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Highlights
e 1°x1°-resolution circulation patterns at surface, 1000, 1500 and 2000 m

e Great Whirl observed forming during Spring intermonsoon, lasting until Fall

intermonsoon
e SODA reanalysis output and surface drifters velocity vectors have correlations of 0.71-
0.93
Abstract

This study incorporates observations from Array of Real-time Geostrophic
Oceanography (ARGO) floats and surface drifters to identify seasonal circulation patterns at the
surface, 1000 m, 1500 m, and 2000 m in the northwest Indian Ocean, and quantify velocities
associated with them. A skill comparison of the Simple Ocean Data Assimilation (SODA)
reanalysis output was also performed to contribute to the understanding of the circulation
dynamics in this region.

Subsurface currents were quantified and validated using the ARGO float data. Surface
currents were identified using surface drifter data and compared to the subsurface
observations to enhance our previous understanding of surface circulations. Quantified
Southwest Monsoon surface currents include the Somali Current (vVmax = 179.5 cm/s), the East
Arabian Current (Vmax = 52.3 cm/s), and the Southwest Monsoon Current (Vmax = 51.2 cm/s).
Northeastward flow along the Somali coast is also observed at 1000 m (Vmax = 26.1 cm/s) and
1500 m (Vmax = 12.7 cm/s). Currents associated with the Great Whirl are observed at the surface
(Vmax = 161.4 cm/s) and at 1000 m (vVmax = 16.2 cm/s). In contrast to previous studies, both ARGO
and surface drifter data show the Great Whirl can form as early as the boreal Spring
intermonsoon, lasting until the boreal Fall intermonsoon. The Arabian Sea exhibits
eastward/southeastward flow at the surface, 1000 m, 1500 m, and 2000 m. Quantified
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Northeast Monsoon surface currents include the Somali Current (Vmax = 97.3 cm/s), Northeast
Monsoon Current (Vmax = 30.0 cm/s), and the North Equatorial Current (vmax = 28.5 cm/s).
Southwestward flow along the Somali coast extends as deep as 1500 m.

Point-by-point vector and scalar correlations of SODA output to ARGO and surface
drifter data showed that surface SODA output and surface drifter data generally produced a
strong correlation attributed to surface currents strongly controlled by the monsoons, while
subsurface correlations of SODA output and ARGO were mostly insignificant due to variability
associated with intermonsoonal transitions. SODA output produced overall smaller velocities
than both observational datasets. Assimilating ARGO velocities into the SODA reanalysis could
improve subsurface velocity assimilation, especially during the boreal fall and spring when

ARGO observations suggest that flow is highly variable.

Keywords: Oceanic circulation, monsoons, current observations, surface drifters, ARGO

1. Introduction

The northwest Indian Ocean is a region of complex circulation and atmospheric
influence (Schott et al., 2009), with near-surface circulation strongly influenced by the seasonal
monsoon (Shi et al., 2000; McCreary and Kundu, 1989). Understanding the physical circulation
dynamics in this region is critical, given its influence on seasonal rainfall (Izumo et al., 2008),
hypoxia in the Arabian Sea (Morrison et al., 2005; McCreary et al., 2013) and Sea of Oman (Shi

et al., 2000; Piontkovski and Al-Oufi, 2015), seasonal and annual plankton and fish biomass
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variation (Smith and Madhupratap, 2005; Wang et al., 2014) and long-term climate variability
(Schott et al., 2009).
1.1 Background

The study area is bounded by 0°N-35°N and 40°E-80°E, which includes the Sea of Oman,
Arabian Sea, and the Gulf of Aden (Figure 1). Known surface currents in the northwest (NW)
Indian Ocean during the northeast (NE) and southwest (SW) Monsoons are shown in Figure 1.
There is substantial water exchange with the neighboring SW and NE Indian Oceans, which is
also taken into account in this analysis. During the SW Monsoon, surface flow is generally to the
east in the Arabian Sea. The Southwest Monsoon Current (SC) and East Arabian Current (EAC)
flow to the northeast along the coasts of Somalia and Oman, respectively. In the SW Indian
Ocean, the East African Coastal Current (EACC) (Schott and McCreary, 2001; Tomczak and
Godfrey, 2013) flows northward along the east coast of Africa, north of Madagascar, extending
toward the NW Indian Ocean. The structure of the EACC has been observed in DiMarco et al.
(2002) as having a width around 200km and maximum subsurface velocities near 20 cm/s at
1000 m. The EACC splits after passing over the equator, with a portion of the current
contributing to the Somali Current (Jensen, 1991), and another portion separating from the
coast to flow east along the equator (Figure 1) (Schott et al., 2009). The Great Whirl is generally
thought to form during the SW Monsoon (Bruce, 1979; Leetmaa et al., 1982; Beal and Donohue,
2013) likely generated by the barotropic instability (Jensen, 1991). The Great Whirl strengthens
into August and September (Fischer et al., 1996) before collapsing with the end of the monsoon
due to eastward and downward energy transfer, rather than due to relaxation of the wind

