
Florida State University
Libraries
Electronic Theses, Treatises and Dissertations  The Graduate School

2018

Barrier Layer Development Local to
Tropical Cyclones
John Steffen

Follow this and additional works at the DigiNole: FSU's Digital Repository. For more information, please contact lib-ir@fsu.edu

http://diginole.lib.fsu.edu/
mailto:lib-ir@fsu.edu


FLORIDA STATE UNIVERSITY 

 

COLLEGE OF ARTS AND SCIENCES 

 

 

 

 

 

 

BARRIER LAYER DEVELOPMENT LOCAL TO TROPICAL CYCLONES 

 

 

 

 

 

 

 

By 

 

JOHN STEFFEN 

 

 

 

 

 

 

A Dissertation submitted to the 

Department of Earth, Ocean and Atmospheric Science 

in partial fulfillment of the 

requirements for the degree of  

Doctor of Philosophy 

 

 

 

 

 

 

2018 



ii 

John Steffen defended this dissertation on December 5, 2018. 

The members of the supervisory committee were: 

 

   

   

 Mark Bourassa 

 Professor Directing Dissertation 

 

 James Elsner  

  University Representative 

 

 Robert Hart 

 Committee Member 

   

 Jeff Chagnon 

 Committee Member 

 

 Allan Clarke 

 Committee Member 

 

 

The Graduate School has verified and approved the above-named committee members, and 

certifies that the dissertation has been approved in accordance with university requirements. 

 

 

 

 

  



iii 

ACKNOWLEDGMENTS 

 This work has been supported by NASA grant NNX15AD45G, “Surface Turbulent 

Energy and Moisture Fluxes Based on Satellite Data” and NGI agreement #191001-363405-03 

(NOAA prime award NA11OAR4320199), “Climate Variability in Ocean Surface Turbulent 

fluxes. I would like to thank my major professor, Dr. Mark Bourassa, and my committee 

members, Dr. Hart, Dr. Chagnon, Dr. Clarke and Dr. Elsner for their guidance and support 

throughout this research project. In addition, I would like to recognize Dr. Sue Chen and Dr. 

John Warner for their feedback and contribution to this work.  

 These Argo data were collected and made freely available by the International Argo 

Program and the national programs that contribute to it.  (http://www.argo.ucsd.edu,  

http://argo.jcommops.org).  The Argo Program is part of the Global Ocean Observing System. 

 

 

  



iv 

TABLE OF CONTENTS 

 

 
List of Tables ................................................................................................................................. vi 

List of Figures ............................................................................................................................... vii 

Abstract ......................................................................................................................................... xii 

 

1. INTRODUCTION ......................................................................................................................1 

 

 1.1 Ocean Thermodynamic Response to a Tropical Cyclone ....................................................1 

1.2 Ocean Dynamic Response to a Tropical Cyclone................................................................2 

1.3 Sea Surface Salinity Response to a Tropical Cyclone .........................................................3 

 1.3.1 The Oceanic Barrier Layer ........................................................................................4 

1.3.2 Influence of Tropical Cyclone Precipitation on Sea Surface Salinity.......................6 

1.4 Atmospheric Interactions with Sea Surface Temperature Cold Wakes ...............................6 

1.5 Argo Float Observations of Tropical Cyclones ...................................................................7 

1.6 Hurricane Gonzalo (2014) Modeling Case Study ................................................................8 

 

2. ARGO FLOAT OBSERVATIONS ............................................................................................9 

 

 2.1 TC-Argo Float Pairs .............................................................................................................9 

2.2 Challenges to Using the Argo Float Network for Tropical Cyclone Research ..................11  

 

3. BARRIER LAYER METHODOLOGY ...................................................................................12 

 

3.1 Threshold Criteria Sensitivity ............................................................................................14 

3.2 Barrier Layer Potential Energy Sensitivity ........................................................................16 

3.3 Interannual Variability in TC-Argo Float Pairs .................................................................18 

3.4 Pre-existing Barrier Layers ................................................................................................21 

 3.4.1 Depth-driven Barrier Layers ...................................................................................21 

3.4.2 Salinity-driven Barrier Layers.................................................................................24 

 

4. BASIN-SPECIFIC BARRIER LAYER RESULTS .................................................................27 

 

 4.1 Atlantic Tropical Cyclone Basin ........................................................................................27 

4.2 Eastern Pacific Tropical Cyclone Basin ............................................................................29 

4.3 Central Pacific Tropical Cyclone Basin .............................................................................30 

4.4 Physical Relationships between Tropical Cyclones and the Barrier Layer .......................33 

4.5 Physical Mechanisms Related to Barrier Layer Evolution ................................................36 

 4.5.1 ITLD Deepening .....................................................................................................38 

4.5.2 Near-surface Freshening .........................................................................................39 

4.6 Argo Float Discussion........................................................................................................44 

 

 

 

 



v 

5. HURRICANE GONZALO (2014) CASE STUDY ..................................................................47 

 

 5.1 Hurricane Gonzalo Meteorological History .......................................................................48 

     5.2 Slocum ‘Anna’ Glider Data ...............................................................................................50 

 

6. COAWST MODEL HINDCAST OF HURRICANE GONZALO ...........................................54 

 

     6.1 ROMS-only Model Setup ..................................................................................................56 

 6.1.1 Vertical Mixing Parameterizations within ROMS ..................................................58 

     6.2 Oceanographic Initial Conditions, Boundary Conditions and Climatology ......................59 

     6.3 Atmospheric Forcing Applied to ROMS ...........................................................................61 

            6.3.1 GFS Surface Forcing ...............................................................................................62 

            6.3.2 H*Wind Surface Wind Forcing ..............................................................................63 

            6.3.3 GPM IMERG Precipitation Rate ............................................................................65 

            6.3.4 CERES Radiation Fluxes ........................................................................................70 

     6.4 ROMS Model Results ........................................................................................................71 

            6.4.1 Salinity Response ....................................................................................................71 

            6.4.2 Temperature Response ............................................................................................74 

            6.4.3 Comparison to ‘Anna’ Glider Observations ...........................................................79 

            6.4.4 Dynamic Ocean Coupling .......................................................................................82 

6.4.5 ROMS Model Hindcast Discussion ........................................................................83 

 

7. DISCUSSION ON TROPICAL CYCLONES AND THE BARRIER LAYER .......................85 

 

 

 

 

References ......................................................................................................................................88 

 

Biographical Sketch .......................................................................................................................95 

 

  



vi 

LIST OF TABLES 

 

 
1 Barrier layer characteristics for pre-TC Argo profiles for different potential density and 

temperature threshold values. Changes in these variables after TC passage are shown in 

parentheses. Variables that are unaffected by changes in potential density thresholds (BLPE and 

ITLD) or temperature thresholds (IPLD) are indicated by dashes. The threshold criteria used in 

this study are shown in the first column. .......................................................................................15 

 

2 Mean barrier layer metrics of the base state ocean profiles and the TC-induced response (in 

parentheses) are subset based on the El Nino - Southern Oscillation (ENSO) signals. The number 

of samples (n) is listed for each TC basin and ENSO state. Statistically significant differences 

from neutral conditions at the 95
th

 confidence interval are bolded. ...............................................19 

 

3 Mean ocean state and TC characteristics between the lower 25th and upper 75th quartiles of 

salinity stratification in the eastern Pacific TC basin .....................................................................26 

 

4 TC-induced changes in near-surface (<10 m) salinity from Argo float observations. The 

percentage of the total number of Argo profiles is listed in parentheses. ......................................32 

 

5 TC-induced changes in near-surface (<10 m) temperature from Argo float observations. The 

percentage of the total number of Argo profiles is listed in parentheses .......................................33 

 

6 Argo pre-TC values of ITLD (mean of lower 25th & mean of upper 75th quartiles) and 

corresponding changes in barrier layer characteristics (Bolded values indicate statistical 

significance at 95th percentile compared to 50
th

 inner quantile mean) .........................................36 

 

7 Argo pre-TC values of near-surface salinity (mean of lower 25th & mean of upper 75th 

quartiles) and corresponding changes in barrier layer characteristics (Bolded values indicate 

statistical significance at 95th percentile compared to 50
th

 inner quantile mean) .........................37 

 

8 Sources for atmospheric forcing variables used in the ROMS-only hindcast of Hurricane 

Gonzalo along with horizontal grid spacing and temporal resolution information .......................58 

 

9 Variables available in the HYCOM + NCODA Global 1/12 degree analysis .........................60 

 

10 Sources of passive microwave instruments and other rainfall data sets that are incorporated 

into the IMERG final run product from GPM during Hurricane Gonzalo, 15-19 October 2014 

(Huffman et al. 2018). ....................................................................................................................66 

 

 

 

 

 

 

 



vii 

LIST OF FIGURES 

 

 
1 Diagram showing important air-sea processes that influence upper-ocean mixing during 

hurricane passage and their relation to the oceanic barrier layer (adapted from Moum and Smyth 

2001). ...............................................................................................................................................5 

 

2 Argo float profile locations for pre-TC observations from 2001-2014 in the Atlantic, eastern 

Pacific, and central Pacific TC basins. The number of Argo profile samples (n) for each basin is 

listed. Argo floats plotted in red (blue) indicate BLPE values below (above) 600 J m
-2

, with dark 

red profiles approaching 0 J m
-2

 and dark blue profiles >1200 J m-2 ...........................................10 

 

3 Argo float vertical profile (0-100 m) of salinity (blue, x-axis top), temperature (red, x-axis 

bottom) and potential density (black, x-axis bottom) reveals a strong, salinity-driven barrier layer 

in the tropical, North Atlantic Ocean .............................................................................................13 

 

4 Idealized, linear profiles of temperature (red) and salinity (blue) to test BLPE sensitivity to 

varying ITLD depths and salinity stratification (left). The range of BLPE values (blue curve) by 

varying ITLD from 12 m to 70 m depths and holding salinity stratification constant (right). The 

median (vertical black line) and 25
th

/75
th

 quartiles (vertical gray lines) of ITLD are shown. The 

range of BLPE responses to the four salinity profile examples (constant 50 m ITLD) with 

varying salinity stratification are plotted (red circles, right). .........................................................17 

 

5 Histogram of Argo float samples in the Atlantic, eastern Pacific, and central Pacific TC 

basins from 2001-2014. Summertime average of Oceanic Nino Index (ONI, 3-month running 

mean of ERSST.v5 SST anomaly) is listed above, where a ± 0.5°C SST anomaly across the Nino 

3.4 region (5°S - 5°N, 120° - 170°W) characterizes El Nino/La Nina (red/blue) states (NOAA 

Climate Prediction Center 2018) ...................................................................................................18 

 

6 Argo float BLPE values as a function of ITLD for pre-TC (row 1) ocean states in the Atlantic 

(column 1), eastern Pacific (column 2), and central Pacific (column 3) TC basins. The black 

curve represents BLPE values using the middle 50
th

 percentile of linearized temperature and 

salinity. Black circles mark the mean ITLD with the red and blue pointers indicating the 25
th

 and 

75
th

 percentiles. Probabilities (number of observations in bin / total number of observations) of 

the sea surface temperature response to translating TCs (row 2) for Argo float profiles with ITLD 

values below the 25
th

 percentile (red) and above the 75
th

 percentile (blue). .................................23 

 

7 Argo float BLPE values as a function of salinity stratification for pre-TC (row 1) ocean states 

in the Atlantic (column 1), eastern Pacific (column 2), and central Pacific (column 3) TC basins. 

The black line represents a least-squares linear regression of BLPE. Black circles mark the mean 

salinity stratification with the red and blue pointers indicating the 25th and 75th percentiles. 

Probabilities of the sea surface temperature response to translating TCs (row 2) for Argo float 

profiles with salinity stratification values below the 25th percentile (red) and above the 75th 

percentile (blue) .............................................................................................................................26 

 



viii 

8 Normalized histograms of BLPE (row 1), BLT (row 2), IPLD (row 3), and ITLD (row 4) 

using both the TC (blue) and no-TC (red) distributions for the Atlantic (column 1), eastern 

Pacific (column 2), and central Pacific (column 3) TC basins. BLPE values are also calculated 

using the minimum, constant ITLD between each Argo pair (dashed, row 1). Mean values (µ) 

and Student’s t-test scores (t) are listed in the upper left corner of each subplot. Any values of 

Student’s t-test above ±1.65 indicate statistical significance at the 95% level ..............................31 

 

9 Argo float composites showing vertical profiles of temperature (row 1), salinity (row 2), and 

stability (row 3) for pre-TC (solid line) and post-TC (dashed line) ocean states in the Atlantic 

(column 1), eastern Pacific (column 2), and central Pacific (column 3) TC basins. Depths are 

binned every 10 m from the surface to 100 m. Positive (circles, unfilled) and negative (circles, 

filled) statistically significant changes at 95% confidence for a particular level are shown along 

the y-axis ........................................................................................................................................32 

 

10 Differences in BLPE (row 1), BLT (row 2), IPLD (row 3), and ITLD (row 4) between post-

TC and pre-TC Argo float pairs in the Atlantic TC basin. Argo data are subset based upon Saffir-

Simpson scale TC intensity (column 1) and TC translation speed (column 2). The number of 

samples is listed above each bin, with red indicating a statistically significant difference from 

zero at the 95% confidence interval ...............................................................................................34 

 

11 Differences in BLPE (row 1), BLT (row 2), IPLD (row 3), and ITLD (row 4) between post-

TC and pre-TC Argo float pairs in the Atlantic TC basin. Argo data are subset based upon radial 

distance from TC center (column 1) and time after TC passage (column 2). The number of 

samples is listed above each bin, with red indicating a statistically significant difference from 

zero at the 95% confidence interval ...............................................................................................35 

 

12 Normalized histograms of near-surface freshening (blue) and salinification (red) for the 

Atlantic (column 1), eastern Pacific (column 2), and central Pacific (column 3) basins. 

