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A high resolution, free-running model has been developed for the hurricane region of the North Atlantic
Ocean. The model is evaluated with a variety of observations to ensure that it adequately represents both
the ocean climatology and variability over this region, with a focus on processes relevant to hurricane-
ocean interactions. As such, it can be used as the ‘‘Nature Run” (NR) model within the framework of
Observing System Simulation Experiments (OSSEs), designed specifically to improve the ocean compo-
nent of coupled ocean-atmosphere hurricane forecast models. The OSSE methodology provides quantita-
tive assessment of the impact of specific observations on the skill of forecast models and enables the
comprehensive design of future observational platforms and the optimization of existing ones. Ocean
OSSEs require a state-of-the-art, high-resolution free-running model simulation that represents the true
ocean (the NR). This study concentrates on the development and data based evaluation of the NR model
component, which leads to a reliable model simulation that has a dual purpose: (a) to provide the basis
for future hurricane related OSSEs; (b) to explore process oriented studies of hurricane-ocean interac-
tions. A specific example is presented, where the impact of Hurricane Bill (2009) on the eastward exten-
sion and transport of the Gulf Stream is analyzed. The hurricane induced cold wake is shown in both NR
simulation and observations. Interaction of storm-forced currents with the Gulf Stream produced a tem-
porary large reduction in eastward transport downstream from Cape Hatteras and had a marked influ-
ence on frontal displacement in the upper ocean. The kinetic energy due to ageostrophic currents
showed a significant increase as the storm passed, and then decreased to pre-storm levels within 8 days
after the hurricane advanced further north. This is a unique result of direct hurricane impact on a western
boundary current, with possible implications on the ocean feedback on hurricane evolution.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

This study is motivated by the need to build a rigorous frame-
work for evaluating the contribution of different components of
ocean observing systems on coupled atmosphere-ocean hurricane
models. Observing System Simulation Experiments (OSSEs) pro-
vide such a framework, as they can quantify the impact of specific
observations on improving forecast skill. They can thus help eval-
uate and optimize existing observing platforms or quantify
impacts on forecasts using data from future observational designs.
An ocean OSSE framework prototype has been developed by the
Ocean Modeling and OSSE Center (OMOC; http://cimas.rsmas.mi-
ami.edu/omoc.html) in Miami and was first evaluated in the Gulf
of Mexico (Halliwell et al., 2014, 2015). The novelty of this ocean
OSSE system is that it follows the rigorous criteria that have long
been applied on realistic atmospheric OSSEs (e.g. Atlas, 1997;
Atlas and Emmitt, 2008) to produce credible impact assessments.
The system includes two models that need to be substantially dif-
ferent, in terms of overall set-up and attributes. The first one is a
high resolution, state-of-the-art free-running model, able to repre-
sent both the ocean climatology and variability over the study area.
It is appropriately called ‘‘Nature Run” (NR) and must be evaluated
with observations to establish its realism. The second model
(‘‘Forecast Model”, FM) is data assimilative and is purposely given
different attributes from the NR, with typically lower spatial reso-
lution. These different attributes introduce differences with the NR,
considered as errors, which mimic the differences existing
between the actual ocean and operational ocean model simula-
tions, and which are to be corrected through the assimilation of
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observations. The NR model is the source of ‘‘synthetic” observa-
tions, which are suitably simulated from this model (in terms of
frequency and spatial distribution with realistic errors added) to
represent all available observations (existing and planned), includ-
ing the observing system under evaluation. These synthetic obser-
vations are then assimilated into the FM where data denial
experiments are performed by withholding observations from
the system under evaluation, to quantify the impact they have
on reducing FM errors. The OMOC prototype framework for OSSEs
includes comparison to identical Observing System Experiments
(OSEs), where the observations that are assimilated are actual
ocean observations (Kourafalou et al., 2015; Oke et al., 2015). The
OSSE/OSE pairs must be shown to be compatible, to ensure that
the OSSE system will produce unbiased impact assessments. This
compatibility was initially demonstrated in the Gulf of Mexico
(Halliwell et al., 2014), and has also been demonstrated for the pre-
sent Atlantic Domain in a companion paper (Halliwell et al., 2016).

Both OSSEs and OSEs evaluate observing systems with respect
to specific phenomena of interest. The NR model development
leads to: (a) an integral component of this framework of observa-
tional design, optimization and impact assessment and (b) a data
evaluated, free-running model that is reliable for use in process
oriented studies (which cannot be performed under possible biases
and potential shocks introduced by the data assimilation in analy-
sis and forecast models). The overarching objective of this study is
to develop and evaluate a high resolution NR model for the North
Atlantic Ocean, with a focus on the hurricane region over the west-
ern Atlantic basin. We concentrate on hurricane impacts; there-
fore, we (a) choose a model domain that covers the extended
hurricane region (from the Caribbean Sea and the Gulf of Mexico
to the Northeast U.S. coast, Fig. 1); (b) address a process of interac-
tion between hurricane activity and ocean variability. Further sys-
tem evaluation (FM evaluation and OSE-OSSE comparisons) is
presented in Halliwell et al. (2016).

The North Atlantic hurricane record begins in 1851 and is the
longest among global records (Landsea et al., 2004). Only one trop-
ical storm, in 2004, has ever been recorded in the Southern Atlantic
Ocean. The vast majority (95%) of the Atlantic hurricane activity
Fig. 1. Bathymetry (m) of model domain and Atlantic Hurricane Western (AHW), Atlanti
Northwestern (AHNW) sub-regions. The extended AHNW region (used in Figs. 16–18) is
are below the buoy numbers): #42085 in the Caribbean Sea; #41009 and #41037 over the
mark the passage of Hurricane Bill (HB) in summer of 2009 (circles are every 6 h at the hu
big black dots. The Pacific Ocean is masked with white color and is not included in the s
reader is referred to the web version of this article.)
(major storms of Saffir-Simpson categories 3, 4 and 5) occurs
between August and October with a peak in early to mid-
September (Landsea, 1993). This is also true for hurricanes of cat-
egories 1, 2 (87%) and tropical storms (78%) in the same period. It is
noted that 80% of the intense hurricanes originate close to Africa
(Landsea, 1993), while the most severe and catastrophic Atlantic
hurricanes in history have been recorded over the model domain
depicted in Fig. 1. The costliest hurricane of all times was Katrina
in 2005, followed by Sandy in 2012. Superstorm Sandy claimed
over 200 lives in 6 countries (Diakakis et al., 2015), caused massive
destruction valued at 75 billion USD and had the uniqueness of
seriously impacting coastal areas in high latitudes. This motivated
us to extend the NR model domain (Fig. 1) substantially north of
the ‘‘classic” hurricane land impact region of the Caribbean Sea
and Gulf of Mexico.

The interaction of hurricanes with the ocean is an important
aspect of the overall hurricane evolution and a challenging compo-
nent of hurricane forecasting. Hurricanes draw energy from the
ocean and may cool the sea surface by several �C, with stronger
winds producing faster cooling and upwelling within cyclonic
ocean cells bringing cooler deep waters near the surface (Leipper
and Volgenau, 1972; Price, 1981; Emanuel, 1999; Walker et al.,
2005). These effects of SST cooling beneath storms provide a neg-
ative feedback that tends to reduce the heat (enthalpy) flux from
ocean to atmosphere and eventually limit storm intensity
(Schade and Emanuel, 1999; Bender et al., 2007; Lloyd and
Vecchi, 2011; Scoccimarro et al., 2011). The stratification, along
with vertical structure and heat content of the upper ocean, exert
a strong influence on deepening and cooling of the mixed layer
(which can reach 100–150 m in strong storms) and thus on the
strength of this negative feedback (Price, 2009; Jaimes and Shay,
2015). Other parameters of the upper ocean, such as low salinity
barrier layers, formed usually near large river discharges, may alter
upper ocean stratification to the point that it reduces mixed layer
deepening and cooling rates (Grodsky et al., 2012; Androulidakis
et al., 2016).

Furthermore, Tropical Cyclones (TCs) play an important role on
the evolution and structure of almost all major circulation patterns
c Hurricane Eastern (AHE), Gulf Stream (GS), Equatorial (EQ), and Atlantic Hurricane
indicated with a dashed line. Black stars indicate the positions of NDBC buoys (stars
Southeast U.S. Continental Shelf; #44013 over the Mid-Atlantic Bight. White circles
rricane core). The Orinoco and Amazon River discharge locations are indicated with
imulations. (For interpretation of the references to colour in this figure legend, the
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of the North Atlantic hurricane region. Hurricane Wilma’s entrance
into the Gulf of Mexico increased the volume and the heat trans-
port through the Yucatan Channel, warming the upper ocean
around the Loop Current, which then influenced the storm’s fate
(Oey et al., 2006). Such oceanic variability and interaction with
the atmosphere may also have important impacts on hurricane
evolution. Warm core eddies can intensify the hurricane activity
(e.g. Loop Current Eddy with Hurricane Opal in 1995; Bosart
et al., 2000), while cold core eddies may weaken TCs (e.g. cyclonic
eddies around the Loop Current interacting with Hurricane Ivan in
2004; Walker et al., 2005). The interactions between oceanic
eddies and hurricanes are not limited to the changes in heat con-
tent, but also include dynamical interactions with relative vorticity
patterns associated with the eddy field (Jaimes and Shay, 2015). A
statistical view is provided by Bright et al. (2002), who examined
all TCs that crossed the Gulf Stream during 1944–2000. They found
that intense storms (above category 3) and those occurring early in
the Atlantic hurricane season (before August) are more likely to
intensify after interacting with this warm oceanic current. How-
ever, examples of late season intensification also exist. A specific
study is given by Nguyen and Molinari (2012) for Hurricane Irene
(1999), which intensified during passage along the northwestern
edge of the warm Gulf Stream, with wind speeds significantly
increasing from 33.4 to 48.9 m/s and the storm’s translation speed
accelerating from 10 to 18 m/s within 18 h. Another late season
major hurricane that significantly intensified over the Gulf Stream
is Hurricane Sandy (2012), a historically unique case of strong
intensification at mid-latitude, partially attributed to the storm’s
track relative to the Gulf Stream (Galarneau et al., 2013). However,
no previous studies have examined if a major western boundary
current experienced variability directly linked to a hurricane pas-
sage. In this study we will explore such a unique interaction, focus-
ing on the study case of Hurricane Bill (2009; HB) and the Gulf
Stream. The process study objective is to examine if and how the
hurricane passage influenced the Gulf Stream evolution.