(Jensen, 1991). The Great Whirl has been observed extending into the subsurface down to 1000
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m (Schott and McCreary, 2001). The Southwest Monsoon Current (SMC) flows southeastward
along the coast of India during the SW Monsoon.

Much of the surface current direction in the NW Indian Ocean reverses during the NE
Monsoon. The Northeast Monsoon Current (NMC) flows westward into the NW Indian Ocean,
which contributes to the West India Coastal Current (WICC) flowing northwestward along the
coast of India (Bruce et al., 1994). Vinayachandran and Nanjundian (2009) showed in their
model that during the NE monsoon, the Northeast Monsoon Current (NMC) transports low-
salinity surface water from the Bay of Bengal (NE Indian Ocean) into the NW Indian Ocean.
During the SW monsoon, increased evaporation results in the formation of high-salinity surface
water in the Arabian Sea (Wajsowicz and Schopf, 2001), which is then transported into the Bay
of Bengal by the Southwest Monsoon Current (SMC). The eastward transport is forced by
asymmetry in the salinity-induced density difference across the northern Indian Ocean as well
as wind forcing (Vinayachandran and Nanjundian, 2009).

The intermonsoonal seasons are represented by high-variability circulation as wind
direction changes. Wyrtki (1973) identified high-velocity eastward flowing equatorial jets
(Wyrtki Jets) forming during both the boreal spring and fall transitional periods.

The seasonal variations of intermediate depth circulations could also be affected by the
seasonal changes of water masses in the study region. The Arabian Sea is a region with strong
seasonal and inter-annual changes in salinity and temperature due to the complex water
masses interaction and complicated seasonal circulations (Shetye et al. 1991). The geostrophic
currents in the subsurface regime due to Ekman suction show a seasonal cycle in the open

ocean (Shetye et al., 1991). Investigating the seasonal variations of surface and subsurface
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ocean current velocities from observation data as well as temperature and salinity distribution
can contribute to understanding the seasonal variations of the intermediate depth circulations.
1.2 Motivation

Until recently, detailed circulation studies have been limited to the upper water column,
mainly due to the limitation of data availability (Shi et al., 2000), with more detailed surface
studies emerging with the introduction of surface drifters (Molinari et al., 1990), satellite
altimetry (Périgaud and Delecluse, 1992), and ship surveys through the World Ocean Circulation
Experiment (WOCE). With the WOCE also came the large-scale deployment of subsurface
autonomous floats for mapping hydrographic data near 1000 m depth. Davis (2005) used WOCE
autonomous float data (primarily ALACE floats) to describe the flow conditions and variability at
900 m depth, calculating mean velocity (2.5° by 2.5° grid) after removing seasonal variability.

The establishment of the Array of Real-time Geostrophic Oceanography (ARGO)
program in 2000 provided the ability to collect continuous temperature, salinity and velocity
measurements with autonomous floats as deep as 2000 m (Gould et al., 2004; Lebedev et al.,
2007). ARGO data have been assessed extensively for reliability (Lebedev et al., 2007) and
subsurface analyses have been performed world-wide (Speich et al., 2012; Ollitrault and
Rannou, 2013), including a study of characteristics and behavior of regional flow and water
masses in the Sea of Oman and northern Arabian Sea after a cyclone passage (Wang et al.
2013).