Distributions are subset based on TC intensity (row 1), TC translation speed (row 2), radial 

distance (row 3), and time after TC passage (row 4) .....................................................................40 

 

13 Box plots of TC-induced changes in barrier layer characteristics as a function of radial 

distance from TC center for the Atlantic (column 1), eastern Pacific (column 2), and central 

Pacific (column 3) TC basins. Argo float data are parsed by their near-surface salinity responses, 

where freshening (blue) and salinification (red) are plotted separately. Changes in salinity (PSU, 

top row), temperature (°C, second row), ITLD (m, third row), and BLPE (J m
-2

) all show radial 

dependencies ..................................................................................................................................43 

 

14 National Hurricane Center best track for Hurricane Gonzalo from 12-19 October 2014. 

Hurricane Gonzalo reached a peak intensity of 125 knots (940 mb) at 1200 UTC 16 October 

2014. Landfall occurred on Bermuda with maximum sustained winds of 95 knots (952 mb) at 

0030 UTC 18 October 2014 (Brown 2015). ..................................................................................49 

 

15 GOES-13 visible satellite imagery of Hurricane Gonzalo near peak intensity at 1307 UTC 16 

October 2014. Image from the Naval Research Laboratory (Brown 2015). .................................50 

 



ix 

16 Bermuda Institute of Ocean Sciences ‘Anna’ glider locations (blue circles, 152 profiles) from 

14-20 October 2014 (left). The red marker indicates the profile taken closest to the time of 

Bermuda landfall (0030 UTC 18 October 2014). The National Hurricane Center best track for 

Hurricane Gonzalo is shown (black line). A vertical profile time series of isopycnal layer depths 

(IPLD, blue) and isothermal layer depths (ITLD, red) is shown during the passage of Hurricane 

Gonzalo with the closest approach shown by the vertical black line (right). Large amplitude 

internal waves along the thermocline are evident. .........................................................................51 

 

17 Smoothed ‘Anna’ glider data for IPLD (m, blue) and ITLD (m red) by using a 36-hour 

running mean to filter near-inertial oscillations (left). The corresponding smoothed BLPE (J m
-2

) 

time series peaks shortly after Hurricane Gonzalo passage (right)................................................52 

 

18 Vertical profile time series of ‘Anna’ glider observations of temperature (°C, top left), 

salinity (PSU, top right), potential density (kg m
-3

, bottom left), and N
2
 (s

-2
, bottom right) during 

the passage of Hurricane Gonzalo from 14-20 October 2014. ......................................................53 

 

19 General ROMS Arakawa “C” grid (left) with vertically stretched, terrain-following sigma 

coordinates (right). The u-component and v-component currents are staggered, while the density, 

temperature and salinity variables are centered on the grid (Warner 2016). .................................55 

 

20 Generic ROMs model grid configuration with two nested, refinement grids. The parent grid 

(blue) encompasses the child grid (red) and has an overlap area (magenta) (Warner 2016). ........55 

 

21 ROMS model domain for the Hurricane Gonzalo model hindcast with the higher-resolution 

child grid outlined (red). Bathymetry is shaded (blue). .................................................................57 

 

22 Initial conditions fields of temperature (°C, left), salinity (PSU, middle), and surface current 

speed (m s
-1

) at 0000 UTC 15 October 2014 from HYCOM + NCODA Global 1/12 degree 

analysis - GLBa0.08 expt_91.1. .....................................................................................................61 

 

23 GFS surface forcing variables of surface pressure (mb, left), 2-m temperature (°C, middle), 

and 2-m relative humidity (%, right) supplied to the ROMS-only hindcast of Hurricane Gonzalo 

at 1200Z 16 October 2014. ............................................................................................................62 

 

24 Risk Management Solutions (RMS) H*Wind maximum one-minute sustained wind speed  

(m s
-1

) analysis of Hurricane Gonzalo at 1200 UTC 16 October 2014. ........................................64 

 

25 Mask used to blend H*Wind 1-minute sustained maximum winds with GFS winds at 1200 

UTC 16 October 2014. The center of Hurricane Gonzalo according to the National Hurricane 

Center best track is shown (magenta x). ........................................................................................65 

 

26 GPM IMERG precipitation rate (mm hr
-1

) at 1400 UTC 17 October 2014 reveals a double 

eyewall structure as Hurricane Gonzalo approaches Bermuda landfall. .......................................68 

 



x 

27 Storm-total precipitation (mm) from GPM IMERG satellite-blended precipitation estimates 

from 14-19 October 2014 (left). Interpolated storm-total precipitation accounting for missing 

satellite data (right). The NHC best track is plotted in black.........................................................69 

 

28 CERES longwave (W m
-2

, left) and shortwave (W m
-2

, right) downward radiative fluxes 

supplied to the ROMS-only hindcast of Hurricane Gonzalo at 1200Z 16 October 2014. .............70 

 

29 SSS difference between precipitation forcing and without precipitation for the LMD (left), 

GLS (middle) and MY2.5 (right) vertical mixing parameterizations at 2300 UTC 17 October 

2014. The leading marker (x, magenta) indicates the location of Hurricane Gonzalo, with each 

subsequent marker showing the former location of the storm six hours prior. The last marker 

shows the TC location one day prior. ............................................................................................72 

 

30 Difference in the surface salinity tendency for precipitation forcing minus no precipitation 

forcing using the GLS vertical mixing parameterization at 2300 UTC 17 October (left). The 

leading terms in the surface salinity tendency (left) are the total advection (middle) and the 

vertical diffusion (right) terms. ......................................................................................................73 

 

31 Box plots of the difference in surface salting rate (left), total advection (middle) and vertical 

diffusion (right) for the three vertical mixing parameterizations in ROMS: LMD (red), GLS 

(blue) and MY2.5 (green). .............................................................................................................74 

 

32 SST (y-axis, °C) time series (x-axis, days) during the forced state of Hurricane Gonzalo and 

within 50 km radius of the storm center. ROMS model output with precipitation forcing is 

plotted for the LMD (red), GLS (blue) and MY2.5 (green) vertical mixing parameterizations. 

GHRSST data, which is a high resolution, satellite-derived SST product is plotted for 

comparison (black).........................................................................................................................76 

 

33 SST difference (precipitation – no precipitation) for the LMD (left), GLS (middle) and 

MY2.5 (right) vertical mixing parameterizations at 2300 UTC 17 October 2014. The leading 

marker (x, magenta) indicates the location of Hurricane Gonzalo, with each subsequent marker 

showing the former location of the storm six hours prior. The last marker shows the TC location 

one day prior. .................................................................................................................................77 

 

34 Difference in the surface temperature tendency for precipitation minus no precipitation 

forcing using the GLS vertical mixing parameterization at 2300 UTC 17 October (left). The 

leading terms in the surface temperature tendency (left) are the total advection (middle) and the 

vertical diffusion (right) terms. ......................................................................................................78 

 

35 Box plots of the surface temperature rate (left), total advection (middle) and vertical diffusion 

(right) for the three vertical mixing parameterizations in ROMS: LMD (red), GLS (blue) and 

MY2.5 (green)................................................................................................................................79 

 

 

 



xi 

36 ROMS model output (GLS mixing parametrization with precipitation forcing) for 

temperature (°C, top left), salinity (PSU, middle left) and potential density (kg m
-3

, bottom left) 

at the same location and time as ‘Anna’ glider measurements. Images are cross sections of depth-

time to mimic the ‘Anna’ glider measurements. Differences are shown between ROMS model 

output with precipitation forcing and without precipitation forcing for temperature (°C, top 

right), salinity (PSU, middle right), and potential density (kg m
-3

, bottom right). ........................80 

 

37 Differences in the vertical diffusion terms of the salt (left) and temperature (right) tendency 

equations. Images are cross sections of depth-time to mimic the ‘Anna’ glider observations. The 

vertical black line indicates Hurricane Gonzalo’s closest approach to the glider. ........................81 

 

38 Density plot (counts per bin) of the relationship between static stability (Δ N2) and current 

shear (Δ S2) averaged over the top seven vertical levels (~0-30 m) in areas with surface 

freshening of  -0.1 PSU or more. ...................................................................................................83 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 

ABSTRACT 
 

     The objective of this study is to quantify barrier layer development due to tropical cyclone 

(TC) passage using Argo float observations of temperature and salinity. To accomplish this 

objective, a climatology of Argo float measurements is developed from 2001-2014 for the 

Atlantic, eastern Pacific, and central Pacific basins. Each Argo float sample consists of a pre-

storm and post-storm temperature and salinity profile pair. In addition, a no-TC Argo pair dataset 

is derived for comparison to account for natural ocean state variability and instrument sensitivity.  

     The Atlantic basin shows a statistically significant increase in post-TC barrier layer thickness 

(BLT) and barrier layer potential energy (BLPE) that is largely attributable to an increase of 2.6 

m in the post-TC isothermal layer depth (ITLD). The eastern Pacific basin shows no significant 

changes to any barrier layer characteristic, likely due to a shallow and highly stratified 

pycnocline. However, the near-surface layer freshens in the upper 30 m after TC passage, which 

increases static stability. Finally, the central Pacific has a statistically significant freshening in 

the upper 20-30 m that increases upper-ocean stratification by ~35%. The mechanisms 

responsible for increases in BLPE vary between the Atlantic and both Pacific basins; the Atlantic 

is sensitive to ITLD deepening, while the Pacific basins show near-surface freshening to be more 

important in barrier layer development. In addition, Argo data subsets are used to investigate the 

physical relationships between the barrier layer and TC intensity, TC translation speed, radial 

distance from TC center, and time after TC passage. 

     ROMS model hindcasts of Hurricane Gonzalo (2014) characterize the upper-ocean response 

to TC precipitation forcing. Several different vertical mixing parameterizations are tested to 

determine their sensitivity to precipitation. For all mixing schemes, TC precipitation accounts for 

ocean surface freshening of about 0.3 PSU. The dominant terms in the near-surface salinity 

budget are the total advection and vertical diffusivity. The influence of precipitation-induced 

changes to the SST response is more complicated. In some areas, increased upper-ocean 

stratification mutes the SST cooling response. However, in other areas, cooling can be stronger 

when precipitation is prescribed. Dynamical changes in upper-ocean currents and the curl of the 

surface stress can induce a stronger cooling response in these regions. 
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CHAPTER 1 

 

INTRODUCTION 

 
Turbulent mixing, localized upwelling, and the entrainment of cooler thermocline water 

causes the ocean mixed layer (OML) and sea surface temperature (SST) to cool during tropical 

cyclone (TC) passage (Fisher 1958; Leipper 1967; Elsberry et al. 1976; Price 1981). A negative 

feedback between upper-ocean cooling and TC intensity occurs due to a reduction in the 

enthalpy flux from the ocean to the atmosphere (Chang and Anthes 1978; Price 1981; Bender et 

al. 1993; Schade and Emanuel 1999; Schade 2000; Lloyd and Vecchi 2011). Previous 

observational studies on TC air-sea interactions have focused on the thermodynamic response 

(Price 1981; Shay et al. 2000; Cione and Uhlhorn 2003; D’Asaro et al. 2007; Dare and McBride 

2011) and dynamic response (Sanford et al. 1987; Price et al. 1994; Morozov and Velarde 2008; 

Jaimes and Shay 2010; Sanford et al. 2011) of the ocean to TC forcing.  

1.1 Ocean Thermodynamic Response to a Tropical Cyclone 

An important feature of air-sea interaction within TCs is the development of a cold wake, 

where SSTs begin to cool during the forced stage of the TC and can continue to cool behind the 

storm due to the excitation of inertial currents. Many factors related to both the ocean state and 

atmospheric conditions determine the spatial coverage and magnitude of the SST cold wake. For 

the ocean, the pre-storm depth of the thermocline, the stratification within the upper 100 m and 

the period of inertial currents all play significant roles (Chen et al. 2010). For the TC, its size, 

strength, and translation speed are all important factors (Baranowski et al. 2014). In addition, 

coupled TC-ocean interactions are often complex and highly non-linear. As a result, the 

magnitude and spatial pattern of TC cold wakes can be very different, which can have important 

effects on the atmospheric boundary layer response and the thermodynamic forcing to the TC 

(Chen et al. 2010). 

Generally, the maximum cooling within the TC cold wake is displaced to the right of the 

track by 30 to 150 km and can range from -1°C to -8° relative to the pre-storm SST (Chang and 

Anthes 1978). For fast-moving storms, the cold wake is more elongated and has a pronounced 

rightward displacement. The rightward bias in maximum cooling is attributed to the clockwise 

turning of the wind stress vector over time during TC passage. The wind stress imparted on the 
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ocean reaches a near-resonant state with the inertial period of upper-ocean currents, resulting in a 

stronger SST cooling response (Chang and Anthes 1978; Price 1981) However, on the left side 

of the TC track, the wind stress vectors turn counterclockwise, and the interaction between the 

wind stress and surface currents is weaker. The asymmetry in TC-induced cold wakes is reduced 

for slower moving storms. The longer period of TC wind forcing increases vertical mixing and 

deepens the mixed layer, which often overpowers the effect of upwelling. Therefore, the cold 

wake for slow-moving TCs is often more expansive and symmetric about the track. Importantly, 

slow-moving TCs also have more opportunity to interact with their cold wakes, which can 

significantly reduce TC intensity.  