Our NR model development extends previous numerical model-
ing studies, with different resolution scales and model types, car-
ried out for the North and equatorial Atlantic basin over the past
several decades. A simulation of the general circulation of the
North Atlantic Ocean was first carried out using a thermodynamic
primitive equation model in order to investigate the role of eddies
in circulation and their interactions with thermodynamic pro-
cesses (Bryan and Holland, 1989). The Hybrid Coordinate Ocean
Model (HYCOM) was implemented for the first time over the study
region in a horizontal resolution of 0.9� by Chassignet et al. (2003)
in order to evaluate the use of the hybrid vertical coordinate sys-
tem in ocean modeling. A North Atlantic 1/12� HYCOM simulation,
which used 26 vertical layers and assimilation of satellite mea-
sured Sea Surface Height (SSH, Chassignet et al., 2007), provided
boundary conditions to a Gulf of Mexico HYCOM simulation at
1/25� resolution in order to investigate the oceanographic pro-
cesses generated by Hurricane Ivan (Zamudio and Hogan, 2008).
Beckmann et al. (1994), based on simulations with different hori-
zontal resolutions over the North Atlantic domain, showed that
although coarse resolution can describe many features of the
large-scale circulation, the higher resolution may significantly
improve the variability of the simulated ocean fields. Moreover,
various higher resolution simulations were also developed over
sub-regions of the North Atlantic hurricane region (i.e. Caribbean
Sea, Gulf of Mexico, South Florida), in order to investigate with
more detail specific regional circulation and physical processes
(Jouanno et al., 2008; Le Hénaff et al., 2012; Le Hénaff and
Kourafalou, 2016; Kourafalou and Androulidakis, 2013;
Kourafalou and Kang, 2012). In this study, we employ the HYCOM
code and have chosen a regionally high resolution (1/25�, ie. 0.04�)
for the NR model North Atlantic Ocean domain (abbreviated as
‘‘ATL”). Therefore, we will also refer to the NR model as ATL-
HYCOM 0.04� to distinguish from any previous applications of
HYCOM over the Atlantic Ocean.

Following this introductory part, Section 2 describes the work
methods and tools, comprising of in situ observations, satellite
data, hurricane meteorological data and model characteristics
and set-up. The ATL-HYCOM 0.04� simulation results and evalua-
tion of the North Atlantic hurricane region NR model is presented
in Section 3. Section 4 discusses a model application related to a
process study of hurricane and ocean interaction over the Gulf
Stream. Section 5 provides a summary of concluding remarks.
2. Model and data description

2.1. The North Atlantic Hurricane Region HYCOM model set up

The Hybrid Coordinate Ocean Model (HYCOM; https://hycom.
org/) code was initially developed to produce a real-time global
and basin-scale ocean hindcast, nowcast, and prediction system
in the context of the Global Ocean Data Assimilation Experiment
(GODAE), an international collaboration for ocean forecasting
activities (Chassignet et al., 2007). The HYCOM unique hybrid ver-
tical discretization (Bleck, 2002) is an important feature in regions
with combination of waters that are either deep (isopycnal coordi-
nates), coastal and shelf (sigma coordinates), very shallow or
within the mixed near-surface (cartesian coordinates). Detailed
information about the HYCOM model can be found in the HYCOM
manual (Bleck et al., 2002) as well as in numerous studies, where
several aspects of the model were described, evaluated and cali-
brated during the last decade (Halliwell, 2004; Kara et al., 2005;
Winther and Evensen, 2006; Chassignet et al., 2007).

There are several implementations of HYCOM over the North
Atlantic Ocean (i.e. Chassignet et al., 2003; Halliwell, 2004;
Simon and Bertino, 2009; Mehra and Rivin, 2010). In this study, a
simulation for the North Atlantic hurricane region (defined as:
98.0�W to 20.0�W and 5.0�S to 45.0�N; Fig. 1) has been performed
with a HYCOM configuration of about 3–4 km horizontal resolution
(ATL-HYCOM 0.04�), which is twice the previously available high-
est resolution applications; vertical resolution is 35 hybrid layers.
For the initial and boundary conditions, the model uses the global
HYCOM analysis (GLB-HYCOM), which has a 0.08� horizontal reso-
lution and 32 vertical hybrid layers (https://hycom.org/global). The
simulation period is September 2008 to 31 December 2015. This
start time was chosen because an upgrade to the global HYCOM
analysis was implemented at that time, which significantly
reduced errors and biases in the analysis product.

We commenced the study of model results on 1 January 2009,
to allow a few months for the free run to evolve from the initializa-
tion provided by the data assimilative global HYCOM analysis.
Energetics analysis (not shown) verified that this was an adequate
spin up period. Atmospheric forcing consists of the 3-hourly fields
of precipitation, winds and surface heat flux from two operational
U.S. Navy products: Navy Operational Global Atmospheric Predic-
tion System (NOGAPS, available for the simulation until December
31, 2012) and NAVGEM (Navy Global Environmental Model (NAV-
GEM, used from January 1, 2013 to the end of the simulation).
These products were obtained from the Naval Research Lab (NRL;
http://www.nrl.navy.mil/) on 0.5� grids. We note here that, despite
the spatial resolution of 0.5� of the atmospheric models that is
quite low for a precise geographical representation of hurricanes
(in particular close to their center), these models provide a
smoothed representation of the storm structure, which is suitable
for the overall hurricane evolution studied here. The climatological
monthly discharges of 172 rivers are included with an implemen-
tation of the estuary-like area source for the Amazon River, to sim-

https://hycom.org/
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ulate the evolution of this major freshwater source more accu-
rately, based on the river plume parameterization in Schiller and
Kourafalou (2010). The vertical mixing scheme is the KPP (K-
Profile Parameterization, described in detail in Large et al., 1994)
vertical mixing scheme with double diffusion, nonlocal boundary
layer mixing and critical bulk Ri of 0.45.

The model domain contains the North Atlantic hurricane region
within an area situated far from open boundaries. Fig. 1 presents
the bathymetry of the model domain. The boxes illustrate four
sub-regions with substantially different dynamical variability,
where simulation statistics will be separately analyzed: the Gulf
Stream extension region (GS), the Western and Eastern parts of
the North Atlantic Hurricane region (AHW and AHE), and the Equa-
torial region (EQ). An additional sub-region over the Atlantic Hur-
ricane Northwestern (AHNW) area, where Hurricane Bill (August
2009; see Section 4) propagated over the Gulf Stream path, is also
indicated. The AHNW and GS regions are north of 30�N, which
marks the extratropical transition of TCs, as they enter mid-
latitudes.

2.2. In situ observations

2.2.1. Argo data
Argo is a global array of more than 3000 free-drifting profiling

floats that measure the temperature and salinity of the upper
2000 m of the ocean. All data collected by Argo floats are publically
available in near real-time via the Global Data Assembly Centers
(GDACs; http://www.argo.ucsd.edu). The floats measure vertical
temperature and salinity profiles at 10-day intervals. The number
of vertical measurements over the study domain during 2009–
2014 is approximately 48,000 T/S profiles (Table 1). In particular,
the largest number of measurements covered the AHW region
(20,861 profiles). The specific coverage for the other regions was
13,170 (AHE); 8735 (GS), and 5077 (EQ). The mean daily number
of profiles is 9.5, 6.0, 4.0 and 2.3 for AHW, AHE, GS and EQ, respec-
tively. The largest number of available vertical measurements
refers to year 2013, where the total profiles exceed 12,000
(Table 1). Only for the AHW region, the mean daily measurements
are higher than 18 for 2013. The EQ region shows the fewer daily
(2.3) and total (5077) Argo measurements in comparison with
the other sub-regions. When normalized by area, the AHW, AHE,
GS and EQ have a count of 14, 24, 13, 10 (10�4 km�2), respectively.
As the EQ maintains the lowest count, some discrepancies in the
comparison with model fields can be expected in this domain
(see Section 3.3.1).

2.2.2. NDBC Buoy measurements
In situ hourly temperature and salinity data were collected from

four NOAA buoy stations, operated by the National Data Buoy Cen-
ter (NDBC; http://www.ndbc.noaa.gov/, Fig. 1). The following sta-
tions are used (water depths provided): #44013 (64.5 m);
#41037 (30 m); #41009 (40.5 m); #42085 (8 m). Station #42085
is located in the center of the AHW, over the eastern part of the
Caribbean Sea. Station #41009 is located along the eastern Florida
Table 1
Summary and mean number of Argo profiles for all and each sub-region, and for all perio

Total number

AHW AHE GS EQ A

2009 1630 1561 1274 882 5
2010 2173 1551 1338 797 5
2011 2942 2126 1249 957 7
2012 3094 2151 1308 738 7
2013 6678 2569 1837 921 1
2014 4344 3212 1729 782 1
All 20861 13170 8735 5077 4
coast, over the initial pathway of the Gulf Stream in the Atlantic
Ocean. More to the North, Station #41037 is located near the
boundary between the AHW and GS sub-regions and Station
#44013 monitors the northwestern part of the GS sub-region.
The available data from the four NDBC buoys contain measure-
ments of Sea Surface Temperature (SST) and Sea Surface Salinity
(SSS), covering different periods from 2009 to 2014. These data
are used to evaluate respective temperature and salinity time ser-
ies, derived from the ATL-HYCOM 0.04� model simulation. All
available measurements and their characteristics (measured
parameters, periods and locations) are presented in Table 2.

2.2.3. The Global Drifter Program
The Global Drifter Program (GDP) maintains a global array of

�1250 satellite-tracked surface drifting buoys to provide an accu-
rate and globally dense set of in situ observations of mixed layer
currents, SST and Sea Level Pressure (SLP). The GDP data can be
used to support research on several applications, such as ocean cir-
culation, seasonal and inter-annual climate predictions, satellite
data calibration, as well as climate research and monitoring. The
drifter data used in this study are provided by the Atlantic Oceano-
graphic & Meteorological Laboratory (AOML; http://www.aoml.
noaa.gov/phod/dac/index.php) and cover all the sub-regions of
the North Atlantic hurricane region model domain (Fig. 1). Herein,
we use the near-surface currents (at 15 m depth) to evaluate the
model performance with respect to the near-surface circulation
simulations over the four Atlantic sub-regions presented in Fig. 1.
The near-surface currents are calculated from satellite-tracked
drogued drifter velocities on a 0.5� � 0.5� latitude-longitude grid
using the methodology presented by Lumpkin and Johnson (2013).

2.2.4. GDEM climatology
The Generalized Digital Environment Model (GDEM) has served

as the U.S. Navy’s global gridded ocean temperature and salinity
climatology for several decades. GDEM is a monthly 1/4� climatol-
ogy of temperature and salinity developed by the U.S. Naval
Oceanographic Office as a four-dimensional steady-state model
of interpolated ocean profiles. The profile dataset for GDEM4
(Carnes, 2010) was constructed by combining profiles from the
Navy’s MOODS (Master Oceanographic Observation Date Set) pro-
file archive (Bauer, 1982; Jugan and Beresford, 1991) with classi-
fied profiles removed, the WOD 2005 (World Ocean Database;
Boyer et al., 2006), and delayed-mode Apex profiles calculated
globally at 78 fixed depths down to 6600 m, using the piece-wise
cubic interpolating polynomial interpolator. Observational data
were gridded onto each depth surface over the entire domain
and were objectively analyzed to a standard 1/4� grid. Values of
temperature, salinity and their respective variances were calcu-
lated at all grid points. The most recent version is GDEM4; its
greatest improvement compared to the previous GDEM3 dataset
is in the increased size and the improved quality of the profile
dataset used. A special version with enhanced data, especially for
the Amazon plume region, was prepared for this study (herein
named GDEM42).
d and each year used in the study.