In this study, an 8-year dataset from ARGO is utilized to provide a high-resolution,
guantitative description of intermediate and deep circulation at depths of 1000 m, 1500 m and

2000 m in the northwest Indian Ocean, as well as surface drifter data for surface circulation
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analysis. Compared to previous studies in this region, this study has a larger data base and
resulting in an increased statistical significance. Velocities obtained from ARGO and surface
drifter data were then compared to the Simple Ocean Data Assimilation (SODA) 2.1.6 reanalysis
dataset. This study is motivated by the following questions:

e What spatial patterns of horizontal current velocities are identified at the surface and
subsurface? In previous studies (particularly in the subsurface), mean circulation has
been as assessed over a large geographical region, resulting in a low-resolution grid for
the NW Indian Ocean (Davis, 2005; Lebedev et al., 2007). Can a higher resolution
analysis improve understanding of mean circulation?

e How do the velocities and current patterns at the surface compare to those in the
subsurface? While circulation patterns in the upper 1000 m have been described, the
extent to which surface circulation patterns may propagate at depths greater than 1000
m remains elusive.

e How do circulation patterns change seasonally? In previous studies, filtering of seasonal
variability has masked seasonal circulation features, such as the Great Whirl (Davis,
2005).

e How does the SODA reanalysis output compare to observational data produced by

ARGO floats and surface drifters?

2. Data and Methods
Data were processed and analyzed by boreal seasons, which are roughly aligned with

the timing of the NE and SW monsoons, and intermonsoonal periods. Spring is defined as
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March-May, summer is defined as June-August, fall is defined as September-November, and
winter is defined as December-February.
2.1 ARGO Floats

ARGO data are made freely available by the International ARGO Project and associated
contributing national programs (JCOMMOPS ARGO, 2008; UCSD ARGO, 2011). ARGO is a
contribution to the Global Ocean Observing System (Feder, 2000; ioc-goos.org). More details
about ARGO and its operational principles are available at the ARGO webpage:
http://www.argo.ucsd.edu. 175 floats had trajectories within the defined area from January
2002-December 2009. One full float cycle (beginning with descent and ending with resurfacing)
lasts 10 days during which the float remains at its cruising depth (i.e. predetermined pressure)
for nine days. The trajectory of each float was carefully examined to determine whether
latitude and longitude data were unrealistic or were on land. When a coordinate was
determined to be unreliable, the entire profile associated with that location was excluded from
further analysis. A total of 158 floats were used in this analysis, with cruising depths of 1000 m
(101 floats), 1500 m (13 floats), or 2000 m (44 floats). Velocities were calculated using reported
time and location at each station (A great arc length/A time) and separated into north/south
and east/west velocity components. At a given depth, velocities greater than 3 standard
deviations of all velocities at that depth were excluded. This restriction accounted for less than
1% of the data. To construct velocity fields in the subsurface, the drifting depth of each ARGO
float was determined (1000 m, 1500 m and 2000 m). Although there is error associated with
raw velocity calculations due to vertical shear stress and surface currents (Lebedev et al., 2007;

Ollitraut and Rannou, 2013), Lebedev et al. (2007) and Ollitraut et al. (2006) found when
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assessing mean circulation, errors were an order of magnitude smaller than the velocity values
(only on the order of mm/s). For this reason, the error was assumed to be negligible in this
study.

Because significant spatial and temporal variability existed in the individual velocity
observations within a geographic region, velocity data were averaged to generate maps for
each season at 1000 m, 1500 m and 2000 m, following the Lagrangian averaging scheme of
DiMarco et al. (2005). Velocity data in each 2° by 2° box were averaged when at least three
velocity vectors were present. For boxes with less than three velocity vectors, mean velocity
was not plotted. The box was then shifted by 1°, i.e. 50% overlap of 2°x2° boxes, and the same
process was performed. Using this technique, it was considered that every other velocity vector
could be regarded as independent. Variance ellipses were also calculated for each 2°x2° box
and plotted with mean velocity vectors on the same map.