On average, the minimum SST anomaly for TC cold wakes is -0.9 °C using Reynolds 

gridded SST data (Reynolds et al. 2007) for all global cyclone tracks from 1981-2008 (Dare and 

McBride 2011). The temporal variability in maximum SST cooling spans one day before TC 

passage to as long as seven days after passage. The median occurrence is one day after TC 

passage. Cold wakes can persist for days to weeks after TC passage and can influence TC-ocean 

interactions in subsequent TCs. The oceanic memory of a TC can be 1-2 months contingent on 

the storm’s intensity, trajectory and ocean basin (Hart et al. 2007). Consequently, TC-ocean 

interactions involving cold wakes can act on the storm itself at short time scales and also on 

subsequent TCs at sub-seasonal time scales. 

1.2 Ocean Dynamic Response to a Tropical Cyclone 

One aspect of the ocean’s dynamic response to a TC is the large surface currents and mixed-

layer currents that develop. Current magnitudes of more than 1 m s
-1

 are common in hurricanes 

and are insensitive to storm translation speeds (Price et al. 1994). The forced stage, baroclinic 

response occurs at short time scales and is governed by a balance between the TC-imposed wind 

stress, the pressure gradient force and dissipation due to turbulent mixing (Chang and Anthes 

1978). The wind-driven energy imparted to the ocean surface supports strong mixed-layer 

currents that are then dispersed as near-inertial internal waves for TCs that have Froude numbers 

greater than or equal to one. This occurs when the TC translation speed exceeds the phase speed 

of the first baroclinic mode (Geisler 1970; Shay et al. 1989). The inertial currents in the TC wake 

are connected to the third and fourth baroclinic modes (Shay et al. 1989). These currents spread 

out horizontally and have a relaxation time scale of 5 to 10 days. During this time, vertical shear 
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instabilities (gradient Richardson number is less than or equal to 0.25) in the upper ocean induce 

further ocean mixed layer cooling as there is a net heat flux across the thermocline. Based on 

upper-ocean measurements, entrainment of sub-thermocline water into the OML is the dominant 

mechanism for SST cooling, accounting for 85% of the cooling (Shay et al. 1992; Jacob et al. 

2000; Shay et al. 2000). Air-sea heat exchange accounts for the remaining 15% of OML cooling. 

1.3 Sea Surface Salinity Response to a Tropical Cyclone 

While there has been an abundance of research on the dynamic and thermodynamic 

responses of the ocean to TCs, characterizing the upper-ocean salinity response and its influence 

on ocean stratification has garnered less attention (Jacob and Koblinsky 2007; Neetu et al. 2012; 

Jourdain et al. 2013; Domingues et al. 2015). Two competing mechanisms that contribute to 

changes in upper-ocean salinity stratification are the freshwater flux at the surface from 

precipitation and the entrainment of higher saline water into the OML from below the 

thermocline. Other terms in the near-surface salinity budget include river runoff, horizontal 

advective process, and upwelling/downwelling. Net freshening from precipitation acts to 

increase ocean stratification, as a fresh surface layer sits atop saltier water near the thermocline. 

Generally, in the absence of strong pre-existing barrier layers, surface freshening is the dominant 

response to TC passage within the first several days. The continued mixing due to inertial 

currents can then erode a fresh surface layer. In a modeling case study of Hurricane Gilbert, the 

positive buoyancy flux from precipitation limited vertical mixing and entrainment, resulting in a 

weakening of the cold wake by 0.2°C to 0.5°C (Jacob and Koblinsky 2007). Sea surface salinity 

(SSS) values were lowered by as much as 0.3 PSU along the storm track. However, an 

observational based study showed the stabilizing effect of precipitation has a modest effect on 

SST cooling, with a median reduction of 0.07°C compared to a median total cooling of 1.0°C 

(Jourdain et al. 2013). Furthermore, turbulent mixing acts to erode upper-ocean stratification and 

the entrainment of higher saline water into the mixed layer can produce net salinification. In 

observational studies utilizing passive satellite-derived SSS values (Grodsky et al. 2012; Reul et 

al. 2014) surface salinification is the prominent response. However, passive radiometers 

(Aquarius, Soil Moisture and Ocean Salinity - SMOS, Soil Moisture Active-Passive - SMAP) 

operating at L-band wavelengths (1400-1427 MHz), have several deficiencies when studying 

TC-induced cold wakes. First, the brightness temperature retrievals are inherently noisy and 
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require long temporal averaging (days to weeks) to retrieve accurate SSS values. Second, even 

with an improved footprint size of 40 km for SMAP (Meissner and Wentz 2016), the high-

precipitation areas near the storm center are spatially smoothed. Third, the wind-induced sea 

surface roughness and foam generation in TCs can saturate L-band brightness temperature 

retrievals (Reul et al. 2012). Overall, the accuracy of SSS retrievals for SMOS can reach 0.3 psu 

when averaged over a 10-day period at 25 km grid spacing (Reul et al. 2014). Therefore, the SSS 

response to a translating TC is intricate and can result in either freshening or salinification 

depending on certain atmospheric and oceanic factors.   

1.3.1 The Oceanic Barrier Layer 

An oceanic barrier layer occurs when the thermocline extends to a deeper depth than the 

halocline, and upper-ocean stratification is governed by the vertical salinity gradient.  Important 

air-sea interactions during hurricane passage can be modified by a strong barrier layer (Figure 1). 

The presence of a pre-existing barrier layer can limit the vertical mixing and SST-cooling 

response to TCs by as much as 0.4-0.8°C/day (Wang et al. 2011). This barrier layer effect results 

in a more favorable ocean state for TC maintenance (Balaguru et al. 2012), as the mixed layer 

and thermocline are decoupled. To erode a barrier layer, a sufficient amount of turbulent kinetic 

energy is required to mix near-surface water down to the thermocline (Chi et al. 2014). Pre-

existing barrier layers are semi-permanent features in the eastern Caribbean Sea and western 

tropical Atlantic Ocean due to the river discharges associated with the Orinoco and Amazon 

Rivers. The freshwater plume has been shown to significantly affect TC-ocean exchanges 

(Pailler et al. 1999; Ffield 2006; Reul et al. 2012; Balaguru et al. 2012; Grodsky et al. 2012; Reul 

et al. 2014; Domingues et al. 2015; Rudzin 2017). The freshwater plume persists throughout the 

Atlantic hurricane season, from June through November, and reaches its maximum northward 

extent (~ 22°N) in August. The dominant freshwater flux is due to the meridional advection of 

river outflow, but rainfall within the intertropical convergence zone (ITCZ) also contributes. The 

Amazon River discharge peaks in May at about 0.25 Sv (Mignot et al. 2012). The Orinoco and 

Amazon River discharges are in phase with the maximum peak in solar radiation forcing, which 

facilitates barrier layer formation and a temperature inversion at the base of the layer. The upper-

ocean is characterized by a 10-60 m thick fresh salinity anomaly that is often associated with the 

warmest SST anomalies in the tropical Atlantic Ocean (Ffield 2006). The average plume 
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thickness is ~30 m and has an average vertical salinity gradient of 0.05 psu m
-1

 at its base (Reul 

et al. 2014). When TCs traverse across freshwater plumes, hurricanes can strengthen due to the 

presence of larger SST anomalies and a reduction in the cold wake magnitude due to the barrier 

layer. The SST cold wake is reduced by ~50% for storms crossing the freshwater plume when 

compared to those in open-ocean conditions (Reul et al. 2014). In fact, during the 50-year period 

from 1960 to 2000, 68% of all category 5 hurricanes traversed the freshwater plume area 

associated with Orinoco and Amazon Rivers (Ffield 2006). Therefore, TC-ocean interactions in 

this region have been shown to play an integral role in the intensification of some of the 

strongest TCs recorded in the Atlantic basin. 

The vertical extent of the isothermal layer is another important factor affecting TC cold 

wakes. When the isothermal layer depth (ITLD) is deeper than average (~ 35-40 m), SST cooling 

is reduced. In these cases, salinity stratification plays a secondary role. The combination of a 

deep ITLD and fresh near-surface layer can result in the creation of a barrier layer within and 

directly after TC passage. In addition, any subsequent storms that interact with the remnants of 

the SST cold wake may be impacted (Brand 1971; Balaguru et al. 2014, Baranowski et al. 2014). 

 

 

Figure 1: Diagram showing important air-sea processes that influence upper-ocean mixing 

during hurricane passage and their relation to the oceanic barrier layer (adapted from Moum 

and Smyth 2001). 
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1.3.2 Influence of Tropical Cyclone Precipitation on Sea Surface Salinity  

Barrier layer evolution during the forced stage of a TC is also important. While wind stress 

forcing supplies the kinetic energy to the OML that can erode a pre-existing barrier layer, 

precipitation increases upper-ocean stratification and strengthens the barrier layer. Precipitation 

rates exceeding 15 mm hr
-1

 produce enough surface freshwater flux to affect the static stability of 

the upper ocean and reduce turbulent mixing (Jacob and Koblinsky 2007). TCs can produce 

mean precipitation rates as high as 12 mm h
-1

, 7 mm h
-1 

and 3 mm h
-1

 for major hurricanes, 

hurricanes, and tropical storms, respectively (Lonfat et al. 2004). Instantaneous rainfall rates can 

be much higher, with values reaching as high as 50 mm h
-1

 in the eyewall and strong rainbands. 

The storm-relative location of precipitation maxima determines where the strongest SSS 

freshening occurs. Many factors affect TC rainfall asymmetry, including advection of planetary 

vorticity, vertical wind shear (Rogers et al. 2003) and friction-induced convergence within the 

hurricane boundary layer (Marks 1985). The rainfall asymmetry is smaller for more organized 

TCs, generally hurricane strength and stronger. On average, maximum precipitation rates are 

confined to the front quadrants. For TS, rainfall maxima are often located in the front-left 

quadrant. Rainfall maxima shift to the front-right quadrant for major hurricanes (Lonfat et al. 

2004). Precipitation ahead of the storm, especially when the shear vector is aligned with the 

storm motion, can contribute to enhanced surface freshwater flux. 

1.4 Atmospheric Interactions with Sea Surface Temperature Cold Wakes 

The atmospheric response to interactions with the TC-induced cold wake has important 

implications for TC structure and intensity change. The principal assessment is that air-sea 

interaction has minimal impact to TC track, but that the cold wake can significantly alter TC 

intensity (Bender and Ginis 2000; Wu et al. 2005; Chen et al. 2010; Liu et al. 2011; Balaguru et 

al. 2012). There is a substantial decrease in latent head flux (LHF) into the hurricane boundary 

layer which results in low moist static energy for air parcels passing over the cold wake. In a 

two-way coupled simulation of Hurricane Katrina using COAMPS-TC, the cold wake interaction 

elicited distinct structural changes in Hurricane Katrina that resulted in a weakening of the storm 

(Chen et al. 2010). These changes included a broadening of the eye, a reduction in the hurricane-

force wind field, and the intrusion of dry air into the western half of the storm (Chen et al. 2010). 

There was an increase in boundary layer convergence in the front quadrants and a decrease in 
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convection in the southwest quadrant, which aided the development of an open-eye structure as 

Hurricane Katrina, approached landfall. These modeled structural changes were very similar to 

observations (Chen et al. 2010). Furthermore, small changes in inner-core SST, on the order of 

1°C, have been shown to dramatically modify the total enthalpy flux by ~ 40% into the storm 

(Cione and Uhlhorn 2003). Likewise, small changes in near-surface humidity, temperature, and 

wind speed can have appreciable impacts on bulk surface fluxes. The negative feedback 

mechanism associated with cold wake interactions in some modeling studies can reduce storm 

intensity by ~70% (Schade and Emmanuel 1999). Therefore, an accurate representation of SST 

cold wakes is vital to improving TC intensity forecasts in a fully-coupled modeling framework.  

1.5 Argo Float Observations of Tropical Cyclones 

The Argo float observational analysis focuses on TC-induced changes in upper-ocean 

temperature and salinity, which affect ocean stratification. A climatological dataset of barrier 

layer characteristics is constructed using Argo float profiles before and after TC passage. The 

TC-Argo float data set is the first of its kind for the Atlantic, eastern Pacific and central Pacific 

basins and it explores barrier layer characteristics across a range of base ocean states. Our results 

show that the primary mechanism of barrier layer development in the Atlantic basin is ITLD 

deepening, with minimal contribution from near-surface freshening (Steffen and Bourassa 2018). 

In regions with strong, salinity-driven barrier layers due to the Orinoco and Amazon River 

discharges, SST cooling is suppressed and the barrier layer is partially or fully eroded (Ffield 

2006; Balaguru et al. 2012; Reul et al. 2014; Rudzin et al. 2018; Steffen and Bourassa 2018). In 

contrast, the eastern and central Pacific basins have slight ITLD shoaling since turbulent mixing 

is often confined to the layer above the ITLD. In the eastern Pacific, strong stratification at the 

thermocline limits entrainment. In the central Pacific, the ITLD is climatologically deeper, so 

only the strongest TCs induce turbulent mixing down to the thermocline. Therefore, near-surface 

freshening is the dominant mechanism for barrier layer development in both Pacific basins 

(Steffen and Bourassa 2018).  

     A description of the Argo float data and its limitations for studying TCs are discussed in 

chapter 2. Methods for defining the barrier layer and a review of previous barrier layer studies 

are provided in chapter 3. In addition, interannual variability related to El Nino-Southern 

Oscillation (ENSO) ocean states is examined within the TC-Argo float dataset. Basin-specific 
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results for the ocean state response to TC passage are discussed in chapter 5. ITLD deepening 

and near-surface freshening are discussed as the dominant mechanisms of barrier layer 

development local to TCs in chapter 4.5. Finally, chapter 4.6 summarizes key TC-induced barrier 

layer findings and highlights the use of the Argo float network as a means to monitor the upper-

ocean response to TCs. 

