of the downscaled experiments including the projected changes



Model Oxic Hypoxic Suboxic

ROMS_CTL 36.93 50.78 12.29

ROMS_HIST 37.58 46.62 15.8

ROMS_RCP85 45.52 46.37 8.11

OBS_WOA2018 28.12 68.56 3.32

CMIP5_HIST 29.7 45.91 24.39

CMIP5_RCP85 34.3 50.45 15.25

• In all cases hypoxic water occupies larger volume
in the 0-1500m layer

• Both in HIST & RCP85, the downscaling
increases the oxic fraction and reduces the
suboxic fraction as compared to parent CMIP5
simulation

• In comparison to oxic & suboxic waters, the
difference in the hypoxic volume fraction is small
between the downscaled and original simulation

Comparison of volume fractions of Oxic, Hypoxic and Suboxic waters (S5) 

Oxic - O2 > 60µmol/l
Hypoxic - 60µmol/l >= O2 > 4µmol/l
Suboxic - 4 µmol/l > O2 > 0 µmol/l) 



Preliminary insights from the downscaled experiment study (S6)

v The downscaled experiments show marginal improvement in the mean state
distribution of both physical and biogeochemical variables compared to the
parent CMIP5 simulation

v For the Arabian sea OMZ, the downscaling improved representation of different
classes of oxygen within the 0-1500m



THANK YOU

Suggestions are welcome