2.2 Surface Drifters

Monthly and annual mean surface velocity data from the Global Drifter Array were
obtained from the Drifter-Derived Climatology of the Atlantic Oceanographic and
Meteorological Laboratory (Lumpkin and Garraffo, 2005; Lumpkin and Pazos, 2006;
NOAA/AOML). Climatology includes data from March 1995 through March 2009. Each drifter
consists of a surface buoy and a subsurface drogue. The drogue is centered at 15 m depth. The
buoy has a transmitter, which sends measurements and GPS coordinates to satellites. The
resulting velocity of the drifter is a combination of currents at 15 m depth, plus upper-ocean
wind-driven flow, and drifter “slip” (Lumpkin and Pazos, 2006). Surface velocity maps were

produced from surface drifter data using the same technique used for ARGO velocity averaging.
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2.3 SODA Climate Reanalysis

Multiple data sources are used in constructing the SODA climate reanalysis dataset,
which ingests a wide variety of observations including hydrographic profiles, ocean station data,
moored temperature and salinity measurements, surface temperature and salinity observations
from a variety of instruments, sea surface temperature and sea level altimetry from satellites.
The circulation assimilation is based on Los Alamos National Laboratory Parallel Ocean Program
(POP) (Carton et al., 2000; Carton and Giese, 2008). SODA 2.1.6 output has a horizontal
resolution of 0.25° x 0.4° and 40 vertical levels with 10-m spacing near the surface. The SODA
dataset was chosen for its resolution and because it does not assimilate ARGO or surface drifter
velocity observations at any time. Because SODA is widely used to provide initial boundary
conditions for other regional numerical models, it is valuable to examine how the SODA
reanalysis circulations compared to those derived from the two independent observations
based on ARGO and surface drifters.

Horizontal velocity fields from SODA were generated at 1000 m, 1500 m, and 2000 m
depth for each season from 1992-2001. Initial velocity plots had a spatial resolution of 0.5
degrees occurring at 0.25 and 0.75 within each degree. Seasonal velocity plots produced from
SODA were averaged in the same way as the ARGO seasonal velocity plots, i.e., by averaging all
velocities within a 2°x2°box, and shifting the box 1° at a time. Vector correlations (Crosby et al.,
1993), scalar correlations and the statistical significance of the scalar correlations were

calculated for locations in which both observations and SODA output exist.

3. Results and Discussion
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3.1 SW Summer Monsoon

Surface and subsurface current velocities during the SW Monsoon are shown in Figure 2.
Flow direction in the Arabian Sea is primarily to the east and southeast down to 2000 m, which
is consistent with ship drift observations. Observations of current velocity are more sparse at
2000 m, but indicate a similar eastward/southeastward flow. Average velocity in the Arabian
Sea is around 30 cm/s at the surface, and decreases to 5 cm/s at 1000 m, and 3 cm/s at 2000 m.

The Somali Current is observed flowing northeastward along the Somali coast at the
surface, with largest mean velocities up to 179.5 cm/s occurring in the summer (Figure 2a).
Northeastward coastal flow is also observed at 1000 m (Figure 2b) and 1500 m (Figure 2c), with
summer mean velocities up to 26.1 cm/s at 1000 m, which are comparable to EACC velocities of
20 cm/s at 1000 m observed by DiMarco et al. (2002). The Somali Current is accompanied by
the formation of several offshore anticyclonic eddies. The largest of these eddies is the Great
Whirl, which forms near the Horn of Somalia (Bruce, 1979; Jensen, 1991; Schott et al., 2009;
Beal and Donahue, 2013), and exhibits maximum surface velocities of 161.4 cm/s. This velocity
obtained from surface drifters is greater than observations (120 cm/s in June, decreasing to 70
cm/s by September) by Beal and Donahue (2013) during the summer of 1995. This suggests that
some SW Monsoon seasons may result in enormously high surface velocities that increase the
average velocities observed in this study. Mooring measurements (Schott and McCreary, 2001)
from July to September 1995 indicate the Great Whirl reaches an average depth of 1000 m
during the SW Monsoon, with speeds of 10 cm/s. This is consistent with ARGO velocity
measurements observed at 1000 m averaged from June to August (Figure 2b), with maximum

velocities of 16.2 cm/s. Observations from surface drifters show an average diameter of 400-
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500 km, which is consistent with Beal and Donahue (2013) who measured diameters of 350 km
and 540 km in June and September, respectively.

The East Arabian Current (EAC) flows northeastward along the southern coast of Oman
during the summer (Figure 2a) and early fall (Figure 5). Velocity decreases as the Somali Current
transforms to the EAC, with maximum EAC surface velocities of 52.3 cm/s in the west (Figure
2a). The EAC extends beyond Cape Ras al Hadd to the east/northeast (becoming the Ras al
Hadd Jet once off the cape), with observed velocities ranging from 20-40 cm/s. In Bohm et al.
(1999), Ras al Hadd Jet velocities were quantified as ranging from 50-70 cm/s, with some
velocities as high as 100 cm/s. The velocities seen from surface drifter data are likely muted due
to low spatial resolution and spatial averaging of the data.