Mean daily number

ll AHW AHE GS EQ All

347 4.5 4.3 3.5 2.4 3.7
859 6.0 4.2 3.7 2.2 4.0
274 8.1 5.8 3.4 2.6 5.0
291 8.5 5.9 3.6 2.0 5.0
2005 18.3 7.0 5.0 2.5 8.2
0067 11.9 8.8 4.7 2.1 6.9
7843 9.5 6.0 4.0 2.3 5.5

http://www.argo.ucsd.edu
http://www.ndbc.noaa.gov/
http://www.aoml.noaa.gov/phod/dac/index.php
http://www.aoml.noaa.gov/phod/dac/index.php


Table 2
Location and period of NDBC stations (temperature and salinity data).

Station # Location Period

41009 28.522�N - 80.188�W 2008–2012
42085 17.86�N - 66.524�W 2013
44013 42.346�N - 70.651�W 2009–2012
41037 33.988�N - 77.363�W 2010–2014
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2.3. Satellite observations

2.3.1. GHRSST data
Daily SST fields from the Group for High Resolution SST

(GHRSST; https://www.ghrsst.org/) were collected in order to eval-
uate the ATL-HYCOM 0.04� model performance on near-surface
temperature patterns. In 2002, the GODAE international project
initiated the GHRSST Pilot Project to address an emerging need
for more accurate high resolution SST products (Donlon et al.,
2003). Satellite SST, derived from the GHRSST project, is a key
observation used by forecasting and prediction systems to better
represent the upper ocean circulation and thermal structure and
to constrain the exchange of energy between the ocean and atmo-
sphere. Several previous relevant studies have used GHRSST data,
either to forecast hurricane intensity (e.g. Gentemann et al.,
2006) or to investigate upper ocean response to hurricane activity
(e.g. Samson et al., 2009). The available satellite data are daily aver-
ages and cover the entire study period from January 2009 to
December 2014 on a daily basis. The spatial resolution of the SST
satellite data is 0.011� � 0.011�.

2.3.2. Aquarius data
Satellite SSS data are provided by NASA’s Jet Propulsion Labora-

tory (JPL), California Institute of Technology (Lagerloef et al., 2008,
2012; Lagerloef, 2012). The Aquarius mission was developed col-
laboratively between NASA and Argentina’s space agency. Aquarius
daily L3 SSS data (http://aquarius.nasa.gov/) are available since 25
August 2011, with daily coverage on a 1� � 1� grid. These data have
undergone extensive groundtruthing. The validation of Aquarius
data with in situmeasurements from Argo floats and moored buoys
has shown that Aquarius SSS agrees well with Argo in a monthly
average sense and even better with buoy data between 40�S and
40�N (Tang et al., 2014). Hernandez et al. (2014) compared SSS data
from the Aquarius project and from the Soil Moisture and Ocean
Salinity (SMOS) mission from the European Space Agency (ESA)
with in situ observations over the subtropical North Atlantic region.
They showed the effective gain of resolution and coverage pro-
vided by the satellite products over the interpolated in situ data.
Gordon and Giulivi (2014) showed that the Aquarius SSS fields
agree with the seasonal patterns and inter-annual evolution
derived from in situ ocean surface observations over the North
Atlantic Subtropical region from (Ships Of Opportunity Program,
SOOP; Delcroix et al., 2005; Reverdin et al., 2007). In addition,
satellite data from the Aquarius project were recently used in sev-
eral studies over the Atlantic region. Grodsky et al. (2012) used
Aquarius measurements to study the ocean response to Hurricane
Katia (HK), which crossed the Amazon plume in early fall of 2011;
Androulidakis et al. (2016) extended this study, using Aquarius
data for mapping the Amazon plume. Gierach et al. (2013) and
Grodsky et al. (2014) employed Aquarius and SMOS data in addi-
tional river plume studies. Based on the above, the Aquarius mis-
sion provides effective products to evaluate the ATL-HYCOM
0.04� model over the North Atlantic hurricane region with respect
to SSS.

2.3.3. AVISO data
We use the Maps of Absolute Dynamic Topography (MADT)

from AVISO, produced with support from CNES (Centre National
d’Etudes Spatiales; https://cnes.fr). These data include the Sea
Level Anomaly (SLA) estimated with altimeters in orbit, to which
is added the Mean Dynamic Topography (MDT) that represents
the time invariant part of the ocean topography, estimated by
satellite and in situ observations. We use the AVISO data updated
in 2014 (DUACS 2014), which uses the MDT CNES-CLS13 product.
The MADT products have a resolution of 1/4� and are generated
daily. We also use the surface geostrophic currents, derived from
MADT fields and also distributed by AVISO at the same resolution
and frequency. The MDT is an essential component for capturing
dynamical features whose time average has intense signature, like
the main oceanic currents.
3. Model results and evaluation of the North Atlantic Hurricane
Region Nature Run

The free-running simulation with the ATL-HYCOM 0.04� model,
described in the previous section, will be used as the Nature Run
(NR) component of the North Atlantic hurricane region OSSE sys-
tem. The evaluation of this simulation through comparison to
observational data is an important step toward constructing a reli-
able OSSE system, as the NR is the model that provides ‘‘synthetic”
observations for performing OSSEs. Although the actual OSSEs will
be the focus of other manuscripts, we mention this utility of the
simulation described herein, to stress the need for a comprehen-
sive NR evaluation. Given that this is a free-running simulation, a
statistical approach and the use of a variety of observational plat-
forms provide a suitable methodology.

We first present an example of a qualitative comparison of 6-
year mean fields (2009–2014) from the simulation and climatology
fields. Fig. 2 shows the 6-year model averages for: (a) SST (com-
pared to GDEM climatology); (b) SSS (compared to GDEM climatol-
ogy); and (c) SSH (compared to AVISO MDT). The NR successfully
captures the overall distribution of main features and fronts for
all fields. The zonal SST differences and main SSS features in the
NR, such as the high salinity pool in the subtropical gyre and the
Amazon River low salinity plume, are similar to observations.
The position of major currents (e.g. the Gulf Stream, including
the Loop Current extension in the Gulf of Mexico) are well repre-
sented in both model SST and SSH. The following sections present
quantitative comparisons of NR derived oceanic properties and
observations, both for near-surface and at depth.
3.1. Evaluation of Sea Surface Temperature and Sea Surface Salinity

We first examine the NR model performance with respect to
SST. The GHRSST data (see Section 2.3.1) provide high resolution
SST, which makes them well suited for comparison to the high res-
olution NR SST fields, especially for the purpose of evaluating the
NR with respect to future hurricane related studies. SST variability
is an important oceanic factor in hurricane dynamics, affecting
either the tracks of hurricanes or their intensity (Fisher, 1958).
Although SST is not the best predictor of hurricane intensity vari-
ability, in particular compared to ocean heat content, it is an ocean
parameter related to storm intensity (DeMaria and Kaplan, 1994).
On the other hand, hurricanes influence the upper ocean character-
istics and especially the SST with two major processes: vertical
mixing, due to the hurricane’s surface winds; and upwelling, due
to the cyclonic surface circulation caused by the cyclonic winds
within the storm. Price (1981) showed that the SST response is a
contributor to hurricane strength, while upwelling causes a signif-
icant enhancement of the SST reduction in the case of a slowly
moving hurricane. Therefore, the performance of the ATL-HYCOM
0.04� simulation with respect to the SST prediction is an important
aspect of the evaluation of the model, especially for the purpose of

https://www.ghrsst.org/
http://aquarius.nasa.gov/
https://cnes.fr


Fig. 2. Comparison of 6-year mean fields (2009–2014) calculated by the ATL-HYCOM 0.04� Nature Run model (left panels) and observations (right panels). (a): Sea Surface
Temperature, compared to GDEM42 climatology; (b): Sea Surface Salinity, compared to GDEM42 climatology; (c): Sea Surface Height, compared to AVISO MDT (1993–2012,
most up to date product). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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being a reliable NR for the North Atlantic hurricane region OSSE
system.

The available GHRSST satellite data cover the entire study period
from January 2009 to December 2014 on a daily basis. The model
evaluation is performed separately at each of the four sub-regions
(Fig. 1), as these exhibit different upper ocean dynamics. We com-
pare time series with both daily and monthly values in Fig. 3. The
seasonal mean has been removed from the monthly values. The
simulated SST seasonal variations agree with the observed seasonal
variations at all study sub-regions, with lower values over the GS



Fig. 3. Evolution of Sea Surface Temperature (�C) for the 2009–2014 study period, as derived from the NR simulation (solid lines) and GHRSST satellite data (dotted lines)
averaged over all four ATL-HYCOM 0.04� sub-regions (AHW: black; AHE: red; GS: blue; EQ: green), using (a) daily values (all regions); (b)–(e) monthly values without the
seasonal cycle (AHW, AHE, GS and EQ, respectively). See Fig. 1 for the definition of model sub-domains. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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region and higher values over the EQ region (Fig. 3a). The strongest
seasonal variation of SST is observed over the GS region, where the
winter values from both model and observations range around
16 �C for all study years, while the summer levels may exceed
24 �C. Strong seasonality is observed in all sub-regions compared
to the EQ region, where the SST levels range between 25.6–
27.8 �C (2.2 �C amplitude) for NR and 26.1–28.9 �C (2.7 �C ampli-
tude) for the GHRSST data. Moreover, the removal of the seasonal
cycle from all regional time series (Fig. 3b–e) showcases the high
level of agreement between the predicted and measured monthly
anomalies. The time series without the seasonal cycle elucidate
the temperature variation due to conditions beyond the seasonal
characteristics, such as the passage of a hurricane or the appearance
of a strong meteorological cold front. The largest SST anomalies
(�0.8 �C), observed at all sub-regions, are usually related to
atmospheric processes and broader general circulation synoptic
variability, as themodulations of the Gulf Stream that affect its cov-
erage (and, therefore, SST) in the GS region. These anomalies are
well simulated by the NR model, suggesting a good performance
with respect to hurricane forecasting. It is noted that the SST differ-
ences between the regions are strongly related to the seasonal
effect with stronger seasonality at high latitudes compared to the
equator. Although the variation without the seasonal cycle reveals
similar range between all regions (�0.8 �C to 0.8 �C), several differ-
ences are also observed, due to variations in the oceanic patterns
and the ocean response to atmospheric events for each region.