1.6 Hurricane Gonzalo (2014) Modeling Case Study 

     The mechanisms that determine the barrier layer response to TC forcing are difficult to 

observe. Therefore, a modeling case study of Hurricane Gonzalo (2014) has been designed to 

investigate how precipitation effects upper-ocean stratification and SST cooling during the 

forced state of the TC and within the TC cold wake. A description of the Hurricane Gonzalo case 

study is detailed in chapter 5. Details about the Coupled Ocean Atmosphere Wave Sediment 

Transport model (COAWST) used in this study are provided in chapter 6. To create a realistic 

simulation of the ocean response to Hurricane Gonzalo, high-quality observations are used to 

force the Regional Ocean Modeling System (ROMS) within the COAWST modeling framework. 

Sources for the atmospheric forcing variables are listed below, with a more detailed description 

provided in chapter 6.3. 

     A salinity budget analysis is performed on ROMS model output to identify the major terms 

leading to near-surface salinity changes and barrier layer formation within Hurricane Gonzalo. In 

addition, Slocum glider profiles of temperature, salinity, and ocean currents (Curry and Guishard 

2016) are used to validate model output fields. Results from the ROMS-only simulation within 

COAWST and their impacts to bulk air-sea fluxes are analyzed in chapter 6.4. To conclude, 

chapter 6.5 discusses important mechanisms for barrier layer evolution near TCs and its 

implications for coupled-TC modeling.    
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CHAPTER 2 

 

ARGO FLOAT OBSERVATIONS 
 

The Argo float network consists of over 3,900 “free-drifting” instruments, which measure 

vertical profiles of temperature and salinity from a near-surface layer (< 10 m) to a depth of 2000 

m. Argo float deployments started in the year 2000 and have continued at an increasing rate, 

currently adding ~800 floats per year to the Argo global array. In 2015, more than 120,000 

temperature and salinity (T/S) profiles were collected. With a typical sampling frequency of ~10 

days and a spatial distribution of every ~3 degrees, Argo is the first continuous and global upper-

ocean monitoring platform that provides research-quality ocean observations 

(http://www.argo.ucsd.edu). As a result, upper ocean analyses can be performed on time scales 

ranging from weeks to months to decades, spanning subseasonal processes to large-scale climate 

variability. A primary use of the Argo float network is to calculate heat and freshwater storage 

and transport at these different time scales. Scientifically quality-controlled Argo float data are 

processed in a delayed mode format and is available within a year of the observation. 

Additionally, near real-time Argo data are assimilated into global ocean circulation models and 

coupled ocean-atmosphere models to improve the initial ocean state. Argo float data are also 

used for model verification and development (http://www.argo.ucsd.edu/).  

Support for the global Argo network is attained through an international collaborative effort, 

comprised of 30 different countries and more than 50 research-oriented or operational centers. 

U.S. based contributions account for nearly 50% of the Argo array (http://www.argo.ucsd.edu/). 

The Argo float network contributes to the Global Ocean Data Assimilation Experiment 

(GODAE) in an effort to improve ocean state analysis and ocean model representation on global 

and regional scales. Argo is a fundamental part of the Global Climate Observing System/Global 

Ocean Observing System (GCOS/GOOS). 

2.1 TC-Argo Float Pairs 

For our study, Argo float profiles of temperature and salinity are obtained for both pre-TC 

and post-TC ocean states in the Atlantic, eastern Pacific, and central Pacific basins for the period 

2001-2014 (Argo 2000). Pre-TC Argo float locations are color coded based on barrier layer 

potential energy (BLPE) values, where 0-600 J m
-2

 (dark-light red) and 600-1200 J m
-2

 (light-
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dark blue) represent varying strengths of the barrier layer (Figure 2). Several key features appear 

in the BLPE spatial distribution. First, a peak in BLPE associated with the Orinoco and Amazon 

River plumes is present in the eastern Caribbean Sea and western half of the Atlantic basin’s TC 

main development region (MDR). Second, a latitudinal pattern in BLPE exists in the eastern 

Pacific, where higher BLPE is present near the climatological location of the Intertropical 

Convergence Zone (ITCZ). Smaller values of BLPE are more prevalent in the rain-limited areas 

to the north. Third, BLPE values are generally the largest in the central Pacific basin due to 

substantially deeper ITLDs than the other two basins. 

 

 

Figure 2: Argo float profile locations for pre-TC observations from 2001-2014 in the Atlantic, 

eastern Pacific, and central Pacific TC basins. The number of Argo profile samples (n) for each 

basin is listed. Argo floats plotted in red (blue) indicate BLPE values below (above) 600 J m
-2

, 

with dark red profiles approaching 0 J m
-2

 and dark blue profiles >1200 J m
-2

. 

 

All Argo float profiles consist of delayed mode, quality controlled data. Ocean temperatures 

are accurate to ±0.002°C, pressures to within ±2.4 dbar, and salinities to within ±0.01 PSU 

(Carval et al. 2014). Additional restrictive measures are taken to select pre-TC and post-TC Argo 

float pairs (Park et al. 2005; Wu and Chen 2012, Fu et al. 2014): 

 Profiles are measured by the same Argo float as determined by the float identification 

 Measurements are made within ±10 days and a 250 km radius of TC passage based on 

HURDAT2 best track from the National Hurricane Center 

 Only Argo pairs within 100 km of each other are selected 

 Vertical sampling must be at least every 10 m within upper ocean (< 50 m) 

 No repeating profiles for a single TC event are selected (removes high frequency Argo 

float measurements) 
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 Argo pair locations are confined to tropical and subtropical latitudes (< 35°N) 

 

To isolate TC-dependent changes from Argo float sensitivity to the background upper-ocean 

variability, a no-TC Argo pair distribution is constructed for comparison (Fu et al. 2014). No-TC 

Argo pairs are consecutive ocean profiles taken by the same Argo float that are greater than ±10 

days and/or 500 km of TC passage. Additionally, the no-TC Argo pair locations must be within 

100 km of the TC pairs to limit spatial heterogeneity between the distributions and to make the 

sample sizes comparable (Wu and Chen 2012). 

2.2 Challenges to Using the Argo Float Network for Tropical Cyclone Research 

Using the Argo float network to analyze TC air-sea interactions poses several challenges. 

First, Argo data sampling within the Caribbean Sea and Gulf of Mexico is sparse (Figure 2). 

Therefore, results for the Atlantic basin are more representative of conditions in the main 

development region and to the north and west, as TCs recurve out of the tropics. Second, the 

sample sizes of Argo float observations vary among the three basins. The eastern Pacific basin 

has the largest TC pair sample size, but a smaller no-TC pair distribution due to a higher TC 

spatial density. The central Pacific basin has a smaller sample size than the other TC basins, 

which increases uncertainty in the mean. Finally, temporal sampling for Argo floats (~10 days) 

makes analyzing transient, high-impact events, such as TCs difficult. Surface freshwater 

signatures from precipitation typically persist for two days after TC passage (Jacob and 

Koblinsky 2007). Therefore, this analysis underestimates the largest salinity-driven impacts to 

upper-ocean stratification because we use a ten-day sampling window after TC passage. Despite 

these issues, the large Argo float sample sizes reveal statistically significant upper-ocean 

features. 
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CHAPTER 3 

 

BARRIER LAYER METHODOLOGY 

 
Barrier layer thickness (BLT) is a proxy that is often used to quantify the resistance of the 

upper ocean to turbulent mixing. A thick BLT suppresses the turbulent heat flux across the 

thermocline and into the ocean mixed layer (Foltz and McPhaden 2009). However, BLT does not 

account for stratification within the ITLD due to salinity. Therefore, this study uses the barrier 

layer potential energy (BLPE, Eq. 1) as a direct measure of barrier layer strength because it 

accounts for changes in stratification within the ITLD (Chi et al. 2014). Large values of BLPE 

are indicative of a stably stratified, deep isothermal layer. The response of the near-surface 

temperature change to translating TCs is highly dependent upon the pre-TC ITLD and BLPE 

magnitudes. The largest cooling responses are generally associated with shallow ITLD and 

minimal BLPE, while large values of BLPE tend to suppress the cooling response within the TC 

cold wake. The BLPE is defined as the difference between the integral of the vertically averaged, 

fully mixed, density from the ITLD to the surface (PEmix, Eq. 2) and the same integral using the 

observed density profile (PEo, Eq. 3) (Chi et al. 2014). In these equations, g is Earth’s 

gravitational acceleration, ρ(z) is the density profile, 𝜌(𝑧) is the depth-averaged density within 

the ITLD, and z is the depth.  

mix oBLPE EPE P        (1) 

0

( )
ild

mix
z

PE g z zdz        (2) 

0

( )
ild

o
z

PE g z zdz         (3) 

Additionally, we calculate the isopycnal layer depth (IPLD) and ITLD using a threshold method. 

The IPLD is determined by a potential density (σt) increase of 0.10 kg m
-3

 (Δσt) from a 10 m 

reference depth, similar to previous literature (Sprintall et al. 1992; Foltz et al. 2010; Chi et 

al.2014). The ITLD threshold is defined as a temperature decrease of 0.5°C from the reference 

depth (Sprintall et al. 1992) as follows:  

                                                     𝜎𝑡 (𝐼𝑃𝐿𝐷) =  𝜎𝑡 (10𝑚) + ∆𝜎𝑡                                                       (4) 
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The 10 m reference depth minimizes wave-driven and diurnal changes in temperature and 

salinity near the surface. Many Argo floats make their first near-surface measurements at 10 m 

depth. An example of a strong, salinity-driven barrier layer is provided, where the IPLD and 

ITLD are indicated (Figure 3). The layer between the IPLD and ITLD is the barrier layer. 

 

 

Figure 3: Argo float vertical profile (0-100 m) of salinity (blue, x-axis top), temperature (red, x-

axis bottom) and potential density (black, x-axis bottom) reveals a strong, salinity-driven barrier 

layer in the tropical, North Atlantic Ocean. 

 

     Differences in barrier layer metrics are calculated between consecutive Argo float profiles for 

both the TC and non-TC Argo float distributions in each of the three TC basins. One-sided 

Student’s t-tests are performed to determine if changes in barrier layer characteristics are 

statistically significant at the 95% confidence interval (Eq. 5). Any values of Student’s t-test 

above ±1.65 indicate statistical significance at the 95% level. While the TC Argo pair 

distribution quantifies TC-induced changes to the upper ocean, the non-TC Argo distribution 

represents the background, ocean state variability and sensor sensitivity.  
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                                                                  𝑡 =  
�̅�−𝜇0

[𝑉𝑎𝑟(�̅�)]1 2⁄                                                               (5) 

In the above equation, �̅� represents the mean of the variable difference, 𝜇0 is the expected mean 

of the distribution (set to zero), and 𝑉𝑎𝑟(�̅�) is the variance of �̅� (Wilks 2006).  The same 

statistical tests are applied to vertically binned values of temperature and salinity from the 

surface to 100 m depth. 

3.1 Threshold Criteria Sensitivity 

 

The selection of threshold criteria to define the mixed layer depth can be rather arbitrary (de 

Boyer Montegut et al. 2004). Many previous studies that have analyzed individual ocean profile 

data define the mixed layer as a potential density increase (σθ) of 0.01-0.03 kg m
-3

 (Schneider 

and Muller 1990; Thomson and Fine 2003), 0.03 kg m
-3

 (Weller and Plueddeman 1996; de Boyer 

Montegut et al. 2004), 0.05 kg m
-3

 (Brainerd and Gregg 1995), and 0.125 kg m
-3

 (Suga et al. 

2004). Other studies define the mixed layer based on temperature threshold criteria (ΔT) of -

0.2°C (Thompson 1976), -0.5°C (Spall et al. 2000; Foltz et al. 2009) and -1.0°C (Rao et al. 

1989). For this study, we test the sensitivity of calculated barrier layer characteristics to different 

threshold criteria for both potential density and temperature (Table 1). The first column 

represents the barrier layer values used in this study, based on a Δσθ of +0.10 kg m
-3

 and a ΔT of 

-0.5°C from a 10 m reference depth. Blank cells (--) within Table 1 are unchanged barrier layer 

values from column 1. The sensitivity of the potential density threshold is determined while 

using a constant ΔT of -0.5°C. Likewise, the sensitivity of the temperature threshold is 

determined while using a constant Δσθ of +0.10 kg m
-3

.  

Depending on the selected threshold values, absolute barrier layer values can vary. For 

example, using a potential density threshold of +0.01 kg m
-3

 (which is an order of magnitude less 

than that selected for this study) reduces the IPLD by about half (Table 1, column 2). This has 

the effect of reducing variability in IPLD between pre-TC/post-TC Argo pairs and increasing the 

BLT. In addition, the calculation of BLPE depends on the ITLD and therefore is dependent on 

the temperature threshold used to calculate ITLD (Table 1, column 5). A temperature criterion of 

-0.2°C reduces the ITLD and BLPE values by 7.4% and 35.7%, respectively, when compared to 

a ΔT of -0.5°C.  
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The selected potential density and temperature threshold criteria (Δσθ = +0.10 kg m
-3

, ΔT = -

0.5°C) are appropriate for several reasons. First, the thresholds are consistent with previous 

barrier layer observational studies (Sprintall et al. 1992; Foltz et al. 2010; Chi et al.2014) and the 

values are near the median of threshold criteria used in the ocean mixed layer studies mentioned 

above. Second, the potential density criterion reveals changes in the IPLD that are largely missed 

when using a smaller criterion. Third, the temperature criterion is sufficiently large as to 

minimize false classification of ITLDs due to small ocean temperature fluctuations in Argo float 

profiles. Also, the forced stage of a TC produces turbulent mixing that can extend down to the 

ITLD. The temperature threshold used here represents an ITLD where entrainment of sub-

thermocline water into the mixed layer can substantially reduce SST and enthalpy fluxes that 

affect TC thermodynamics.  