A uniform eastward flow along the equator is observed at the surface, 1000 m and 1500
m, which includes the portion of the EACC that separates from the coast upon crossing the
equator. The Southwest Monsoon Current (SMC) is observed flowing southeastward along the
west coast of India, with mean surface velocities up to 51.2 cm/s (Figure 2a). A southeastward
flow is also observed at 1000 m (Figure 2b) and 2000 m (Figure 2d) along the coast of India,
with velocities up to 8 cm/s; however, since the SMC is restricted to the near-surface (Schott et
al., 1994), the subsurface flow patterns observed from ARGO here are likely not associated with
the surface SMC.

3.2 NE Winter Monsoon
Much of the flow direction reverses from the summer to the winter (Figure 3).

Maximum mean surface velocities occur in the Somali Current, flowing southwestward along
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the coast of Somalia up to 97.3 cm/s. Southwestward flow along the Somali coast is also
observed at 1000 m and 1500 m (up to 10 cm/s).

The Northeast Monsoon Current (NMC) extends to the North Equatorial Current (NEC),
which is observed flowing westward at 5°N at the surface (Figure 3a). This is a flow reversal
from that seen in the summer. Mean surface velocity of the NEC is 28.5 cm/s. The westward
current diverges at the Somali coast at the surface (Figure 3a), 1000 m (Figure 3b), and 1500 m
(Figure 3c), with a small portion flowing northward and a majority flowing southward with the
Somali Current, demonstrating the complicated Somali current system and its associated eddies
(Jensen, 1991).

In the Gulf of Aden, patterns indicate a westward surface current with mean velocities
ranging from 8.3-40.2 cm/s (Figure 3a). Westward flow is also present at 1000 m in the Gulf of
Aden (8 cm/s). In the Sea of Oman, calculated velocities indicate an eastward flow at 1000 m
ranging from 2-5 cm/s. Large variance of 6-12 (cm/s)? is associated with the mean velocities in
the Gulf of Aden and Sea of Oman at 1000 m (Figure 3b). The WICC (Figure 1) is not observed in
surface drifter data (Figure 3a).

33 Spring Intermonsoon

The spring is an intermonsoonal period, with high variability in current speed and
direction (Figure 4) as the wind transitions between from the NE to the SW monsoon. The
Somali Current flows to the northeastward at the surface with a maximum mean surface
velocity of 67.7 cm/s. The Great Whirl is already observed near the Somali coast at the surface
and 1000 m, exhibiting surface velocities near 30 cm/s. Schott and McCreary (2001) observed

that the Great Whirl usually forms in June and lasts through the SW Monsoon. However, both
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ARGO (1000m) and surface drifter data suggest that it could form earlier during the spring
inter-monsoon, which is in contrast to previous studies. More investigations are needed to
understand the timing and formation of the Great Whirl. Surface flow is westward between
3°N-6°N from 40°E-60°E, with velocities up to 25.1 cm/s. North of this region (8°N and 10°N),
flow is eastward. Surface velocities in the Gulf of Aden are uniformly to the west (up to 29.3
cm/s). Large variance occurs along the coastlines at 1000 m and 1500 m and is likely due to
reversing flow direction associated with the seasonal transition. Notably, the Wyrtki Jets are
not distinct from surface drifter data. There is a generally eastward flow along the equator from
65° to 80°, with velocities ranging from 10 to 40 cm/s, which are considerably less than the 60-
215 cm/s velocities noted in Wyrtki (1973). It is possible that velocities could be muted due to
spatial and seasonal averaging, or that the greatest velocities occur south of the equator, which
is outside the bounds of this study.
3.4  Fall Intermonsoon