We employed the Willmot Skill Score Ws (Willmott, 1981) in
order to quantitatively evaluate the NR model performance during
the entire study period (Table 3). The calculation ofWs employs the
Mean Square Error (MSE):
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MSE ¼ ðhmi � hoiÞ2 þ ðSm � SoÞ2 þ 2SmSoð1� rcÞ

Ws ¼ 1� MSE

hðjm� hoij þ jo� hoijÞ2i
where m and o are time series of the modeled and observed vari-
ables respectively, and hi denotes temporal mean; Sm and So are
the respective standard deviations. In addition, we also computed
the Pearson coefficient rc (Pearson, 1903) and the Root MSE (RMSE)
between the simulated and observed time series of daily values for
each region and year (Table 3). The majority of annual and regional
RMSEs, derived from the NR-GHRSST comparison, are lower than
0.5 �C, while Ws is greater than 0.9 (Ws close to 1 indicates very
good performance). The weakest performance is observed over
the EQ region, where RMSE is generally higher than 0.5 �C but lower
than 1 �C for all years. However, we note that the comparison of
anomalies over the EQ region shows good agreement between the
observed and simulated values (Fig. 3e), where the observed large
monthly anomaly values (e.g. spring of 2010) were well represented
by the NR simulation. The correlation coefficient between the
observed and simulated values without the seasonal cycle over
the EQ region is 0.80. The respective coefficients of the entire time
series presented in Fig. 3b–d are 0.73, 0.77 and 0.83 for AHW, AHE
and GS regions, respectively. Although the included seasonal cycle
improves the correlation, the coefficients without the seasonal
cycles are also quite high, indicating the satisfactory performance
of the NR simulation with respect to events that do not follow the
seasonal changes. The best NR performance with respect to the rep-
resentation of SST, a parameter that is an important contributor to
hurricane strength (Price, 1981), is observed over the two Atlantic
hurricane regions (AHW and AHE), where the total RMSEs range
around 0.5 �C for both sub-domains. This finding is very important
for qualifying the ATL-HYCOM 0.04� as a suitable NR model in the
context of the North Atlantic OSSE system, since the vast majority
of the Atlantic hurricanes form, propagate and attenuate over these
two Atlantic hurricane regions.

We now employ buoy data at specific stations from NDBC (Sec-
tion 2.2.2) to evaluate time series of SST and SSS. A large number of
SST (3359) and SSS (2639) NDBC observations are compared with
respective values computed by the NR simulation (Fig. 4). The
SST comparison reveals significantly good performance of the NR
simulation with high coefficient of determination between the
observed and simulated values (R2 = 0.93). R2 is a statistical mea-
sure (Steel and Torrie, 1960) that provides some information about
the goodness of a model fit and how well the regression line
approximates the real data points (R2 = 1 indicates perfect agree-
ment between the two time series). Scatter points are located
along the identity line (x = y) for both low (�10 �C) and high
(�30 �C) SST levels (Fig. 4a). The difference between the averaged
in situ (22.39 �C) and simulated (22.14 �C) SST values is very small
(0.25 �C). Two groups of SSS values are distinguished (Fig. 4b): a)
low values with mean at 30.98, measured at station #44013, which
Table 3
Annual and total Pearson Correlation coefficient (rC) annual RMSE, and Willmott Skill Score
(GHRSST) and NR simulations during the 2009–2014 period.

AHW AHE

rc RMSE Ws rc RMSE Ws

2009 0.99 0.58 0.98 0.99 0.72 0.96
2010 0.99 0.33 0.99 0.99 0.52 0.96
2011 0.99 0.31 0.99 0.99 0.56 0.97
2012 0.99 0.36 0.99 0.99 0.44 0.99
2013 0.99 0.45 0.99 0.99 0.33 0.99
2014 0.99 0.62 0.96 0.99 0.29 0.99
Total 0.99 0.50 0.99 0.99 0.50 0.98
is in the vicinity of low salinity intrusion of waters from high lati-
tudes (see Fig. 2b) and b) higher values derived from stations
#41009 (mean: 34.53), #42085 (mean: 35.22) and #41037 (mean:
35.84); see buoy locations in Fig. 1. Although the model-
observation correlation with respect to the SSS is weaker than for
SST, both low and high salinity values reveal high coefficient of
determination (R2 = 0.87) and the salinity means are very close
between the simulated (�34.62) and observed (�34.31) values.
The same analysis is shown in Fig. 4 for the period August–Septem-
ber, which is the peak of the hurricane season and also represents
the study period. The agreement actually improves substantially
for SSS (R2 = 0.91) and remains high for SST (R2 = 0.93), giving con-
fidence that the model skill is appropriate for this study. The differ-
ence between the respective means is smaller during this 2-month
period (<0.25 units).

The NR simulation adequately computed both low and high val-
ues of SST and SSS, revealing annual Pearson coefficients (rc) that in
some cases exceeded 0.90 (Table 4). In addition, the most southern
available buoy (Buoy #42085) reveals very high Willmott score for
SSS (Ws = 0.93). The mean Ws for SSS, as derived from all available
buoys and years (Table 4), is equal to 0.62. The respectiveWs values
are significantly high for all SST comparisons; almost all SST Ws

scores are higher than 0.94 (mean Ws = 0.95). Although the salinity
Ws values are lower than the respective scores derived from SST
time series, the salinity RMSEs are generally lower than 1. There-
fore, the model performance with respect to the salinity computa-
tion is very satisfactory, based on the definition by Lewis and Allen
(2009) that requires the differences between the in situ and model
values at the surface to be below 2 units. We also note data limita-
tions due to possible biofouling problems on the salinity sensors of
the buoys (Archer et al., 2003).

The longest period of both SSS and SST continuous measure-
ments is at station #41037 (2010–2014; Table 2). The mean
monthly simulated and measured values derived from all years
with #41037 data are presented in Fig. 5. The seasonal SST varia-
tion is similar between NR and in situ data (Fig. 5a), revealing
higher values in August (28 �C) and lower ones in February
(14 �C). Although the simulated variation slightly underestimates
salinity (RMSE = 0.45–0.54; Table 4), both time series reveal a sim-
ilar cycle, lagged with respect to SST, with largest and lowest val-
ues in January and May, respectively (Fig. 5b). The lower SSS levels
occur late spring to early summer, following the river discharge
seasonality along the East U.S. coast, which reveals high outflow
levels following the spring snow melting (Kourafalou et al.,
1996). The SST monthly variation follows the typical summer sur-
face evolution at mid-latitudes with high values in mid-summer
and late-summer (July–August) in agreement with satellite obser-
vations (Fig. 3a).

The NR simulated SSS variability is further compared to data
from the Aquarius satellite mission (see Section 2.3.2) during the
common period 2011–2014 (Fig. 6). The satellite data were aver-
aged over the four Atlantic sub-regions and their mean monthly
(Ws) of the Sea Surface Temperature (SST) as derived from daily satellite observations

GS EQ

rc RMSE Ws rc RMSE Ws

0.99 0.55 0.99 0.49 0.94 0.50
0.99 0.42 0.99 0.89 1.04 0.56
0.99 0.32 0.99 0.86 0.92 0.51
0.99 0.43 0.99 0.87 1.02 0.54
0.99 0.76 0.99 0.96 0.91 0.55
0.99 0.63 0.99 0.80 1.05 0.48
0.99 0.52 0.99 0.85 0.98 0.56



Fig. 4. Scatter diagram between all available (left) Sea Surface Temperature (SST) and (right) Sea Surface Salinity (SSS) measurements from the 4 NDBC stations and the
respective simulated results from the NR experiment (specific station numbers are indicated for the two SSS groups). (a) and (b): all seasons included; (c) and (d): August–
September only. The equation of the linear fit, the average annual values, the number of data points used, the residual mean square and the coefficient of determination for
both parameter comparisons are also presented.
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SSS evolution during the entire study period is presented in Fig. 6a.
The simulated NR salinity variation ranges over similar salinity
levels as the respective Aquarius monthly means. Both model
and observations show the highest values over the AHE area
(>36.5), while the lowest values occurred over the EQ region during
summer (�35). Almost all regions show weak seasonal variations,
with almost stable monthly values during the entire annual cycle.
Only the EQ region reveals significant differences between the
summer and the winter values, when the lowest SSS during July
and August are thought to be related to the summer rainy period
over the tropics and the strong Amazon-Orinoco discharges in
summer months (Lentz, 1995), which may decrease the overall
salinity levels. Fig. 6b presents the high seasonal variation, aver-
aged over the EQ region during the 2011–2014 period; the good
performance of the NR over the EQ region with respect to the
SSS is also confirmed by the high Pearson correlation coefficient
(0.72; Fig. 6) and Ws score (0.69; Fig. 6) in agreement with the high
scores computed for the most southern Buoy #42085 (Table 4; Sec-
tion 3.2), which is the closest to the EQ area. Despite the weakest
model scores over the GS sub-region, the model performance is
quite satisfactory, as all surface salinity RMSEs are relatively low
(6 0:4).

3.2. Evaluation of near-surface currents

In order to investigate the NR performance with respect to the
near-surface circulation, we examine the climatology of near-
surface currents for the N. Atlantic region, at monthly frequency
and one-half degree resolution, derived from satellite-tracked sur-
face drifting buoy observations (see Section 2.2.3). This analysis
uses quality controlled data from the GDP (Lumpkin and Johnson,
2013), extended to the period 1979–2014 for this study. The drifter



Table 4
Annual Pearson Correlation coefficient (rc), annual RMSE, and Willmott skill score (Ws) between the NR experiment and Sea Surface Temperature (SST) and Salinity (SSS)
measurements from 4 NDBC stations during the 2009–2014 simulation period. N/A denotes missing in situ data.

#41009 #41037 #42085 #44013

SST SSS SST SSS SST SSS SST SSS

2009 rc 0.92 0.68 N/A N/A N/A N/A 0.95 0.92
RSME 1.68 1.25 N/A N/A N/A N/A 1.49 0.95
Ws 0.94 0.37 N/A N/A N/A N/A 0.95 0.63

2010 rc 0.94 0.36 0.95 0.59 N/A N/A 0.93 0.45
RSME 1.34 1.91 0.87 0.54 N/A N/A 1.47 0.89
Ws 0.96 0.11 0.97 0.50 N/A N/A 0.96 0.77

2011 rc 0.94 N/A 0.98 0.25 N/A N/A 0.97 0.54
RSME 1.41 N/A 1.57 0.48 N/A N/A 1.18 1.20
Ws 0.95 N/A 0.99 0.54 N/A N/A 0.98 0.73

2012 rc 0.85 N/A 0.96 0.42 N/A N/A 0.95 0.95
RSME 1.21 N/A 1.24 0.53 N/A N/A 1.84 0.63
Ws 0.90 N/A 0.98 0.60 N/A N/A 0.94 0.73

2013 rc N/A N/A 0.91 0.64 0.98 0.90 N/A N/A
RSME N/A N/A 2.15 0.45 0.84 0.33 N/A N/A
Ws N/A N/A 0.94 0.73 0.87 0.93 N/A N/A

2014 rc N/A N/A 0.96 0.53 N/A N/A N/A N/A
RSME N/A N/A 1.41 0.45 N/A N/A N/A N/A
Ws N/A N/A 0.96 0.63 N/A N/A N/A N/A

Fig. 5. Mean monthly variation of (a) Sea Surface Temperature (SST, �C) and (b) Sea Surface Salinity (SSS), derived from simulated (NR) and measured (Station #41037) time
series for the period 2010–2014.