While the thickness of the barrier layer can be sensitive to the threshold criteria, changes in 

barrier layer characteristics are less affected. Furthermore, the sign of barrier layer changes is 

consistent among different threshold criteria (Table 1). Therefore, we find that the results 

presented on TC-induced changes to barrier layer characteristics are qualitatively consistent 

regardless of the threshold criteria selected.   

 

Table 1: Barrier layer characteristics for pre-TC Argo profiles for different potential density and 

temperature threshold values. Changes in these variables after TC passage are shown in 

parentheses. Variables that are unaffected by changes in potential density thresholds (BLPE and 

ITLD) or temperature thresholds (IPLD) are indicated by dashes. The threshold criteria used in 

this study are shown in the first column. 

 Δσθ = 0.10 kg 

m
-3 

ΔT = -0.5°C 

Δσθ = 0.01 

kg m
-3 

ΔT = -0.5°C 

Δσθ = 0.05 

kg m
-3 

ΔT = -0.5°C 

Δσθ = 0.125 

kg m
-3 

ΔT = -0.5°C 

Δσθ = 0.10 kg 

m
-3 

ΔT = -0.2°C 

Atlantic 

BLPE (J m
-2

) 887.9  

(+130.2) 

-- -- -- 602.7  

(+111.7) 

BLT (m) 14.3  

(+2.6) 

27.3  

(+3.3) 

20.7  

(+3.1) 

11.8 

 (+2.2) 

11.4  

(+2.3) 

IPLD (m) 24.8 

 (+0.8) 

11.8  

(+0.1) 

18.4  

(+0.3) 

27.4  

(+1.2) 

-- 

ITLD (m) 39.1 

 (+3.4) 

-- -- -- 37.2 

 (+2.9) 
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Table 1 continued 

 Δσθ = 0.10 kg 

m
-3 

ΔT = -0.5°C
 

Δσθ = 0.01 

kg m
-3 

ΔT = -0.5°C
 

Δσθ = 0.05 

kg m
-3 

ΔT = -0.5°C
 

Δσθ = 0.125 

kg m
-3 

ΔT = -0.5°C
 

Δσθ = 0.10 kg 

m
-3 

ΔT = -0.2°C
 

eastern Pacific 
BLPE (J m

-2
) 668.5 

 (-29.4) 

-- -- -- 418.6 

 (-4.6) 

BLT (m) 10.1 

 (+0.0) 

20.7 

 (-0.3) 

15.2 

 (-0.1) 

8.3  

(-0.1) 

6.6 

 (+0.5) 

IPLD (m) 21.7 

 (-0.4) 

11.1 

 (-0.0) 

16.6 

 (-0.2) 

23.6 

 (-0.3) 

-- 

ITLD (m) 31.8 

 (-0.3) 

-- -- -- 29.6 

 (+0.5) 

central Pacific 

BLPE (J m
-2

) 1752.6 

 (-93.2) 

-- -- -- 1092.6 

 (-146.4) 

BLT (m) 27.4  

(-0.8) 

43.2 

 (-1.8) 

35.8  

(-1.5) 

23.6 

 (-0.6) 

20.9 

 (-1.7) 

IPLD (m) 27.8 

 (-1.0) 

12.0 

 (-0.0) 

19.4 

 (-0.3) 

31.6 

 (-1.2) 

-- 

ITLD (m) 55.2 

 (-1.8) 

-- -- -- 49.4  

(-2.9) 

 

 

3.2 Barrier Layer Potential Energy Sensitivity 

     The calculation of BLPE (Eq. 1-3) is dependent upon the depth of the ITLD and the 

stratification within that layer. Since the temperature is nearly constant from the surface down to 

the ITLD, stratification is largely salinity-driven within the barrier layer. To test the sensitivity of 

the BLPE calculation to these two main factors, an idealized sensitivity test is performed by 

varying one variable while holding the other constant to determine a range of BLPE responses 

(Figure 4).  

      For salinity stratification, four linear salinity profiles were chosen with different salinity 

stratification within the ITLD: 0.1 PSU, 0.2 PSU, 0.3 PSU, and 0.4 PSU vertical differences 

between a near-surface value (10 m depth) and the ITLD. These values were chosen based upon 

the salinity stratification distribution in the Atlantic TC basin. The largest salinity stratification of 

0.4 PSU is near the average value within the 90
th

 percentile and above. Likewise, the smallest 

salinity stratification of 0.1 PSU is close to the 50
th

 percentile average. The 0.2 PSU and 0.3 PSU 
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stratification values are equally spaced between the two extreme values. In the example shown 

(Figure 4, left), the ITLD is held constant at 50 m depth, which is slightly higher than the median 

ITLD in the Atlantic TC basin. As a result, the BLPE calculation for these four different salinity 

profiles ranges from about 1200 J m
-2

 to 1900 J m
-2

 (Figure 4, red circles), indicating that BLPE 

is quite sensitive to salinity stratification for a given ITLD (Figure 4, right). This is a 58.3% 

increase in BLPE from the lowest salinity stratification to the highest. 

  

 

Figure 4: Idealized, linear profiles of temperature (red) and salinity (blue) to test BLPE 

sensitivity to varying ITLD depths and salinity stratification (left). The range of BLPE values 

(blue curve) by varying ITLD from 12 m to 70 m depths and holding salinity stratification 

constant (right). The median (vertical black line) and 25
th

/75
th

 quartiles (vertical gray lines) of 

ITLD are shown. The range of BLPE responses to the four salinity profile examples (constant 50 

m ITLD) with varying salinity stratification are plotted (red circles, right). 

 

For ITLD, the salinity stratification is held constant at 0.15 PSU and ITLD is varied from 12 

m to 70 m depth at 2 m increments. Based upon Argo float data in the Atlantic TC basin, the 

median ITLD is about 42 m and the 25
th

 and 75
th

 quartiles of ITLD are about 26 m and 60 m, 

respectively. The range of BLPE values between the 25
th

 and 75
th

 quartiles in ITLD is 

approximately 250 J m
-2

 to 2000 J m
-2

, which is almost an order of magnitude difference. The 

high sensitivity of BLPE to changes in ITLD is due to the non-linearity of the BLPE calculation 

with depth (Eq. 1-3). Therefore, the ITLD is the primary driver of BLPE values and it is often a 

good indicator of the strength of coupled, air-sea interaction in TCs. When the ITLD is deep and 
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warm, BLPE values are generally high and the salinity stratification with the barrier layer plays a 

secondary role. There is minimal cooling under the TC for these deep ITLD cases. However, for 

cases where the ITLD is normal to below normal and salinity stratification is high, salinity plays 

a more important role in the amount of SST cooling that occurs during TC passage.  

3.3 Interannual Variability in TC-Argo Float Pairs 

A major source of interannual variability is due to the El Nino - Southern Oscillation (ENSO) 

signal and the coupled, air-sea interactions that occur between surface winds, equatorial and 

zonal SST anomalies, and upper-ocean heat content across the tropical Pacific Ocean (Wang et 

al. 1999; Willis et al. 2004). Furthermore, ocean-atmosphere ENSO teleconnections influence 

tropical Atlantic SST variability in several key regions (Enfield and Mayer 1997). Therefore, it is 

reasonable to expect an interannual ENSO signal to be present in the Argo float profile data for 

the 2001-2014 period used in this study. Based on the Ocean Nino Index (ONI), there were three 

La Nina states (2007, 2010, 2011), three El Nino states (2002, 2004, 2009), and eight neutral 

states (2001, 2003, 2005, 2006, 2008, 2012, 2013, 2014) during the TC season (NOAA Climate 

Prediction Center 2018).  

 

 

Figure 5: Histogram of Argo float samples in the Atlantic, eastern Pacific, and central Pacific 

TC basins from 2001-2014. Summertime average of Oceanic Nino Index (ONI, 3-month running 

mean of ERSST.v5 SST anomaly) is listed above, where a ± 0.5°C SST anomaly across the Nino 

3.4 region (5°S - 5°N, 120° - 170°W) characterizes El Nino/La Nina (red/blue) states (NOAA 

Climate Prediction Center 2018). 
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The La Nina years of 2007 and 2010 were particularly strong, with an average ONI of -1.0°C 

and -1.3°C, respectively. However, the El Nino years were weaker, with average ONI values of 

1.0°C, 0.6°C and 0.7°C. Sufficient Argo data sampling is necessary to resolve the ENSO signal 

(Figure 5). The number of samples during a given year relies on two main factors: the number of 

floats available (size of the Argo float network) and the number of TCs (opportunity to sample 

TC-induced ocean response). Generally, the number of Argo float samples has increased with 

time as the Argo float network has expanded, with a noticeable increase in observations of TC-

ocean interactions after 2005. Since 2/3 of El Nino years in this sample occurred before 2005, 

when not many observations were available, the El Nino signal is dominated by Argo float 

observations in 2009 (Figure 5). Variability of annual TC counts can have a drastic impact on 

Argo float sampling; for example, suppressed TC activity from 2010-2011 in the central Pacific 

basin resulted in only one Argo float sample (Figure 5). Since 2010-2011 encompass two La 

Nina years, the central Pacific TC basin is severely under-sampled during La Nina ocean states.  

 

Table 2: Mean barrier layer metrics of the base state ocean profiles and the TC-induced 

response (in parentheses) are subset based on the El Nino - Southern Oscillation (ENSO) 

signals. The number of samples (n) is listed for each TC basin and ENSO state. Statistically 

significant differences from neutral conditions at the 95
th

 confidence interval are bolded. 

 El Nino La Nina Neutral 

Atlantic n = 41 n = 184 n = 272 

BLPE (J m
-2

) 787.4  

(+205.9) 

844.8  

(+45.1) 

932.1  

(+176.4) 

BLT (m) 11.3  

 (+3.1) 
12.7  

(+1.7) 

15.8 

 (+3.1) 

IPLD (m) 21.9  

(+2.6) 

24.2 

 (+0.7) 

25.7  

(+0.6) 

ITLD (m) 33.2  

(+5.7) 
36.9  

(+2.4) 

41.6 

 (+3.7) 

eastern Pacific n = 177 n = 198 n = 566 

BLPE (J m
-2

) 919.3  

(-78.3) 
463.9  

(-8.3) 

661.7  

(-21.4) 

BLT (m) 12.3  

(0.0) 
7.1 

 (+0.5) 

10.4  

(-0.1) 

IPLD (m) 23.2  

(-0.7) 
20.4 

 (-0.5) 

21.7  

(-0.2) 

ITLD (m) 35.5  

(-0.7) 
27.5  

(0.0) 

32.1  

(-0.3) 
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Table 2 continued 

 El Nino La Nina Neutral 

central Pacific n = 60 n = 23 n = 167 

BLPE (J m
-2

) 1378.1  

(-14.3) 

2252.7 

 (-212.6) 

1818.2  

(-105.1) 

BLT (m) 22.1  

(+1.8) 

36.1 

 (-4.4) 

28.1 

 (-1.3) 

IPLD (m) 27.3 

 (-1.3) 

28.3  

(+1.3) 

27.9 

 (-1.2) 

ITLD (m) 49.5  

(+0.5) 

64.4  

(-3.1) 

56.0 

 (-2.5) 

 

 

A strong, ENSO-related interannual signal in the pre-TC ocean states exists across all three 

TC basins. In the Atlantic, barrier layer characteristics are shallower during both El Nino and La 

Nina when compared to neutral conditions. There is a corresponding reduction in BLPE, yet it is 

not statistically significant (Table 2). In the eastern Pacific, the barrier layer is deeper and 

stronger during El Nino years, consistent with anomalously warm upper-ocean temperatures and 

positive thermocline displacements in this region. Conversely, the barrier layer is shallower and 

weaker during La Nina years, as SSTs are anomalously cold and the thermocline is shallower. 

The barrier layer characteristics in the central Pacific have the opposite response to ENSO 

compared to the eastern Pacific for many of the same arguments related to thermocline 

displacement. However, a small sample size for the central Pacific resulted in less statistical 

significance.  

Interestingly, the strong ENSO signal present in the pre-TC Argo float profiles is not 

reflected in TC-induced changes to the barrier layer. This result is not completely unexpected 

since TC-induced changes to the barrier layer are influenced both by the background ocean state 

(interannual variability), but also many other factors related to the TC itself (intensity, speed, 

size) and Argo data sampling (radial distance and time after TC passage). However, some 

meaningful relationships between TC-ocean interaction and ENSO are still apparent. First, when 

the background ocean state has a shallower barrier layer structure (Atlantic/El Nino, eastern 

Pacific/La Nina, central Pacific/El Nino), TC-induced changes often increase the barrier layer. 

Conversely, the presence of strong pre-existing barrier layers in the Pacific TC basins (eastern 
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Pacific/El Nino and central Pacific/La Nina) result in barrier layer reduction in response to a TC. 

The current, well-developed Argo float network will allow more observations of TC-ocean 

interaction in the future, and a better-resolved ENSO signal in barrier layer changes may be 

recoverable. 