Fall intermonsoonal circulation is variable as wind patterns transition from the SW to
the NE Monsoon (Figure 5), though less variable than spring intermonsoonal circulation. The
Somali Current flows northeastward along the Somali coast at the surface, with maximum
mean surface velocities of 140 cm/s (Figure 5). Flow separates from the coast at several
locations forming anticyclonic circulation. The East Arabian Current continues along the coast of
Oman, continuing to the east and northeast off Cape Ras al Hadd. Surface velocities off Cape
Ras al Hadd are smaller (20-50 cm/s) during the fall (Figure 5a) than those observed in the

summer (Figure 2a).
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The Great Whirl can still be observed during the fall intermonsoon at the surface, 1000
m, and 1500 m, with weaker velocities than those observed during the SW monsoon. Flow is to
the west in the Gulf of Aden at the surfrace and 1000 m. Unlike the spring intermonsoon,
strong eastward equatorial flow associated with the Wyrtki Jets is observed along the equator,
with surface velocities ranging from 40 to 70 cm/s east of 60°E. Eastward flow is also observed
at 1000 m (14.8 cm/s) and 2000 m (7.2 cm/s). Similarly to spring intermonsoon, fall
intermonsoonal velocities along the coast and those associated with eddy or gyre circulation
have large variance. Coastal velocity variance typically ranges from 5-18 (cm/s)?, with velocity
variance exceeding 20 (cm/s)? at 1000 m at points along the Somali coast (Figure 5b).
3.5 SODA Output Comparison

Figures 6-9 show mean velocities at the surface, 1000 m, 1500 m, and 2000 m produced
from SODA reanalysis output. Several similarities can be seen in the observed current patterns
(Figures 2-5) and the SODA reanalysis output (Figures 6-9), with the best qualitative agreement
occurring in the summer (Figures 2 and 6). The highest surface velocities in the SODA output
are observed along the Somali coast flowing to the northeast (134.3 cm/s); however, the
distinct northeastward flow observed along the Somali coast in the subsurface (Figure 2) is not
produced in SODA output (Figure 6). While the data show the Great Whirl extending from the
surface to 1000 m, SODA output displays the Great Whirl only at the surface with velocities
(10.1-107.6 cm/s). The East Arabian Current is present in SODA output with velocities up to 39.5
cm/s. Eastward flow is produced at 1000 m (Figure 6b) and 1500 m (Figure 6¢) in SODA output

with velocities around 4 cm/s.
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Winter surface currents observed from surface drifter data (Figure 3a) can also be seen
in SODA output (Figure 7), including the Somali Current (55 cm/s), North Equatorial Current (46
cm/s), and Northeast Monsoon Current (54 cm/s). The WICC which was not observed in the
surface drifter data (Figure 3a), is produced in the surface SODA output with surface velocities
up to 32.3 cm/s and a current width of approximately 300 km (Figure 7a). The width of the
WICC produced here is comparable to observations made in Shetye et al. (1991). Westward
flow in the Gulf of Aden and cyclonic circulation to the east of the Gulf of Aden are also
observed in the surface SODA output. In the data at the surface, 1000 m, and 1500 m,
westward flow between 5°N-10°N diverges as it approaches the Somali coast. This divergence is
produced in the SODA output at all depths. In the subsurface at 1000 m and 1500 m, the
assimilation shows this flow as part of a large anticyclonic circulation cell from 50°E-70°E and
5°N-12°N. The portion that flows northward separates from the coast at 10°N and flows
eastward/northeastward through 70°E. At this location, flow redirects to the southwest and
continues as westward flow toward the Somali coast.

In the spring at the surface, the SODA output (Figure 8a) and drifter data (Figure 4a)
both show a westward flow along 5°N. In the SODA output, the surface flow diverges at the
Somali coast. The northward flow diverges as it passes the Horn of Somalia, either flowing
westward through the Gulf of Aden, or continuing northeastward along the Oman coast. At
1000 m and 1500 m, westward flow occurs between 5°N and 10°N, which diverges at the
Somali coast. The southward-flowing portion is part of a recirculation cell, which can be seen at

all subsurface depths from 3°N-7°N and 50°E-60°E.
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In the fall at the surface (Figure 9a), a northeastward flowing Somali Current (30-70
cm/s) and Great Whirl are present in the assimilation. The Great Whirl is not produced in the
subsurface in the SODA output. Surface velocities off Cape Ras al Hadd are much smaller in the
SODA output (11.9 cm/s) compared to average velocities observed in surface drifter data (20-50
cm/s). At all subsurface depths, flow along the Somali coast is to the southwest with velocities
up to 5 cm/s.