Fig. 6. Sea Surface Salinity (SSS) temporal variation of (a) monthly mean values, averaged over the four ATL-HYCOM 0.04� sub-regions, and (b) daily values, averaged over the
EQ area, as derived from 4 years (2011–2014) of daily Aquarius observations (dashed line) and NR simulation (solid line) data. The Pearson Correlation coefficient (rC), the
RMSE, and the Willmott skill score (Ws) between the NR simulation and the SSS daily Aquarius observations are also presented.
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data over the 2009–2014 period did not contain enough observa-
tions for full coverage of the model domain. Therefore, we
employed the historical drifter data to compile a climatology that
is suitable for NR evaluation. Respective averaged current fields
were derived from the 6-year NR simulation and also from
AVISO-derived currents (see Section 2.3.3), which do provide full
coverage for the same 6-year period.

The major N. Atlantic surface circulation patterns are well sim-
ulated by the model (Fig. 7). The North Brazil Current (NBC), south
and north of the Amazon Delta, reveals similar mean annual veloc-
ity levels between the NR simulation and the GDP long-term data.
The NBC transfers significant amounts of water, including freshwa-
ter from the Amazon and Orinoco Rivers, northwestward along the
coast of northern Brazil, French Guiana, and Suriname. The maxi-
mum NBC current velocities, annually averaged, range around
1.1 m/s and 0.9 m/s for the GDP (Fig. 7a) and NR (Fig. 7b), respec-
tively, in agreement with Arnault et al. (1999) and Bourles et al.
(1999), who showed that generally the current flows between 0.6
and 1 m/s but may also reveal peak speeds of 1.1 m/s. The connec-
tion of the NBC with the eastward North Equatorial Countercurrent
(NEC) (Condie, 1991) is also captured by both GDP measurements
and NR simulations around 10�N latitude and 50�W longitude; the
Fig. 7. Mean annual distribution of near-surface currents (m/s) as derived from (a) GDP m
at 15 m). The Pacific Ocean distribution is excluded from the NR simulations. Velocities
North Equatorial Countercurrent (NEC), North Brazilian Current (NBC), Caribbean Curren
mean annual eastward velocity levels over this retroflection region
are similar between simulation and observations (�0.22 m/s). The
remainder of both observed and simulated NBC continues north-
westward to join the Guiana Current. The strong Caribbean Current
(CC), formed around 15�N, carries warm surface waters westward
and inside the Caribbean Sea. Fratantoni (2001) showed that the
highest surface velocities may reach 0.7 m/s; the NR simulated
annual velocities range around 0.75 m/s (Fig. 7b), while the respec-
tive GDP values are a bit stronger and equal to 0.80 m/s (Fig. 7a). It
should be noted that the GDP averaging method is based on the
methodology by Lumpkin (2003). Fratantoni (2001) did simple
bin averaging, which may underestimate peak speeds (as in the
Gulf Stream) for two reasons: first, because slower drifters stay
in a bin longer and contribute more velocity observations, biasing
the value low; and second, because the core will be more heavily
smoothed across the bin. Further downstream, the Loop Current
and the Florida Current, both parts of the Gulf Stream system,
are apparent in both NR and GDP circulation fields. The former
enters the Gulf of Mexico with maximum velocity levels around
0.8 m/s and the latter exits along the Florida Strait and toward
the North Atlantic Ocean with velocity levels that may reach
1.2 m/s, as described by both drifter measurements and the NR
easurements and (b) NR simulation over the entire model domain (both calculated
lower than 0.1 m/s are not plotted for clarity. Red letters indicate major currents:
t (CC), Florida Current (FC), Loop Current (LC), and main Gulf Stream (GS).
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simulation and in agreement with Leaman et al. (1987). The Gulf
Stream along the eastern U.S. coastline reveals strong surface mean
annual velocities that may reach 1.5 m/s. The averaged Gulf Stream
position as it leaves the coast, off Cape Hatteras, North Carolina, is
the same in both observed and simulated fields (�35�N), in agree-
ment with Halkin and Rossby (1985). An eastward jet, stronger
than the Florida Current, is observed around 70�W between 35�N
and 40�N and it gradually attenuates as it travels offshore toward
the central Atlantic, in both drifter and NR fields.

As mentioned above, the long term drifter climatology was
used, due to the limitations of drifter data coverage during 2009–
2014. This limitation did not allow derivation of a comprehensive
surface circulation field in some sub-regions of the study domain,
as is available from the model simulation. We employed the AVISO
derived currents (2009–2014) for further evaluation and analyses
(Fig. 8). Both comparisons, with current speed at 15 m from GDP
(Fig. 8a) and surface geostrophic current speed from AVISO-
derived current fields (Fig. 8b), show good agreement, with strong
mean velocities (�1.0 m/s) along the Gulf Stream and along the
northwestward NBC. The Loop Current intrusion into the Gulf of
Mexico is evident in the model and data fields.

The monthly mean Kinetic Energy (KE) from the AVISO-derived
surface currents is computed and averaged over the four sub-
regions (Fig. 9). The highest KE, with strong seasonal variation, is
observed over the EQ area (Fig. 9a) during the summer months.
Fig. 8. Mean annual distribution of near-surface currents (m/s) as derived from: (a) NR s
NR simulation (2009–2014, left) and AVISO observations at the surface (2009–2014, righ
surface (AVISO). The Pacific Ocean distribution is excluded from the NR simulation.
The variations from both model and observations show similar
results with strongest currents over the equatorial region. The low-
est levels from both model and data occurred over the AHE region,
where seasonal variation is absent. The overall coefficient of deter-
mination is very high (R2 = 0.96), as well as the Pearson correlation
of the NR-AVISO monthly values (rc = 0.98), see Fig. 9b. The total
linear fit between the simulated and observed monthly values is
almost perfect, close to the y = x equation (linear fit: Y = 0.87X
+ 0.01). The averaged simulated and observed values of all sub-
regions are almost identical, at 0.057 m2/s2 and 0.060 m2/s2,
respectively. For each separate region, the averaged simulated
(first) and observed (second) values are: AHW (0.045, 0.049);
AHE (0.014, 0.021); GS (0.063, 0,067); EQ (0.105, 0.102), indicating
a satisfactory performance of the model with respect to surface cir-
culation at each sub-region.
3.3. Evaluation of upper ocean structure

The model performance over the upper ocean (100 m) is highly
important for the investigation of the hurricane-ocean interactions,
since it is a typical depth of vertical mixing by most hurricanes
(Price, 2009). Nonlocal processes such as upwelling over the upper
ocean and the stratification structure affect the characteristics of
hurricanes over the open ocean (Price, 1981). Herein, we use the
imulation (2009–2014, left) and GDP measurements at 15 m (1979–2014, right); (b)
t). The NR currents are extracted to match observational depths at 15 m (GDP) and



Fig. 9. (a) Monthly evolution and (b) scatter diagram of climatological Kinetic Energy (KE; m2 s2), averaged over the 4 sub-regions as derived from the surface current
velocities of NR and the respective AVISO derived values. The overall linear equation, the average annual values, the Pearson correlation (rc), and the coefficient of
determination between model and observations are also presented. See Fig. 1 for the definition of model sub-domains. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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upper ocean available measurements from the Argo system over
the N. Atlantic Ocean.

3.3.1. Temperature and salinity differences in the upper ocean
The differences between SST and temperature at 100 m (dT(0–

100 m)) and between SSS and salinity at 100 m (dS(0–100 m))
are derived from all available Argo floats (Section 2.2.1) over the
study domain and are compared with the respective differences
derived from the model temperature and salinity data. dT(0–
100 m) and dS(0–100 m) are averaged over each sub-region and
the monthly evolutions are presented in Fig. 10a and b, respec-
tively. The agreement between the temperature differences over
the AHW region is significantly high, with Pearson correlation coef-
ficient and Willmott skill score very close to 1. The seasonal varia-
tion of the difference between both depth levels is very large and
varies from periods with extensive vertical mixing (winter: dT(0–
100 m) = 0.5 �C) to periods with intense stratification (summer:
Fig. 10. Monthly evolution of the difference between (a) Sea Surface Temperature (SST)
100 m)), as derived from NR simulation and Argo data over the four N. Atlantic sub-reg
RMSE, andWillmott Skill score (Ws) are also presented for each region. See Fig. 1 for the de
figure legend, the reader is referred to the web version of this article.)
dT(0–100 m) = 6 �C). In addition, the RMSE is 0.34 �C, indicating
the good performance of the model over the upper 100 m of the
water column, which is a typical layer depth of vertical mixing
by hurricanes. It is noted that the regions with large number of
available Argo measurements during the 6-year study period show
the higher correlation with the respective model derived variables.
The AHW, AHE and GS regions reveal high scores and are the areas
with higher number of Argo floats, compared to the EQ region (see
Section 2.2.1; Table 1). The best correlation is observed for the
AHW and GS regions, where Ws is almost 1 and the RMSE is very
low (�0.30 �C). The lowest correlation is computed over the EQ
region, possibly due to the small number of available measure-
ments during the study period (only 2.3 floats per day in this
region, corresponding to an area normalized count of 10�3 km�2;
Table 1 and Section 2.2.1). Despite a slight underestimation of
the temperature gradient by the NR, the model performance is still
satisfactory, as both measurements and simulation data reveal the
and Temperature at 100 m (dT(0–100 m)) and (b) SSS and salinity at 100 m (dS(0–
ions for the 2009–2014 period. The respective Pearson Correlation coefficient (rC),
finition of model sub-domains. (For interpretation of the references to colour in this
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highest levels of dT(0–100 m) at the EQ region, due to the stronger
equatorial upper ocean stratification; both time series have values
above 4 �C and smaller variation range in comparison with the
other three sub-regions (Fig. 10a).

Salinity comparisons also show high scores over the AHW and
GS regions, with Ws around 0.72 and 0.83, and RMSE around 0.12
and 0.08, respectively (Fig. 10b). Although the RMSE in the EQ
region is almost double than in the other regions, it remains in sat-
isfactory range and is equal to 0.23, which is a very low error for
salinity comparisons. The Willmott score is equal to 0.64, indicat-
ing that a satisfactory performance of the model with respect to
the salinity vertical structure also holds in the EQ region. This cor-
roborates the good agreement of SSS model values to the Aquarius
data (Fig. 6a) and GDEM climatology (Fig. 2b). In all regions, the
simulated dS(0–100 m) follows the seasonal variation of the
in situ dS(0–100 m), with large negative numbers during summer
(<�0.4) and values around zero during winter months. The AHE
region shows low and positive differences (not exceeding 0.4)
between the SSS and salinity at 100 m (Fig. 10b) due to the highest
surface salinities that characterize the subtropical gyre in this
region (Fig. 2b).
3.3.2. Upper ocean stratification
The stratification frequency (Brunt-Väisälä frequency; N) of the

upper ocean is also computed in order to investigate the vertical
mixing ability of the water masses located between 0 and 100 m:

N2 ¼ ð�g=qoÞðq1 � q2Þ
Dz

where g is the gravitational acceleration (9.806 m/s2), qo is the ini-
tial ambient mean density (1022.4 kg/m3), q1 and q2 are the upper
and lower layer mean density respectively, and Dz is the thickness
of each layer in order to calculate the mean stratification frequency
of the upper 100 m.