3.4 Pre-existing Barrier Layers 

     When a TC traverses a pre-existing barrier layer, the SST cooling response is reduced and 

enthalpy fluxes into the TC are sustained. Many observational and modeling studies have 

demonstrated that pre-existing barrier layers are favorable to TC intensification (Ffield 2006; 

Wang et al. 2011; Balaguru et al. 2012; Reul et al. 2014; Rudzin et al. 2018). However, most 

studies have only focused on TC-ocean interaction in regions with particularly strong barrier 

layers and therefore are only applicable for very specific upper-ocean conditions. Also, this more 

targeted approach to studying the barrier layer’s effect on TC intensification often results in a 

smaller number of data samples. To alleviate the data sampling problem, ocean reanalysis 

products can be used instead of direct, upper-ocean measurements, but generally at the expense 

of the highest-quality observations. We address the aforementioned challenges by analyzing 

Argo float profiles that measure the temperature and salinity responses to TCs across a wide 

range of ocean state conditions and TC intensities. Using the Argo float network, we 

systematically explore the relationships between pre-existing barrier layers and TCs.  

This analysis determines a range of barrier layer strengths and the corresponding SST 

responses within the Atlantic, eastern Pacific, and central Pacific TC basins. Generally, the 

strength of the barrier layer depends on two main factors: the depth of the isothermal layer and 

the salinity stratification within the layer. To account for both of these factors when measuring 

barrier layer strength, we use the pre-TC BLPE (Eq. 1). The range of ΔSST spans -5 °C to +2 °C 

for the Atlantic and eastern Pacific basins, but is more muted in the central Pacific. The lower 

25% quartile and upper 75% quartile of both ITLD and salinity stratification are used to 

highlight differences in the ΔSST distributions for weak versus strong barrier layers.  

3.4.1 Depth-driven Barrier Layers 

BLPE varies non-linearly with depth, and therefore is sensitive to changes in ITLD (Figure 

6a.-c.). For all three basins, most ITLD depths range from 10 m to 85 m deep, with a few isolated 
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cases in the central Pacific with values above 100 m. Using linearized temperature and salinity 

profiles from the inner 50% quartile (25% to 75%) of BLPE, the relationship between ITLD and 

BLPE is well-defined (black curves, Figure 6a.-c.). There is minimal spread in BLPE, especially 

along and below the 50
th

 quartile curve where stratification is minimal. For ocean profiles with 

strong, salinity-driven stratification, BLPE values are larger and lie well above the 50
th

 quartile 

curve. In the Atlantic basin, most of these cases are associated with the Orinoco and Amazon 

freshwater plumes and produce BLPE values larger than 2000 J m
-2

 (Figure 6a.). The 

stratification within the eastern Pacific basin is climatologically stronger, resulting in more 

profiles above the 50
th

 quartile curve (Figure 6b.). However, its average ITLD is also the 

shallowest among the three basins, which largely cancels the reinforcing effect that stratification 

has on BLPE. The central Pacific basin has the deepest ITLDs, but also more variability about 

the mean ITLD. Therefore, the range of BLPE is generally greater in the central Pacific basin 

and it is largely due to the deeper, pre-existing ITLD. The central Pacific also lacks a significant 

source of surface freshwater flux and has less salinity stratification than the Atlantic and eastern 

Pacific. Therefore, the pre-TC ITLD is a good predictor of BLPE and the ΔSST response. 

For all three basins, there is considerably more SST cooling for profiles in the lower 25
th

 

quartile of ITLD when compared to the upper 75
th

 quartile. This is an expected result since more 

turbulent kinetic energy is required to produce a SST cooling response for ocean profiles with 

deep ITLDs. Only strong TCs can elicit a strong SST response in these deep ITLD cases. 

Similarly, profiles in the lower 25
th

 quartile have shallower ITLDs, so a stronger SST response is 

observed for a given TC wind forcing. For the Atlantic and eastern Pacific basins, SST cooling is 

confined to -2 °C or less for the upper 75
th

 quartile sample. In the central Pacific, there is even 

less cooling, with all cases having less than -1 °C cooling. Interestingly, there are cases of SST 

warming for both the lower 25
th

 quartile and upper 75
th

 quartiles of ITLD. A warming response 

to a TC is rare, but not unprecedented. Since the heat exchange from ocean to atmosphere causes 

SST cooling, the source of the warming must come from elsewhere. Advective processes can 

contribute, but a more likely explanation involves a common characteristic associated with 

barrier layers. When a pre-existing barrier layer is present, there is often a sub-surface 

temperature inversion. Generally, upper-ocean mixing is suppressed and incoming solar radiation 

is able to penetrate the water column, warming the sub-surface water. Then, as a TC approaches 

and traverses the barrier layer, TC-induced mixing causes the sub-surface temperature maxima to 
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erode and the ocean surface warms. This interaction only occurs in regions with strong pre-

existing barrier layers. 

Overall, the pre-TC ITLD is a good indicator of how strong a barrier layer is and how 

effectively a TC can interact with its cold wake. The depth of the ITLD also contributes to how 

much thermal energy is available to a TC. As an example, the depth of the 26 °C isotherm is 

used as a proxy for thermal energy availability. Other variables like ocean heat content (OHC) 

and tropical cyclone heat potential (TCHP) (Leipper and Volgenau 1972; Shay et al. 2000) are 

vertically integrated quantities that are a direct measure of the heat content of the water column 

down to the 26 °C isotherm. The pre-TC ITLDs are directly related to these quantities and 

provide similar information on the sub-surface ocean state. For Argo profiles with a deeper ITLD 

than average, both BLT and BLPE are usually larger and the barrier layer is stronger. 

 

 

Figure 6: Argo float BLPE values as a function of ITLD for pre-TC (row 1) ocean states in the 

Atlantic (column 1), eastern Pacific (column 2), and central Pacific (column 3) TC basins. The 

black curve represents BLPE values using the middle 50
th

 percentile of linearized temperature 

and salinity. Black circles mark the mean ITLD with the red and blue pointers indicating the 25
th

 

and 75
th

 percentiles. Probabilities (number of observations in bin / total number of observations) 

of the sea surface temperature response to translating TCs (row 2) for Argo float profiles with 

ITLD values below the 25
th

 percentile (red) and above the 75
th

 percentile (blue). 
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3.4.2 Salinity-driven Barrier Layers 

The pre-TC salinity stratification has an observable influence on BLPE values and the SST 

cooling response (Figure 7). Upper-ocean salinity stratification is defined as the salinity 

difference from the ITLD value minus the near-surface value. For all basins, the average ΔS 

value is about 0.1 PSU and most samples are within 0 to 0.2 PSU. For high salinity stratification, 

ΔS values exceed 0.4 PSU and can approach 1.0 PSU in the most extreme samples. There is a 

positive relationship between salinity stratification and BLPE (Figure 7a.-c.). However, there is a 

much higher spread in BLPE as a function of ΔS due to the influence of ITLD in the calculation 

of BLPE. The strongest linear relationship between ΔS and BLPE occurs in the eastern Pacific 

basin. The positive linear relationship is still present for the Atlantic and central Pacific basins, 

with the later having the most variability in BLPE. Consequently, the ΔSST cooling response 

should be less for the upper 75
th

 quartile of ΔS when compared to the lower 25
th

 quartile. This is 

true for the Atlantic and central Pacific basin, as the increased stability suppresses ocean mixing 

and SST cooling (Figure 7d. and 6f.). Contrarily, the Argo float profiles with the largest salinity 

stratification in the eastern Pacific also have a larger SST cooling response (Figure 7e.). The 

mean SST cooling is -0.35 °C for this sample. In addition, the ΔSSS response shows strong 

salinification. Both of these results indicate that sub-thermocline water which is cooler and 

saltier is being entrained into the OML. Therefore, the stabilizing effect from salinity 

stratification is not reflected in the either the ΔSST or ΔSSS distributions for the eastern Pacific. 

To determine the cause of this result, differences in the mean ocean state and TC characteristics 

are examined between the lower 25
th

 quartile and upper 75
th

 quartile samples (Table 3). The 

mean ocean state variables include the pre-TC values of BLPE, ITLD, and SST. The temperature 

stratification between 0 m to 100 m depth is also considered. The mean TC characteristics 

include the mean Argo float location (latitude and longitude), TC intensity (minimum central 

pressure and maximum wind speed) and TC translation speed. 

At first glance, the mean ocean state variables for the upper 75
th

 quartile in salinity 

stratification should inhibit SST cooling. The pre-TC BLPE value is almost three times that of 

the lower 25
th

 quartile value and the ITLD is 3.5 m deeper (Table 3). However, the ΔSST 

response is stronger. A key difference between the upper 75
th

 and lower 25
th

 data subsets is the 

mean 0-100 m temperature stratification. In the upper 75
th

 quartile, the temperature difference 
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between the surface and 100 m depth is nearly twice that of the lower 25
th

 quartile (Table 3). 

This is because most of the upper 75
th

 quartile samples are located in the eastern Pacific warm 

pool, where SSTs are above 28°C and thermal stratification is greater. Most of the lower 25
th

 

quartile samples are farther north and west, where SSTs are lower and thermal stratification is 

weaker. Therefore, despite the increased salinity and thermal stratification in the upper 75
th

 

quartile, turbulent mixing extends down to the ITLD and induces a stronger SST cooling 

response since the sub-thermocline water being entrained is cooler. There is not a statistically 

significant difference in TC characteristics between the lower 25
th

 quartile and upper 75
th

 quartile 

in salinity stratification. However, the upper 75
th

 quartile subset does contain TCs that are 

slightly stronger, but also have faster translation speeds (Table 3). Therefore, the unexpected 

result of more SST cooling in the higher salinity stratification Argo profiles is likely due to the 

cooler sub-thermocline water being entrained into the OML and not due to differences in TC 

characteristics. 

Overall, the Atlantic and central Pacific basins have reduced SST cooling in Argo float 

profiles with strong salinity stratification (Figure 7d. and 6f.). For the Atlantic, this result is in 

agreement with previous studies that have linked enhanced static stability within the freshwater 

plumes from the Orinoco and Amazon River discharges to reduced SST cooling (Ffield 2006; 

Wang et al. 2011; Balaguru et al. 2012; Reul et al. 2014). Also, there is no statistically significant 

correlation between salinity stratification and ITLD for any TC basin. Therefore, the muted SST 

response is mostly due to the stabilizing effect of upper-ocean salinity stratification.  
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Figure 7: Argo float BLPE values as a function of salinity stratification for pre-TC (row 1) ocean 

states in the Atlantic (column 1), eastern Pacific (column 2), and central Pacific (column 3) TC 

basins. The black line represents a least-squares linear regression of BLPE. Black circles mark 

the mean salinity stratification with the red and blue pointers indicating the 25
th

 and 75
th

 

percentiles. Probabilities of the sea surface temperature response to translating TCs (row 2) for 

Argo float profiles with salinity stratification values below the 25
th

 percentile (red) and above the 

75
th

 percentile (blue). 

 

 

 

Table 3: Mean ocean state and TC characteristics between the lower 25
th

 and upper 75
th

 

quartiles of salinity stratification in the eastern Pacific TC basin 

 Lower 25
th

 quartile of ΔS Upper 75
th

 quartile of ΔS 

ΔSST response (°C) +0.04 -0.35 

ΔSSS response (PSU) -0.03 0.46 

pre-TC BLPE (J m
-2

) 411.9 1192.1 

pre-TC ITLD (m) 30.9 34.4 

pre-TC SST (°C) 25.2 28.6 

ΔT 0-100 m (°C) 8.38 14.03 

   

latitude (°N) 19.6 13.0 

longitude (°W) -120.4 -112.0 

TC central pressure (mb) 1000.6 998.6 

TC maximum wind speed (kt) 38.6 41.8 

TC translation speed (m s
-1

) 4.54 4.80 
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CHAPTER 4 

BASIN-SPECIFIC BARRIER LAYER RESULTS 

The Argo float network provides a unique opportunity to study the upper-ocean response to 

translating TCs across a range of ocean states and TC intensities. Over the 14-year period used 

for this study, 1688 Argo float profiles sampled the ocean conditions within 250 km and ±10 

days of TC passage in the Atlantic, eastern Pacific, and central Pacific TC basins. Of those 

observations, a majority of the Argo floats sampled TCs that were only tropical depression (< 33 

knot) or tropical storm (34 to 63 knots) strength. The remaining Argo float observations sampled 

218 hurricanes (Category 1-2 only) and 82 major hurricanes (Category 3+), accounting for 

12.9% and 4.9% of the Argo observations, respectively. Furthermore, other TC-related factors 

introduce heterogeneity to the TC-Argo pair data set. As examples, the TC-Argo pair data set 

samples TCs at different stages within their lifecycle, faster or slower translation speeds, 

different sizes of the tropical storm force wind field , and at different radial distances from the 

TC center. All of these factors add complexity to analyzing the average ocean response to 

translating TCs. However, despite these challenges, the large sample sizes allow meaningful, 

statistically significant results to arise. These results will be discussed in the context of each 

individual TC basin and how the barrier layer responds to TC passage. In addition, physical 

relationships between the barrier layer and TC characteristics will be discussed.  