Point-by-point vector and scalar correlations of SODA output to ARGO and surface
drifter data were calculated and are shown in Table 1. Surface SODA output and surface drifter
data generally produced a strong vector correlation, ranging from 0.71-0.93, while subsurface
scalar correlations and 92% of vector correlations were < 0.40. All surface scalar correlations
produced p-values of 0.00. Stronger correlations during the summer and winter surface
velocities can be attributed to surface currents strongly controlled by the SW and NE
monsoons. Weaker correlations for spring and fall are likely due to variability associated with

intermonsoonal transitions.

Directional patterns observed in the surface velocities generally agreed between the
observation and SODA reanalysis output; however, SODA output generally underestimates
velocities compared to the observations. Histograms of SODA output minus observations from
surface drifters and ARGO floats are shown in Figure 10 for each season and depth. The
histograms (Figure 10) and the correlations (Table 1) for subsurface velocities demonstrate that
while current patterns generally agree, there is disagreement in scalar values, likely due to

limitations in the SODA reanalysis, e.g. smoothing of bathymetry, bottom roughness, and wind
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fields. Furthermore, the SODA reanalysis does not assimilate the addition of high-salinity water
masses from the Red Sea and Persian Gulf (Carton et al., 2000; Carton and Giese, 2008), which
will impact resulting subsurface velocity output, particularly along the coast. Assimilating
adequate representation of interactions between the Red Sea and Persian Gulf as well as
assimilating ARGO velocities into the SODA reanalysis could result in improved subsurface
velocity fields, especially during the fall and spring when observations suggest that flow is

highly variable.

4. Conclusion

This circulation investigation of the Northwest Indian Ocean provides a 1°x1°-resolution
guantitative analysis of surface and subsurface velocities, and investigates large scale
intermediate (at 1500 m and 2000 m) circulation patterns for the first time. Although large-
scale circulation in this region has been assessed in the past, low resolution analyses have
masked smaller features, and data were not analyzed by season. The complexity of the region,
and its dependence on seasonal atmospheric wind conditions warranted a high-resolution,
seasonal assessment.

The presence of major surface currents could be identified in the surface drifter data
(except for the West India Coastal Current in surface drifter data). During the SW Monsoon,
surface currents (and maximum averaged velocities from surface drifter data) include the
Somali Current (179.5 cm/s), East Arabian Current (52.3 cm/s), Southwest Monsoon Current
(51.2 cm/s), and the Great Whirl (161.4 cm/s). In contrast to previous studies, both ARGO and

surface drifter data show the Great Whirl can form as early as the Spring intermonsoon, lasting
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until the Fall intermonsoon. During the NE Monsoon, identified surface currents include the
Somali Current (97.3 cm/s), North Equatorial Current (28.5 cm/s), and Northeast Monsoon
Current (30.0 cm/s). A SODA reanalysis comparison to surface drifter data produced vector
correlations of 0.71-0.93, and scalar correlations of 0.40-0.72.

ARGO float and surface drifter data can provide detailed information about circulation
patterns and current velocities when averaged over long time periods. Although short-term
event circulation could be analyzed, the spatial coverage of ARGO and surface drifters may limit
data availability and reliability for a particular region; thus, data averaged over longer time
periods provides more spatial coverage for a region. Continued measurements, especially
subsurface ARGO float measurements, will provide more data for assessing seasonal circulation

patterns at 1500 m and 2000 m.
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Figure Descriptions

Figure 1. NW Indian Ocean Schematic: Known surface currents in the NW Indian Ocean during
the (a) SW monsoon and (b) NE monsoon. The currents shown are the Southwest Monsoon
Current (SMC), the Northeast Monsoon Current (NMC), the Somali Current (SC), the Great Whirl
(GW), the East Arabian Current (EAC), the North Equatorial Current (NEC), and the West India
Coastal Current (WICC). Meridional Ekman transport (Me) is indicated by the dashed arrows.
Depth contours are in light gray, and indicate the 1000 m and 2000m isobaths. Modified from

Schott et al. (2009) and Tomczak and Godfrey (2013).
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Figure 2. Surface Drifter and ARGO Summer Velocity: Mean summer velocity at (a) the surface,