Fig. 11 presents the mean monthly evolution of stratification
frequency (N) over the upper 100 m, averaged over all regions from
the NR simulation and Argo observations for the 2009–2014 study
period. Strong seasonal variation is observed for the AHW region;
Fig. 11. Evolution of climatological (2009–2014) mean monthly stratification frequency
simulation (solid line) and Argo observations (dashed line). See Fig. 1 for the definition
weak stratification (low N) is observed during winter months in
both simulated and measured data (<0.004 s�1), while the highest
N values (strong stratification) were calculated during the end of
summer and beginning of fall (�0.006 s�1). Both simulated and
observed mean monthly values gradually increase from April to
August due to the formation of summer stratification. The stron-
gest seasonal variations are noted for the GS region, where the sig-
nificantly cold winter conditions induce intensive mixing of the
upper ocean and decrease the N frequency to very low levels
(�0.002 s�1). Both simulation and observations support the large
range of stratification frequencies over this region, with signifi-
cantly higher levels during the summer months. Weaker seasonal
variation of stratification conditions occur over the mid-ocean
AHE region, where simulated and observed frequency values do
not show any strong seasonal variability during the entire 2009–
2014 period. Although the NR simulation underestimates the strat-
ification of the upper ocean, revealing lower N frequencies
throughout the annual cycle, both simulated and measured sea-
sonal range is smaller than in the AHW and GS cases. The N values
derived from the Argo floats in the EQ region show a non-seasonal,
irregular variation, possibly due to the low number of available
Argo measurements (Table 1). The NR results show a clear seasonal
variation, revealing strongest stratification conditions in July due
to the warm and rainy summer conditions over the equatorial
region. The inter-annual comparisons between the Argo and NR
time series (not shown) also revealed better model performance
for the AHW and GS regions, with higher N values during all sum-
mers and lower levels during all winters, when vertical mixing is
stronger.
4. Nature Run application: hurricane and ocean interaction over
the Gulf Stream extension

In addition to serving as the Nature Run (NR) within the OSSE
framework, the data evaluated free-running ATL-HYCOM 0.04�
simulation is valuable for several applications, especially the
understanding of processes that are often limited by observational
gaps. We present such an application of the simulation that was
(N) averaged over the upper 100 m, and the AHW, AHE, GS and EQ regions from NR
of model sub-domains.
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evaluated in the previous section, focusing on a hurricane related
process. We examine the interaction between a major hurricane
and a western boundary current, namely the Gulf Stream.

The Gulf Stream flows along the eastern U.S. coasts northward,
after its exit from the Gulf of Mexico through the Florida Straits,
carrying warmer Caribbean Sea waters toward the North Atlantic
Ocean. The northward pathway of the current turns eastward
around Cape Hatteras at �35�N (Figs. 2, 7, and 8), separating away
from the coast into deep waters (Halkin and Rossby, 1985); this is
the so-called ‘‘Gulf Stream extension” area. The eastward Gulf
Stream transport between 35�N and 40�N is approximately twice
as large as that observed in the Florida Straits (Knauss, 1969;
Johns et al., 1995). The Gulf Stream position as it leaves the coast
varies throughout the year (Auer, 1987; Kelly and Gille, 1990;
Frankignoul et al., 2001). At the end of summer and especially dur-
ing fall, the current transports the maximum amount of water
(Kelly and Gille, 1990). A hurricane event that reached the Gulf
Stream extension area during 2009 (Hurricane Bill, HB) is exam-
ined during the process oriented study. We focus on the upper
ocean response and the Gulf Stream evolution during the hurricane
passage, defined by the HB core passing over the main Gulf Stream
front. We employ the AHNW and extended AHNW sub-regions
(Fig. 1), where the main interaction between the Gulf Stream and
HB took place.

The HB track and intensity every 6 h during August 2014 was
obtained from the National Hurricane Center (http://www.nhc.
noaa.gov) ‘‘best track” archives. We focus on the location of the
hurricane ‘‘eye”, investigating its interaction with the Gulf Stream
over the northwestern area of the study domain in August 2009
(see Section 4.1). However, we note that the hurricane interaction
with the ocean waters covers a much broader area.

4.1. Hurricane Bill evolution and ocean interaction

The 2009 Atlantic season was marked by below-average TC
activity. However, HB affected the eastern U.S. and Canadian coasts
by producing high surf, rip currents, and beach erosion (Berg and
Avila, 2010). The coverage of the entire hurricane and Gulf Stream
evolution regions by the ATL-HYCOM 0.04� domain and the good
performance of the simulation, especially over the upper 100 m
(Section 3.1), consist a useful and efficient simulation platform
for the investigation of the upper ocean response to hurricane
activity.

Fig. 12 presents the HB location at characteristic dates of August
2009, over SST maps. These maps are from the free-running NR, the
data assimilative, real-time global HYCOM model and data (avail-
able as daily averages) from GHRSST (Section 2.3.1). The global
HYCOM output is included in this comparison, to represent realis-
tic ocean conditions from a robust operational forecast system. Its
output is daily available at 00:00 GMT and, therefore, we have also
chosen to present the respective 00:00 GMT archives from the NR
simulation in Fig. 12 for comparison. HB was formed over the AHE
region on 15 August, 2009 and was upgraded to Category 4
(<955 hPa) intensity around 20 August over the central AHW
region (Fig. 12a). HB slightly weakened (Category 3) before its
entry into the AHNW region on 22 August (Fig. 12b), where it tran-
sitioned to extratropical status. The HB interaction with warmer
waters began on 21 August and the storm passed over the AHNW
region on 22 and 23 August (Fig. 12c). It finally reached the eastern
Canadian coasts on 24 August, downgraded to a Category 2 hurri-
cane (>963 hPa) and completely dissipated on 27 August 2009. HB
reached the Gulf Stream extension over the AHNW region after
covering a distance of 4,700 km. The SST from the free-running
NR is in good agreement with both data assimilative model and
satellite observations. The hurricane track in relation to the cold
wake formation simulated by the model is also in agreement with
the track documented by the National Hurricane Center (Avila,
2010). The expected influence of the hurricane to the ocean waters
is the strong cold wake along the hurricane track (Fisher, 1958).
This effect can be seen in the free-running NR, in agreement with
GHRSST data and the global HYCOM re-analysis. This indicates that
the NR correctly captures the surface ocean response to the storm
influence. The cold wake refers to the intensive SST cooling due to
turbulent entrainment driven by shear at the mixed layer base and
the upwelling of cooler deep waters (D’Asaro et al., 2007). The dif-
ference between the cold wake’s SST and the surrounding waters
varied from �2 �C over the AHW region (Fig. 12a) to �7 �C over
the AHNW region (Fig. 12c), where the pre-existing and surround-
ing surface layers were largely affected by the warm Gulf Stream
extension.

The HB interaction with the warmer surface waters intensified
the storm, in agreement with a process described by Nguyen and
Molinari (2012) during Hurricane Ivan. These rapid intensification
events are particularly challenging to predict, and they are often
missed by operational forecasts (Elsberry et al., 2007). The high
oceanic heat content is one of the factors that have been often
associated with rapid intensification (Shay et al., 2000; Kaplan
et al., 2010). Here, we use the three-dimensional NR fields to inves-
tigate a feedback from the hurricane to the warm western bound-
ary current.

4.2. Upper ocean response to the hurricane passage

Fig. 13 presents time series of hurricane related parameters to
better describe both the HB evolution and the upper ocean
response. Wind speed within the hurricane (Fig. 13a) increased
and pressure decreased (Fig. 13b) until �mid-August (Avila,
2010). HB slightly weakened on 20 August around noon, but its
winds strengthened and its pressure dropped again on 21 August;
by midnight it had reached its lowest pressure of 943 mb. A clear
SST increase is observed (GHRSST) and simulated (NR) over the
AHNW region during the first 20 days of August (Fig. 13c). This is
due to an overall increase in the SST within the western part of
the North Atlantic subtropical gyre and to the extension of the Gulf
Stream front within the AHNW region. The cold wake of HB
reduced the SST in the AHNW region (Fig. 13c) and increased the
Mixed Layer Depth (MLD) from 10 m to 30 m on 23 August
(Fig. 13d), when the hurricane’s core was in the northern part of
the study sub-region (Fig. 12c). The stratified upper ocean associ-
ated with the Gulf Stream in the AHNW region became mixed
under the HB effect, and the stratification frequency NAHNW showed
a rapid reduction, reaching its lowest levels on 23 August, as
derived from both NR simulations and Argo floats measurements
(Fig. 13e). Both MLD increase and NAHNW reduction occurred simul-
taneously with the appearance of the HB core over the AHNW
region and the SST reduction over the storm’s cold wake. The short
intensification of the storm on 21 August was interrupted after the
collapse of the upper ocean stratification and the limitation of the
Gulf Stream eastward spreading; a sharp wind speed decrease and
SLP increase were marked during the HB passage over the AHNW
region on 22 and 23 August (Fig. 13a and b). We deduce that the
eastward flow of the Gulf Streamwas directly impacted by the hur-
ricane passage, an important effect of atmospheric influence on the
evolution of a western boundary current.