4.1 Atlantic Tropical Cyclone Basin 

The Atlantic TC basin includes the MDR, Caribbean Sea, Gulf of Mexico and the tropical, 

north Atlantic up to 35°N latitude. There is dense spatial coverage in Argo float samples in the 

MDR and the western Atlantic, but minimal Argo float sampling in both the Caribbean Sea and 

Gulf of Mexico. Therefore, the results for this section are more representative of the 

aforementioned areas with a greater number of observations. The Caribbean Sea and Gulf of 

Mexico have more mesoscale eddy activity than the interior of the Atlantic basin, and barrier 

layers have been shown to be prevalent features in warm core eddies (WCE) in these regions as 

well (Rudzin 2017). Many previous studies have analyzed the barrier layer associated with the 

Orinoco and Amazon River plumes, where a fresh near-surface layer extends into the western 

part of the MDR and into the eastern Caribbean Sea. The salinity stratification in this region is 
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much larger than the rest of the Atlantic basin, creating a 30-m thick barrier layer within the 

upper ocean. The TC-Argo data set for the Atlantic TC basin does sample the freshwater plume, 

but it accounts for a small percentage of the total Atlantic data set, and therefore, has limited 

influence on the average Argo float results presented in this section. On average, the Atlantic TC 

basin has an ITLD of 39.1 m and an IPLD of 27.4 m. The barrier layer is about 11.8 m thick and 

has a BLPE of 887.9 J m
-2

. 

The Atlantic TC basin shows statistically significant increases at 95% confidence in all 

barrier layer metrics after TC passage (Figure 8). Of the 497 Argo float pairs in the Atlantic 

basin, BLPE values increase in 63% of the cases, resulting in an average increase of 130.2 J m
-2

 

(+14.7%) from pre-TC values. In addition, the ITLD and IPLD deepen by 3.4 m (+8.6%) and 0.8 

m (+3.2%), respectively, creating an increase in BLT of 2.6 m (+17.9%) (Figure 8). BLPE 

calculated using a constant ITLD between each Argo pair (dashed lines, Figure 8a) reveals no 

significant change in pre- and post-TC BLPE values. TC-induced changes in near-surface 

temperature reveal that 63.7% of Argo profiles experience cooling, with an average ΔSST of -

0.65°C (Table 3). The remaining 36.1% of Argo profiles show slight warming near the surface, 

with an average ΔSST of +0.27°C. Ocean surface warming in post-TC Argo profiles can occur 

when a temperature inversion precedes TC passage. Warm subsurface layers are often collocated 

with strong salinity-driven barrier layers (Cronin and McPhaden 2002). Additionally, the 10-day 

Argo sampling period can allow for the partial or full recovery to climatological SSTs. For the 

salinity response, there is an equal likelihood of freshening (50.4%) or salinification (49.2%) in 

the near-surface layer (Table 3). Competing processes of freshwater flux from rainfall (-ΔSSS) 

and the combination of evaporation and entrainment of saltier water largely cancel salinity 

changes in the Atlantic TC basin. Therefore, salinity-driven changes to barrier layer metrics after 

TC passage are minimal. 

The deepened ITLD is primarily responsible for barrier layer development in the Atlantic 

basin, as opposed to a change in upper-ocean salinity. The vertical profile structure of 

temperature and salinity for the Atlantic basin supports this result, as turbulent mixing has 

reduced upper ocean stratification (Figure 9g). Statistically significant cooling extends to a depth 

of ~56 m, creating a less stratified ITLD (Figure 9a). In addition, the salinity decreases from the 

surface to a depth of ~ 46 m, but this slight freshening has minimal impact on stratification.  
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4.2 Eastern Pacific Tropical Cyclone Basin 

The eastern Pacific TC basin extends from the western coasts of Mexico and Central 

America to 140°W longitude and encompasses the eastern Pacific warm pool, where most TC 

activity is initiated. Due to the high concentration of TCs in this area, Argo float sampling is 

dense within the eastern Pacific warm pool. The upper ocean in this region is characterized by 

warm SSTs, often greater than 30°C, and a highly stratified thermocline. Argo float sampling is 

less dense to the west of 120°W, where SSTs are slightly cooler and there is less upper-ocean 

stratification. On average, the eastern Pacific TC basin has an ITLD of 31.8 m and an IPLD of 

23.6 m. The barrier layer is about 8.3 m thick and has a BLPE of 668.5 J m
-2

. Compared to the 

other TC basins, the eastern Pacific has the shallowest IPLD and ITLD values, and this is also 

reflected in a small BLPE average.  

The eastern Pacific basin shows no statistically significant changes in barrier layer metrics 

after TC passage. BLPE actually decreases by -29.4 J m
-2

 (-4.4%) in the mean, while both the 

IPLD and ITLD shoal by -0.4 m (-1.7%) and -0.3 m (-1.0%), respectively (Figure 8). However, 

BLPE values increase in 50.9% of the eastern Pacific Argo pairs. Near-surface cooling occurs in 

59.3% of Argo profiles, resulting in an average ΔSST of -0.65°C (Table 3). Interestingly, in the 

40.7% of Argo profiles that experience warming, the average magnitude of the warming 

(+0.51°C) is almost twice as much as seen in the Atlantic (+0.27°C) and central Pacific 

(+0.28°C). The eastern Pacific also has the strongest salinity response, as 58.7% of Argo profiles 

experience freshening (-0.16 PSU) after TC passage (Table 3). 

Even with a reduction in barrier layer metrics, the vertical profiles of temperature and salinity 

reveal cooling throughout the upper 100 m and freshening in the upper 40 m, which results in a 

slightly more stable near-surface layer from 0-25 m depth (Figure 9). There is a statistically 

significant freshening in the upper ~25 m, and because there is homogeneous cooling throughout 

the profile, stability (N
2
) is affected more by the near-surface salinity change (Figure 9). As a 

result, stability increases by 37.0% in the 0-10 m bin and by 31.6% in the 10-20 m bin after TC 

passage. Therefore, for the eastern Pacific basin, near-surface freshening increases stratification, 

while a reduction in ITLD acts to suppress barrier layer development.  
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4.3 Central Pacific Tropical Cyclone Basin 

The central Pacific TC basin extends westward from 140°W longitude to the dateline. This 

basin has a smaller areal extent than both the Atlantic and eastern Pacific basins. In addition, 

there is not as much TC activity in the central Pacific basin. Therefore, the TC-Argo float data 

set for the central Pacific is much smaller, having only 249 samples. The central Pacific also has 

the deepest ITLD, 55.2 m on average. The barrier layer is stronger, with a BLT and BLPE of 

23.6 m and 1752.6 J m
-2

, respectively. As a result, the air-sea coupling in the central Pacific is 

weaker and SST cooling is minimal for most TC-Argo observations.  

Both the IPLD and ITLD decrease in the mean by -1.0 m (-3.5%) and -1.8 m (-3.3%), 

respectively. Correspondingly, BLT decreases by -0.8 m (-3.0%) and BLPE by -93.2 J m
-2

 (-

5.3%) (Figure 8). However, the mean BLPE (using a constant ITLD between pre-TC and post-

TC profiles) results in the opposite response, an increase of 89.5 J m
-2

 (+7.7%) after TC passage. 

The BLPE increase using a constant ITLD indicates that salinity-driven increases in stratification 

influence BLPE values more than the decrease in ITLD. This result is supported by the 

temperature and salinity vertical profile structures, which have a more stratified upper ocean. 

Interestingly, there is very little cooling in the upper 30 m after TC passage in the central Pacific, 

likely a consequence of a warm, deep isothermal layer. From depths of 35-100 m, there is a 

statistically significant temperature decrease, with more cooling at depth. The temperature 

response actually increases stratification from 35-100 m, which is very different from the 

temperature response in the Atlantic and eastern Pacific basins. Additionally, a strong salinity 

signal is present in the upper 20 m, with a near-surface fresh layer developing. Stratification 

increases throughout the entire 100 m profile due to both the temperature and salinity profiles. 

The near-surface salinity change is largely responsible for increased stratification in the upper 20 

m and the temperature profile impacts stratification from 20-100 m (Figure 9). 
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Figure 8: Normalized histograms of BLPE (row 1), BLT (row 2), IPLD (row 3), and ITLD (row 

4) using both the TC (blue) and no-TC (red) distributions for the Atlantic (column 1), eastern 

Pacific (column 2), and central Pacific (column 3) TC basins. BLPE values are also calculated 

using the minimum, constant ITLD between each Argo pair (dashed, row 1). Mean values (µ) 

and Student’s t-test scores (t) are listed in the upper left corner of each subplot. Any values of 

Student’s t-test above ±1.65 indicate statistical significance at the 95% level. 
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Figure 9: Argo float composites showing vertical profiles of temperature (row 1), salinity (row 

2), and stability (row 3) for pre-TC (solid line) and post-TC (dashed line) ocean states in the 

Atlantic (column 1), eastern Pacific (column 2), and central Pacific (column 3) TC basins. 

Depths are binned every 10 m from the surface to 100 m. Positive (circles, unfilled) and negative 

(circles, filled) statistically significant changes at 95% confidence for a particular level are 

shown along the y-axis. 

 

 

Table 4: TC-induced changes in near-surface (<10 m) salinity from Argo float observations. The 

percentage of the total number of Argo profiles is listed in parentheses.  

TC Basin # of profiles with 

-ΔSSS 

Magnitude of –

ΔSSS (PSU) 

# of profiles with 

+ΔSSS 

Magnitude of 

+ΔSSS (PSU) 

Atlantic 243 (50.4%) -0.16 237 (49.2%) +0.18 

eastern Pacific 539 (58.7%) -0.16 378 (41.1%) +0.15 

central Pacific 135 (56.0%) -0.13 105 (43.6%) +0.08 
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Table 5: TC-induced changes in near-surface (<10 m) temperature from Argo float 

observations. The percentage of the total number of Argo profiles is listed in parentheses.  

TC Basin # of profiles with 

-ΔSST 

Magnitude of –

ΔSST (°C) 

# of profiles with 

+ΔSST 

Magnitude of 

+ΔSST (°C) 

Atlantic 307 (63.7%) -0.65 174 (36.1%) +0.27 

eastern Pacific 545 (59.3%) -0.65 374 (40.7%) +0.51 

central Pacific 106 (44.0%) -0.30 134 (55.6%) +0.28 

 

 

4.4 Physical Relationships between Tropical Cyclones and the Barrier Layer 

Argo TC pairs for the Atlantic basin are subset to investigate relationships between barrier 

layer development and TC physical parameters: TC intensity, TC translation speed, radial 

distance from TC center, and time after TC passage. First, barrier layer characteristics are 

positively correlated with TC intensity. TC wind forcing enhances upper-ocean turbulent mixing 

and deepens the ITLD, thereby increasing BLT and BLPE values (Figure 10). Second, TC 

translation speed determines the length of time that coupled air-sea interactions occur (Figure 

10). The slowest translation speed bin (< 2 m s
-1

) has minimal changes in barrier layer 

characteristics. Slow moving storms tend to homogenize the temperature and salinity profiles, as 

a longer period of turbulent mixing erodes stratified layers. In addition, a longer period of 

oceanic upwelling causes the ITLD to shoal, counteracting ITLD deepening due to turbulent 

mixing. Medium and fast moving TCs all show increases in barrier layer metrics. Third, the 

radial distance from the TC center determines the relative influence of upwelling and wind 

forcing on ITLD changes (Figure 11). The inner most radial distance bin (< 50 km) encompasses 

the radius of maximum winds, and is therefore an area of enhanced upwelling and the strongest 

wind forcing. There is no significant change to the barrier layer within 50 km, as upwelling and 

turbulent mixing presumably have opposing effects on ITLD. However, the other radial bins 

have increased ITLD, where TC-forced turbulent mixing is the dominant process (Figure 11). 

Because there is little change in IPLD across all radial bins, the increased ITLD from distances 

greater than 50 km results in BLT and BLPE increases. Finally, the amount of time between TC 

passage and Argo profile measurements determines how much of the TC-forced signal is 

observed. After the forced stage of the TC, advective and dispersive processes begin to erode the 

salinity minima near the surface. IPLD and ITLD changes begin to stabilize. The largest 
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increases in barrier layer metrics occur between 1-3 days after TC passage (Figure 11), while 

ITLD and BLPE increase for all ten 1-day bins.  

 

 

Figure 10: Differences in BLPE (row 1), BLT (row 2), IPLD (row 3), and ITLD (row 4) between 

post-TC and pre-TC Argo float pairs in the Atlantic TC basin. Argo data are subset based upon 

Saffir-Simpson scale TC intensity (column 1) and TC translation speed (column 2). The number 

of samples is listed above each bin, with red indicating a statistically significant difference from 

zero at the 95% confidence interval. 
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Figure 11: Differences in BLPE (row 1), BLT (row 2), IPLD (row 3), and ITLD (row 4) between 

post-TC and pre-TC Argo float pairs in the Atlantic TC basin. Argo data are subset based upon 

radial distance from TC center (column 1) and time after TC passage (column 2). The number of 

samples is listed above each bin, with red indicating a statistically significant difference from 

zero at the 95% confidence interval. 
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4.5 Physical Mechanisms Related to Barrier Layer Evolution 

The three-dimensional ocean temperature and salinity structure determines how the barrier 

layer responds during the forced stage of a TC and directly after passage. There are strong 

statistical relationships between Argo pre-TC temperature and salinity profiles and barrier layer 

evolution (Tables 6 and 7). Generally, the presence of a strong, pre-existing barrier layer in Argo 

float profiles results in less mixed layer cooling since vertical entrainment is restricted, which is 

consistent with previous literature on barrier layers and ocean-TC interaction (Wang et al. 2011; 

Balaguru et al. 2012; Chi et al. 2014). Ocean turbulent mixing acts to homogenize the 

temperature and salinity profiles, resulting in partially or fully eroded barrier layers. For these 

cases, large reductions in barrier layer metrics are observed in the post-TC Argo float profiles. 