(b) 1000 m with 1000 m isobath and variance ellipses, (c) 1500 m with 1500 m isobath and

variance ellipses, and (d) 2000 m with 2000 m isobath and variance ellipses.
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Figure 3. Surface Drifter and ARGO Winter Velocity: Mean winter velocity at (a) the surface, (b)
1000 m with 1000 m isobath and variance ellipses, (c¢) 1500 m with 1500 m isobath and variance

ellipses, and (d) 2000 m with 2000 m isobath and variance ellipses.
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Figure 4. Surface Drifter and ARGO Spring Velocity: Mean spring velocity at (a) the surface, (b)
1000 m with 1000 m isobath and variance ellipses, (c) 1500 m with 1500 m isobath and variance

ellipses, and (d) 2000 m with 2000 m isobath and variance ellipses.
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Figure 5. Surface Drifter and ARGO Fall Velocity: Mean fall velocity at (a) the surface, (b) 1000 m
with 1000 m isobath and variance ellipses, (c) 1500 m with 1500 m isobath and variance ellipses,

and (d) 2000 m with 2000 m isobath and variance ellipses.

Vitale- 28



35

30+

251

n
S

Latitude (°N)

Surface
— B0cm/is

1000 m
— 10cm/s
O 10 (cmis)®

......

.....

30

25

[
=]

Latitude (°N)
o

Y
Q)0]
9)
0]
QQPoccocess so-
[J0deacescs 0oonsr0d
NOOCoos reocosowof
GBRR0ecRe e raced
FOO0Oes60E0R =ces LR
FOCOOOBOO0OH - o0 s aGa
[ C "d g@egoooooo@eewm/e B
R e OO0 0000004 {0 0 A (¢
- .._,I-——-H.H..HIL-——'H.L_,IL__.L-:-.._---—- MQ@QCOQQQGOG%%&G%Q)QQQGE
T T T T T T T T T T T T
1500 m 2000 m
(c) — 10cmis (d — 10cm/s
O 10 (cmis)? O 10 (cmis)?

6.0~
10+ o F-" A
AU GFY et 1 4 b
\ iﬂ-@sn|e!
<= sPbeoes sas P
oo Gde00f) ae-s . SR bFP e e
5- v L e . s 00090 GoQ s
s o m @ o200 ea2dy Al
@ % es s OB S
- e - LR S By —
o L O TaaH - TR
40 55 60 65 70 75 80
Longitude(°E) Longitude(°E)

Figure 6. SODA Summer Velocity: Mean summer velocity output from the SODA 2.1.6 1992-

2001 reanalysis at (a) the surface, (b) 1000 m with 1000 m isobath and variance ellipses, (c)

1500 m with 1500 m isobath and variance ellipses, and (d) 2000 m with 2000 m isobath and

variance ellipses.
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Figure 9. SODA Fall Velocity: Mean fall velocity output from the SODA 2.1.6 1992-2001
reanalysis at (a) the surface, (b) 1000 m with 1000 m isobath and variance ellipses, (c) 1500 m

with 1500 m isobath and variance ellipses, and (d) 2000 m with 2000 m isobath and variance

ellipses.
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Figure 10. Histograms of scalar SODA reanalysis output minus observations from surface
drifters and ARGO floats. All y-axis units are percent (%) occurrence. Mean and x-axis units are
in cm/s. Columns represent seasons, rows represent depths. Surface plot x-axes range from -

180 to 100 cm/s with a bin size of 10. Subsurface plot x-axes range from -30 to 10 cm/s with a

bin size of 1.
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Table 1. Data Comparison: Vector correlation, scalar correlation and scalar correlation
significance of velocity between SODA output, ARGO floats, and surface drifters.

Velocity Correlation between SODA output and ARGO Float and Surface Drifter Data
Season Depth Vector Scalar Scalar Correlation
Correlation Correlation Significance (p-value)
Spring Surface 0.71 0.40 0.00
1000 m 0.21 0.22 0.20
1500 m 0.25 0.19 0.40
2000 m 0.32 0.40 0.52
Summer | Surface 0.93 0.72 0.00
1000 m 0.10 0.15 0.71
1500 m 0.24 0.30 0.13
2000 m 0.18 0.29 0.65
Fall Surface 0.75 0.54 0.00
1000 m 0.02 0.17 0.87
1500 m 0.04 0.12 0.41
2000 m 0.01 0.22 0.33
Winter Surface 0.78 0.61 0.00
1000 m 0.24 0.19 0.60
1500 m 0.58 0.30 0.32
2000 m 0.10 0.18 0.47
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