We first examine if these effects were unique to HB, or if they are
similar to the influence that other hurricanes had on the upper
ocean structure in the study region. Fig. 14 shows the evolution of
all hurricanes (13 total) that crossed over the extended AHNW
region (Fig. 1) during the 2009–2014 period. The measured
(National Hurricane Center data) minimum pressure in the ‘‘eye”
of each hurricane (Minimum Central Pressure,MCP in hPa) is given.
In all 13 cases, MLD increases when the hurricanes passes over the

http://www.nhc.noaa.gov
http://www.nhc.noaa.gov


Fig. 12. Distribution of Sea Surface Temperature (SST) on (a) 20 August 2009, (b) 22 August 2009, (c) 23 August 2009 and (d) 29 August 2009, derived from the NR (ATL-
HYCOM 0.04o) simulation (left), GHRSST data (middle) and global (GLB-HYCOM) simulation (right). The position (x) of Hurricane Bill along the cold wake signal (at 00:00
GMT) and the AHNW region are also indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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AHNW region. N stratification reductions are also observed during
all hurricanes, especially during summer months, when pre-
existent stratification is stronger (e.g. Hurricanes Bill, Bertha and
Cristobal). The hurricane effects on upper ocean stratification and
MLD are moderate during October (e.g. Hurricanes Rafael, Fay and
Gonzalo), when the stratification frequency has already decreased,
as part of its seasonal cycle, and the respectiveMLD is usually larger
than in summer. However, stratification frequency and MLD
reached their lowest (�0.01 s�1) and highest (�70 m) levels
between all 2009–2014 cases during Hurricane Sandy, which was
a severe storm that propagated along the Eastern U.S. coasts and
interacted with the GS extension region (Galarneau et al., 2013).
The horizontal transport, integrated over the upper 100 m
across the 35�N–38�N section at 70�W, is presented in Fig. 15.
Fig. 12 showed that the Gulf Stream eastward extension was evi-
dent across this latitudinal section during the HB evolution over
the northwestern Atlantic. A substantial transport decrease of
approximately 5 Sv occurred during the HB passage over the area,
when its cold wake was fully developed in the western side of the
study section (Fig. 12c). This result indicates that the storm impact
reduced the eastward transport along this main Gulf Stream exten-
sion pathway over the N. Atlantic Ocean. Finally, a strong eastward
advection of upper ocean waters (�18 Sv), was noted at the end of
August (Fig. 15), indicating the recovery of the Gulf Stream east-



Fig. 13. Evolution of (a) wind speed (kt) and (b) 6-hourly Sea Level Pressure (SLP, hPa) of Hurricane Bill (based on National Hurricane Center data). Evolution of daily (c) Sea
Surface Temperature (SSTAHNW, �C) from the NR simulation (black) and the GHRSST data (gray), averaged over the AHNW region. (d) Evolution of Mixed Layer Depth
(MLDAHNW, m), averaged over the AHNW region from the NR simulation. (e) Evolution of daily stratification frequency NAHNW (s�1), averaged over the upper 100 m and the
AHNW region from the NR simulation (black) and the available Argo floats (gray). All temporal evolutions refer to August and September months of 2009. The period of the
hurricane’s interaction with the Gulf Stream extension is indicated with a gray shaded area.
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ward extension after the northward propagation of the storm and
its final dissipation.

Fig. 16 presents more details on the variability of currents and
SST, which is dominated by the interaction between the Gulf
Stream and the hurricane induced circulation and cold wake, over
the AHNW region. The GHRSST derived distribution of SST is also
presented for a more detailed comparison with the NR fields.
Examination of the entire North Atlantic current field during the
hurricane passage (Fig. 16a and b) reveals that the cold wake is
marked by a meandering circulation. The successive positions of
the hurricane core create cells representing the near-inertial wave
wake forced by the storm, which consists of alternating anticy-
clonic and cyclonic cells; the latter favor the upwelling of deep,
cold waters. As seen in Fig. 16c, the Gulf Stream eastward jet is
confined between 37�N and 38�N on 22 August, when the HB core
is located over the southern part of the AHNW region. Both the NR
and GHRSST fields show that the larger part of the region is cov-
ered with warm waters (>28 �C), while the HB cold wake is still
located to the south of the Gulf Stream. The HB intrusion reduced
SST and formed a westward cyclonic turning of the surface waters,
over the southwestern AHNW area. As the HB core traveled over
the Gulf Stream front on 23 August (Fig. 16d), it created an intense
current field, characterized by circulation cells south and north of
the Gulf Stream main flow. These cells influenced the eastward
flowing Gulf Stream. The southern cell created a southwestward
turning, while the northern cell created a northwestward turning.
This diversion was localized in the area of interaction between the
cold wake and the warm Gulf Stream waters, influencing the Gulf
Stream extension, as also evident in the SST fields (both from the
NR, global HYCOM and GHRSST data, Fig. 12). The passage of HB
thus diverted and weakened the Gulf Stream eastward flow in
agreement with the transport drop presented in Fig. 15. The Gulf
Stream front was drastically restricted until the hurricane exit
from the domain (August 24, Fig. 16e), recovering after several
days (August 30; Fig. 16f), when the cold wake was also signifi-
cantly reduced. Warmer waters (>28 �C) began to spread again
toward the East, indicating the recovery of the Gulf Stream east-
ward pathway after the HB passage and the strong transport
increase (Fig. 15). The cold wake attenuation south of 37�N is also
observed in the GHRSST measurements (Fig. 16f). Further evidence
of the current evolution is given in Fig. 16g, through the trajectory
of a single drifter that went through AHNW during and especially
after the HB passage. Strongest drifter speeds (2–2.5 m/s) were
measured during 26–28 August, after its entrance in the AHNW
region and with an eastward path along the high velocities of the
Gulf Stream extension. This indicated the eastward flow recovery
of the Gulf Stream after the HB passage, in agreement with the
transport increase presented in Fig. 15. It is noted that the overall
drifter trajectory inside the AHNW region was determined by the
anti-clockwise circulation of the storm’s cold wake following the



Fig. 14. Evolution of all hurricanes (tropical storms and depressions are excluded) that crossed over the extended AHNW region (Fig. 1) during the 2009–2014 period.
Measured (National Hurricane Center data) Minimum Central Pressure (MCP, in HPa, black line), simulated Mixed Layer Depth (MLD, m; blue line), and simulated N
stratification frequency (s�1, dashed line) over the upper 100 m and averaged over the AHNW region are presented. Red color indicates the passage of each hurricane over the
AHNW region. Hurricanes (a) Bill (HB), 2009; (b) Igor (HI), 2010; (c) Katia (HK), Maria (HM), Ophelia (HO), 2011; (d) Chris (HCh), Leslie (HL), Rafael (HR), Sandy (HS), 2012; (e)
Bertha (HBe), Cristobal (HCr), Fay (HF), Gonzalo (HG), 2014 are presented. No hurricanes were observed over the AHNW region in 2013. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 15. Daily evolution of transport (Sv) across the 35�N–38�N section at 70�W for the upper ocean (0–100 m) from July to September 2009. The shaded area indicates the
passage of Hurricane Bill core over the Gulf Stream extension. The vertical dashed line marks 26 August, when the hurricane core started leaving the Gulf Stream extension
region.
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Fig. 16. (Upper): Circulation along the Hurricane Bill (HB) path on (a) 22 August and (b) 23 August 2009. (Middle): Distribution of surface current velocities (m/s) and SST (�C)
over the AHNW region on (c) 22, (d) 23, (e) 24, and (f) 30 August 2009 (dates above each panel pair) as derived by the NR simulation (left panels) and GHRSST observations (right
panels); only vectors larger than 0.5 m/s are plotted. The location of the HB track and core (every 6 h) are indicated with black (in lower plots) and red (in upper plots) dots and
‘‘x” symbol, respectively. (Lower): Trajectory of drifter #71453 through AHNW during 24–30 August (dates marked on each drifter position); circle colors denote drifter speed
(inm/s, values in the box insert). The trajectory is alsomarked on the GHRSTT panels for 24 and 30 August, with small ‘‘+” symbols (every 6 h); the large ‘‘+” symbols denote the
initial and final drifter position within AHNW. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

V.H. Kourafalou et al. / Progress in Oceanography 148 (2016) 1–25 19



20 V.H. Kourafalou et al. / Progress in Oceanography 148 (2016) 1–25
front between the cyclonic cold eddy and the Gulf Stream eastward
flow of warmer waters (Fig. 16e and f).

The upwelling of colder waters along the HB track is also veri-
fied by the temperature and vertical velocity distribution, averaged
over the upper ocean (80 m). As seen in Fig. 17a, strong upward
ocean velocities (positive values) occurred after the storm passage
and along its northward propagation. The vertical velocity distribu-
tion before the HB passage is characterized by values close to zero,
indicating very weak vertical advection. Positive integrated veloc-
ities are particularly high in an area between 25�N to 30�N (south-
ern AHNW limit) on 21 and 22 August, when HB significantly
intensified (very low MCP values, Fig. 14a). The strong upward
velocities were maintained over the study region for several days
after the storm’s exit. The velocity peak is also evident over the
entire upper ocean water column during these days, with very
strong upward velocities at 70 m depth (>1500 cm/day; Fig. 17b).
This resulted in the upwelling of colder waters (Fig. 17c), which
is evident from the upper ocean temperature evolution at the loca-
tion where the HB minimum MCP value occurred (24.1�N and
63.7�W). The upwelling period started from the MCP minimum
on 21 August and continued through approximately 29 August,
with upward velocities still evident several days later (4 Septem-
ber; Fig. 17a). The high temperature waters (>28 �C) that covered
the upper 50 m before the HB passage were mixed with colder
waters from deeper layers, reducing the stratification frequency
and temperature of the upper ocean.

4.3. Gulf Stream surface front displacement

We employ the surface and sub-surface manifestations of the
Gulf Stream front to study the influence of HB on front displace-
ment. The surface front of the Gulf Stream is defined by the loca-
tion of the 28 �C isotherm at the surface. The evolution of this
isotherm over the study region before and during the HB event
revealed significant variability and, therefore, we found it adequate
to describe the surface front evolution. For the sub-surface front
we chose the location of the 20 �C isotherm at 100 m. Fuglister
Fig. 17. Hovmöller diagrams of upper ocean (integrated over the upper 80 m) for: (a) v
2009; (b) vertical velocity evolution at each HB ‘‘eye” location during the HB passage th
minimum value for the Minimum Central Pressure (MCP) of HB occurred (24.1�N and 63
AHNW region (dashed line in b) and the date of minimum MCP value (black triangle in
and Voorhis (1965) defined the sub-surface front to be the location
of the 15 �C isotherm at 200 m. However, according to Horton
(1984), this particular definition is not unique, and other isotherms
at different depths may be used. We tested several isotherms at
various depths in order to detect the sub-surface signature of the
Gulf Stream during the study period and region and we chose
the 20 �C isotherm at 100 m. The depth of 100 m was the deepest
where the Gulf Stream signal showed similar extension and cover-
age to its surface signal during days without significant forcing
from the atmosphere (e.g. 20 August 2009; Fig. 18).

The interaction between HB and the Gulf Stream over the
extended AHNW region (60�W–80�W, 30�N–40�N; Fig. 1) led to a
substantial reduction of the Gulf Stream eastward extension, cor-
roborating the transport patterns discussed in the previous sec-
tions. As seen in Fig. 16, the main path of the Gulf Stream surface
thermal front varied during the storm’s passage over the region.
Both surface and sub-surface fronts showed similar evolution
and extension before the HB intrusion (20 August 2009), covering
almost the entire AHNW region. The propagation of HB beyond
30�N on 22 August induced the withdrawal of the larger part of
the surface front west of 70�W; a thin Gulf Stream branch at
37�N remained east of 70�W. These changes are also revealed in
the transport calculation along 70�W (Fig. 15). On the other hand,
the distribution of the sub-surface front (20 �C isotherm; red line in
Fig. 18) did not reveal any significant change under these extreme
meteorological conditions. The displacement of the surface front is
even larger on 23 August, when all Gulf Stream waters were
restricted west of 70�W. Although the HB eye was located over
the core of the current on 23 August, the sub-surface thermal front
still extended over the entire sub-region. The storm passage thus
increased the horizontal separation between the surface and sub-
surface Gulf Stream fronts, in agreement with Horton (1984).
Hansen and Maul (1970) showed that both the mean and the vari-
ance of the separation between the surface and sub-surface Gulf
Stream are greater in regions of anticyclonic curvature. In agree-
ment with their findings, the southward turning of the Gulf Stream
extension due to the hurricane (23 August, Fig. 16), which
ertical velocity along the Hurricane Bill (HB) track from 10 August to 4 September
rough the model domain; and (c) temperature evolution at the location where the
.7�W). The daily track of HB ‘‘eye” (black dots in a), the date of HB entrance into the
b and c) are marked.



Fig. 18. Plots of surface (28 �C, black lines) and subsurface (20 �C at 100 m, red lines) Gulf Stream fronts over the extended AHNW region (Fig. 1) on 20, 22, 23, 24, 26, 31
August 2009. The Hurricane Bill (HB) track and the exact location of the HB core at each date are indicated with red circles (every 6 h at the hurricane core) and an ‘‘x” symbol,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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enhances the anticyclonic surface currents presented in
Fig. 16d and e, is the cause for the large horizontal separation of
surface and sub-surface fronts on 23 and 24 August (Fig. 18). The
northward HB propagation and the gradual attenuation of its cold
wake allowed the eastward spreading of the surface front beyond
66�W by the end of August (31 August, Fig. 18). The sub-surface
front did not show any changes during the entire study period.
The interaction between the hurricane passage and the evolution
of the Gulf Stream front is an important result, expanding our
knowledge of the complex interactions between ocean and atmo-
sphere during extreme events. We explore specific components
of the ocean response in the next section.

4.4. Diagnosis of geostrophic and ageostrophic ocean circulation

The ageostrophic surface ocean circulation includes the near-
inertial wave wake, which can be forced by hurricanes (Shay
et al., 1998; Jaimes and Shay, 2010). However, the interactions
between forced near-inertial motions and the geostrophic flow
field are still not fully understood during hurricane passages
(Jaimes and Shay, 2010). The near-inertial response (Va) is
described by the removal of the geostrophic currents (Vg) from
the total surface velocities, computed by the model at each model
grid point (Vtotal = Va + Vg). The surface geostrophic circulation is
computed based on the SSH values from the NR simulation. The
u and v components of the geostrophic velocity (Vg), are computed
as:

fv ¼ g
DH
DX

fu ¼ �g
DH
DY
where f ¼ 2X sinu is the Coriolis parameter, withX the earth rota-
tion angular velocity and u the latitude of each cell; DX and DY are
the zonal and meridional distances between two successive model
grid points where the SSH is computed (DH is the SSH difference
between two successive grid points).

Fig. 19 presents the horizontal distribution of Kinetic Energy
(KE) derived from surface geostrophic, ageostrophic and total
velocities (m/s), summed up over the extended AHNW region
(Fig. 1) on 22, 23, 24, August 2009. Note that the ageostrophic cur-
rents in the area tend to be more intense than the geostrophic cur-
rents, in particular during the passage of HB. This leads to higher
levels of KE. However, ageostrophic currents are usually confined
in the ocean upper layers, and as such their strong signature at
the surface does not necessarily reflect their overall impact on
ocean transport. The largest KE values associated with geostrophic
currents essentially show the Gulf Stream evolution along the U.S.
coasts and its eastward separation from the coast north of 35�N.
The intrusion of the HB core over the AHNW region on 21 August
2009 increased the KE of the ageostrophic surface circulation,
reaching high levels (�1 m2/s2) on 23 August, over the central
AHNW region, where the HB core met the eastward flow associated
with the Gulf Stream extension. Both total and ageostrophic KE
were reduced on 24 August, when the HB core moved further
north, away from the Gulf Stream surface front. The continuous
increase of the total geostrophic KE over the extended AHNW
region during the Gulf Stream evolution before the storm appear-
ance (Fig. 20a) slowed down on 23 and 24 of August (HB passage)
illustrating the distortion of the surface Gulf Stream by the storm.
On the contrary, the total ageostrophic KE was relatively small
before the HB intrusion and showed a significant peak on 23
August (>10,000 m2/s2) and strong reduction after the storm pas-
sage (Fig. 20b). The strong transport increase, computed after 26
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Fig. 20. Evolution of Kinetic Energy (KE, m2/s2) derived by simulated (a) geostrophic currents (red line) and (b) ageostrophic (grey line) and total (black line) currents,
summed over the extended AHNW region (Fig. 1) from 18 August to 31 August 2009. The period of the hurricane’s interaction with the Gulf Stream (GS) extension and the
first day after Hurricane Bill (27 August) are indicated with a gray shaded area and a dashed line, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 19. Distribution of Kinetic Energy (KE, m2/s2) derived from surface geostrophic (left), ageostrophic (middle) and total (right) velocities (m/s) over the extended AHNW
region (Fig. 1) on 22 (top), 23 (middle), 24 (bottom) August 2009. The Hurricane Bill (HB) track and the exact location of the HB core at each date are indicated with red circles
(every 6 h at the hurricane core) and an ‘‘x” symbol, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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August (Fig. 15) is related to the restoration of the geostrophic cir-
culation of the Gulf Stream propagation and not to the storm’s
induced ageostrophic circulation, which remained stable and in
low levels after 26 August (Fig. 20b).
5. Conclusions

A high resolution application of the HYCOM for the North Atlan-
tic Ocean hurricane region (ATL-HYCOM 0.04�) was implemented
and a multi-year simulation was performed, with two objectives.
The first is to evaluate a state-of-the-art, free-running simulation
suitable for being the Nature Run (NR) in an ocean Observing Sys-
tem Simulation Experiments (OSSEs) framework. The NR task is to
provide a source of synthetic observations, for performing OSSEs
specifically designed to test the impact of measurements dedicated
to improve the ocean component of coupled ocean-atmosphere
hurricane prediction systems. The second objective is to use this
simulation to investigate ocean-atmosphere interaction processes
related to hurricane passages over the Atlantic Ocean. A specific
example was chosen during the passage of Hurricane Bill (HB) in
2009.
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The realism of the ATL-HYCOM 0.04� simulation was evaluated
with respect to a wide variety of observations and processes. Com-
parisons with remotely sensed observations show the ability of the
simulation to reproduce the mean dynamics, through comparison
with altimetry, and the mean surface temperature and salinity
structures of the basin. In addition, the model is able to reproduce
the seasonal and inter-annual SST variations in four distinct sub-
regions of the basin, dominated by different processes and circula-
tion patterns (Atlantic Hurricane East and West regions, Equatorial
region and Gulf Stream region). The realistic seasonal variations
are also assessed for salinity, especially in the Equatorial region,
despite the shorter satellite dataset. Comparisons with in situ sur-
face temperature and salinity data at various moorings confirm the
realism of the simulation for those quantities. The realistic repre-
sentation of the main currents of the basin is confirmed by com-
parison with in situ near-surface drifter data, while the accuracy
in the levels of simulated surface kinetic energy in the various
sub-regions is assessed by comparison with estimates from altime-
try (AVISO data). Below the surface, the difference in simulated
temperature between the surface and 100 m depth is also found
realistic at the seasonal time scale, when compared with the
numerous Argo observations available in the basin; this is also true
for salinity. As a result, the model computed stratification fre-
quency in the upper 100 m also compares well with estimations
from Argo data.

This evaluation leads to the conclusion that the ATL-HYCOM
0.04� simulation is well suited to represent the dominant processes
affecting the North Atlantic Ocean hurricane region. In particular,
the realism with which the simulation represents the Atlantic
Ocean SST and its variability, which directly interact with hurri-
canes, and the variability in the upper ocean stratification, sup-
ports the use of this simulation as a Nature Run for performing
OSSEs for testing observation networks dedicated to hurricane pre-
diction systems. In addition, it is also suitable for performing pro-
cess studies involving atmosphere-ocean interactions during the
passage of a hurricane. A specific case study was demonstrated,
examining the interaction between the HB passage in August
2009 and the Gulf Stream.

The passage of HB over the Atlantic Ocean was marked by an
intense cold wake, reaching �7 �C SST decrease in the Gulf Stream
region, an effect that is well represented in the simulation. HB
reached its maximum intensity (category 4 hurricane) around 21
August 2009, maintaining strong hurricane characteristics as it
entered mid-latitudes and transitioned to extratropical status. In
the Gulf Stream extension region, the HB passage was associated
with a deepening of the Mixed Layer and a drop in stratification
frequency consistent with observations. Moreover, the estimated
eastward transport by the Gulf Stream over the top 100 m dropped
drastically during the storm passage, due to opposing ageostrophic
currents forced by the storm, and took a few days to recover its
pre-storm level, as the ageostrophic flow was reduced. This is an
important result, revealing a direct effect from a hurricane to the
evolution of a western boundary current, which was not previously
studied. Possible implications include variations in the feedback to
the hurricane evolution, especially during the extratropical transi-
tion phase. Influence of the Gulf Stream to the evolution of extra-
tropical storms has been previously documented, the most
dramatic example associated with Hurricane Sandy in 2012.
Changes in the Gulf Stream axis and extension (which we have
shown can be induced by the hurricane passage) may, in return,
influence hurricane evolution processes, such as the warm seclu-
sion phase that was the case with Sandy’s rapid intensification.

Our results showcased that the HB passage was accompanied by
cells of cyclonic and anticyclonic near surface circulation, associ-
ated with the forced near-inertial wave wake, with cyclonic cells
favoring the upwelling of deep, cold waters. We have shown that
the hurricane passage interrupted the offshore signature of the
Gulf Stream warm waters at the surface, likely resulting from the
combined effects of local cooling and the interruption of warm
water advection. Examination of the current kinematics indicates
that the HB passage is associated with a pronounced increase in
ageostrophic kinetic energy, directly forced by the storm, and a
slowing down of the geostrophic kinetic energy, which then
increases sharply after the passage of the storm. Our study thus
illustrates how the passage of a hurricane can have a profound
effect, which can last a few days, on the upper part of a western
boundary current, such as the Gulf Stream. This is an important
addition to previously studied processes of ocean feedbacks to hur-
ricane intensification. Our results also showed that the model ade-
quately simulated the upper-ocean response to all 13 hurricanes
that propagated over the Gulf Stream extension region during
the entire study period (2009–2014). All cases were characterized
by significant increases in the mixed layer that eroded stratifica-
tion, providing further evidence of substantial interaction between
hurricanes and ocean properties over the Gulf Stream region.

This study had two important outcomes. The scientific aspect is
that it provided a novel example of an atmospheric feedback to
boundary current evolution. The technical aspect is that it pre-
sented the development and evaluation of a multi-year, high reso-
lution simulation covering the Atlantic hurricane region. Such a
simulation has the dual potential to be used for further studies of
ocean-atmosphere interactions, and for observing system design.
Given its ability in reproducing ocean conditions during the pas-
sage of an intense hurricane, this ATL-HYCOM 0.04� simulation is
suitable to be used in the future as the Nature Run in OSSEs that
can quantify the impact of various observation networks in reduc-
ing ocean model errors in a coupled ocean-atmosphere hurricane
prediction context.
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