This is especially true when the ITLD shoals or remains about the same as the pre-TC ITLD 

value. Contrarily, Argo profiles with thin, weak barrier layers have minimal salinity stratification 

and/or shallow ITLDs that result in a stronger mixed layer cooling response to TCs. These cases 

can result in substantial ITLD deepening in the post-TC profiles, which leads to barrier layer 

formation or enhancement. Therefore, in cases where the pre-TC barrier layer is strong, the 

coupling between SST cooling and reduced enthalpy fluxes is weak. Contrarily, when the pre-TC 

barrier layer is weak, the air-sea coupling is strong and the freshwater flux from precipitation 

becomes more important in determining upper-ocean stratification and the mixed layer response. 

To explicate these relationships, quartiles of pre-TC ITLD and near-surface salinity are used to 

examine TC-ocean interaction across different ocean states. 

 

Table 6: Argo pre-TC values of ITLD (mean of lower 25
th

 & mean of upper 75
th 

quartiles) and 

corresponding changes in barrier layer characteristics (Bolded values indicate statistical 

significance at 95
th

 percentile compared to 50
th

 inner quantile mean
1
) 

 Lower 25% Quartile 

TC Basin ITLD (m) ΔS (PSU) ΔT (°C) ΔITLD (m) ΔBLPE (J m
-2

) 

Atlantic 21.3 +0.01 -0.39 +6.5 +166.1 

                                                 
1
 Inner 50

th
 quantile means: (Atlantic - ΔS = -0.01 ΔT = -0.35 ΔITLD = +3.86 ΔBLPE = +156.7) (eastern Pacific - 

ΔS = -0.02 ΔT = -0.09 ΔITLD = +0.34 ΔBLPE = +27.4) (cent Pacific - ΔS = -0.03 ΔT = +0.06 ΔITLD = -0.24 

ΔBLPE = +84.8) 
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Table 6 continued 

 Lower 25% Quartile 

TC Basin ITLD (m) ΔS (PSU) ΔT (°C) ΔITLD (m) ΔBLPE (J m
-2

) 

eastern Pacific 18.1 -0.03 -0.53 +6.0 +166.1 

central Pacific 31.9 -0.08 -0.11 +3.1 +114.4 

 Upper 75% Quartile 

TC Basin ITLD (m) ΔS (PSU) ΔT (°C) ΔITLD (m) ΔBLPE (J m
-2

) 

Atlantic 59.2 -0.00 -0.18 -1.2 -30.2 

eastern Pacific 47.2 -0.04 +0.00 -7.8 -337.5 

central Pacific 81.3 -0.02 +0.09 -11.1 -740.3 

 

 

Table 7: Argo pre-TC values of near-surface salinity (mean of lower 25
th

 & mean of upper 75
th

 

quartiles) and corresponding changes in barrier layer characteristics (Bolded values indicate 

statistical significance at 95
th

 percentile compared to 50
th

 inner quantile mean
2
) 

 Lower 25% Quartile 

TC Basin Salinity (PSU) ΔS (PSU) ΔT (°C) ΔITLD (m) ΔBLPE (J m
-2

) 

Atlantic 35.4 +0.14 -0.22 +0.46 -147.1 

eastern Pacific 33.4 +0.04 -0.41 -0.72 -136.7 

central Pacific 34.4 -0.05 +0.07 -5.85 -401.3 

 Upper 75% Quartile 

TC Basin Salinity (PSU) ΔS (PSU) ΔT (°C) ΔITLD (m) ΔBLPE (J m
-2

) 

Atlantic 37.3 -0.06 -0.25 +4.09 218.8 

eastern Pacific 34.7 -0.06 +0.09 -1.12 +8.8 

central Pacific 35.2 -0.05 -0.06 +3.00 +183.9 

                                                 
2
 Inner 50

th
 quantile means: (Atlantic - ΔS = -0.03 ΔT = -0.39 ΔITLD = +4.26 ΔBLPE = +189.1); (eastern Pacific - 

ΔS = -0.05 ΔT = -0.19 ΔITLD = +0.37 ΔBLPE = +5.5); (central Pacific - ΔS = -0.03 ΔT = +0.05 ΔITLD = -2.82 

ΔBLPE = -117.8) 
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4.5.1 ITLD Deepening 

The barrier layer response is highly dependent upon pre-TC ITLD values (Table 6). The 

upper 75
% 

quartile (q75) mean of ITLD in the Atlantic, eastern Pacific, and central Pacific basins 

is 59.2 m, 47.2 m, and 81.3 m, respectively. These profiles usually have strong barrier layers due 

to their deep ITLDs. The TC-forced response in these Argo profiles results in a statistically 

significant reduction in near-surface cooling (~ 6 m) in the Atlantic and eastern Pacific basins. In 

the Atlantic, surface cooling is reduced by half (-0.18 °C) compared to the median 50
th

 quantile 

average (-0.35 °C). In most of these cases, turbulent mixing does not extend down to the ITLD, 

and coupled TC-ocean interaction is dampened. The negative feedback mechanism between SST 

cooling and TC intensity is weakened for deep ITLD cases. 

Since pre-TC Argo profiles with deep ITLDs generally have thick barrier layers, the TC-

induced response is barrier layer erosion. The q75 ITLDs shoal by -1.2 m, -7.8 m, and -11.1 m in 

the Atlantic, eastern Pacific, and central Pacific basins (Table 6). Upwelling is likely the 

dominant mechanism for raising the post-TC ITLDs. The corresponding change in BLPE is a 

reduction of -30.2 J m
-2

, -337.5 J m
-2

, and -740.3 J m
-2

, respectively. These changes in barrier 

layer metrics are large and statistically significant at the 95
th

 percentile. 

The lower 25% quartile (q25) means in pre-TC ITLDs are 21.3 m, 18.1 m, and 31.9 m in the 

Atlantic, eastern Pacific, and central Pacific basins. Compared to the q75 ITLD mean, the q25 

ITLD mean is about 30-40 m shallower. There are competing effects on TC-induced cooling 

when the thermocline is shallow. Generally, the vertical gradient of temperature increases upper-

ocean stratification, which constrains mixed layer cooling. However, the thermocline is also 

closer to the surface, so sufficiently strong TC wind forcing may overcome the enhanced 

stratification. Analysis of the post-TC Argo float temperature profiles shows that the later 

process is dominant. The cooling response in q25 ITLD profiles is several times stronger than the 

q75 ITLD response. The near-surface cooling observed in q25 ITLD profiles is -0.39°C, -0.53°C, 

and -0.11°C for the Atlantic, eastern Pacific, and central Pacific basins. In addition, turbulent 

mixing in q25 profiles is able to penetrate the thermocline and deepen the ITLDs by +6.5 m, 

+6.0 m, and +3.1 m, respectively. As the ITLD deepens, there is a corresponding increase in the 

barrier layer as well.  
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4.5.2 Near-surface Freshening  

Near-surface salinity stratification can also enhance the barrier layer and confine turbulent 

mixing closer to the surface. This effect is most noticeably present in the Atlantic basin for pre-

TC Argo floats that have near-surface salinity values in the lower 25% quartile (fresher). In 

response to TC forcing, higher saline water from depth is mixed toward the surface, causing an 

increase of +0.14 PSU. The temperature response is muted, with a near-surface cooling of -

0.22°C in q25 salinity profiles compared to -0.39°C for the 50
th

 quantile mean (Table 7). This is 

consistent with less turbulent mixing throughout the ITLD, since the ΔITLD is only +0.46 m 

compared to +4.26 m for the 50
th

 quantile mean. Despite a slight increase in ITLD, the BLPE 

decrease in the post-TC Argo profiles is -147.1 J m
-2

 as salinity stratification is eroded. The 

central Pacific response is qualitatively similar to the Atlantic, but there is only a statistical 

significance in ΔITLD. Interestingly, the eastern Pacific response for profiles with a fresh surface 

layer is more ambiguous. The ΔT is -0.41°C, which is more than twice the cooling (-0.19°C) 

seen in the 50
th

 quantile mean. Therefore, a fresh near-surface salinity signal may not correlate 

with increased stratification for the eastern Pacific basin. Temperature stratification may play a 

larger role in barrier layer response. Overall, there is a reduction in BLPE for all basins as pre-

existing salinity stratification is eroded.  

The upper 75% quantile in near-surface salinity represents profiles with minimal salinity 

stratification. There is more near-surface cooling in the q75 salinity Argo profiles in the Atlantic 

and central Pacific. The mixed layer cooling is coherent with a deepening of the ΔITLD in the 

Atlantic (4.09 m) and central Pacific (+3.00 m) basins (Table 7). The response in ΔBLPE is also 

consistent, with an increase of +218.8 J m-2 and +183.9 J m-2, respectively. A slight freshening 

of the near-surface and a deepening of ITLD enhances the barrier layer in the q75 salinity 

profiles. 



40 

 

Figure 12: Normalized histograms of near-surface freshening (blue) and salinification (red) for 

the Atlantic (column 1), eastern Pacific (column 2), and central Pacific (column 3) basins. 

Distributions are subset based on TC intensity (row 1), TC translation speed (row 2), radial 

distance (row 3), and time after TC passage (row 4). 
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Moreover, important relationships exist between near-surface salinity change and different 

TC characteristics (Figure 12). Generally, slower moving TCs (0-6 m s
-1

) are more likely to have 

a salinity decrease within the upper 10 m of the ocean (Figure 12d.-f.). While slow moving TCs 

can accumulate higher precipitation totals over the ocean, a longer duration of TC wind forcing 

enhances turbulent mixing and can erode freshwater layers. Based on the Argo float data of slow 

moving TCs, more profiles experience surface freshening from precipitation than surface 

salinification from evaporation and vertical entrainment. The radial location of Argo float 

measurements within TCs also shows a strong relationship with surface salinity change. For 

Argo samples within the inner ~150 km closest to the TC center, freshening is prevalent (Figure 

12g.-i.). Only a few of the 25 km bins have salinity increases. Once again, competing processes 

vary strongly with radial extent from the TC center. Heavy precipitation is confined to the 

eyewall region and surrounding rainbands. The precipitation-driven freshwater flux into the 

ocean produces net freshening within 150 km of the TC center. From 150 km to 250 km, 

precipitation is substantially reduced (Lonfat et al. 2004), and ocean mixing can lead to near-

surface salinity increases due to entrainment. There are no consistent trends in near-surface 

salinity changes in response to TC intensity (Figure 12a.-c.) or the Argo sampling time after TC 

passage (Figure 12j.-l.). 

Freshening occurs more frequently than salinification near TC centers (Figure 12g-i.), which 

can regulate the amount of ocean mixing and cooling under TCs. This result is particularly 

evident in the eastern Pacific basin as freshening within 150 km of TC centers occurs 61.7% of 

the time and every 25-km bin within 150 km has more cases of freshening than salinification 

(Figure 13b). The Atlantic basin shows a similar signal, albeit weaker, as higher frequencies of 

freshening occur in the 100-150 km bins that may be linked to enhanced precipitation within TC 

rainbands (Figure 13a). Unfortunately, the central Pacific lacks sufficient data (23 samples 

within inner 50 km) to form any clear deductions on the dominant salinity response near TC 

centers. However, a clear preference for freshening occurs from 50-150 km where there is more 

data availability (Figure 13c). As a result, all three TC basins show a consistent pattern of 

reduced near-surface salinity within the inner radial bins. The median magnitude of salinity 

change does not show a strong radial dependence, however. Most Argo float profiles have 

salinity responses within ±0.2 PSU from their pre-TC value (Figure 13a-c). In addition, the 

salinity response within the inner 25-km bin is positively correlated to TC minimum central 
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pressure and is statistically significant at 95% confidence for both the Atlantic (r = 0.71) and 

eastern Pacific (r = 0.39) basins. Stronger TCs have more organized, deep convection near the 

center, which enhances upper-ocean freshening from precipitation. 

The feedback between precipitation-driven freshening acts to increase upper-ocean 

stratification and reduce SST cooling under TCs. Therefore, these air-sea interactions have 

important implications for TC thermodynamics. The strongest near-surface cooling occurs close 

to the TC center (< 50 km) in most cases, with less cooling observed in radial bins at further 

distances (Figure 13d-f). Interestingly, Argo float profiles that experience freshening near the TC 

center, have less near-surface cooling when compared to profiles that experience salinification. 

This relationship between freshening and a dampened cooling response is strongest in the eastern 

Pacific and is apparent in the Atlantic basin. The most obvious example is the near-surface 

temperature change in the inner 25-km bin for the eastern Pacific basin (Figure 13e). The median 

temperature response between Argo profiles with freshening (-0.09°C) versus salinification (-

1.26°C) are statistically different at >99% confidence based on a Wilcoxon rank sum test. Most 

of the other radial bins lack statistical significance due to limited sample sizes and other physical 

controls that determine the SST cold wake magnitude (i.e. TC intensity, size, speed). 

Barrier layer characteristics, such as ITLD and BLPE, also exhibit strong relationships with 

near-surface salinity change. In both Pacific basins, the ITLD shoals more in profiles with 

decreased salinity compared to those with increased salinity in the 0-25 km, 25-50 km, and 50-75 

km radial bins (Figure 13h-i). The opposite response is observed in the Atlantic basin, where the 

ITLD preferentially deepens in response to TC passage (Figure 13g). BLPE increases are 

generally larger for the freshening cases compared to salinification cases across most radial bins 

in the Atlantic basin (Figure 13j). The eastern Pacific also has barrier layer enhancement for bins 

within the inner 125 km radius (Figure 13k).  
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Figure 13: Box plots of TC-induced changes in barrier layer characteristics as a function of 

radial distance from TC center for the Atlantic (column 1), eastern Pacific (column 2), and 

central Pacific (column 3) TC basins. Argo float data are parsed by their near-surface salinity 

responses, where freshening (blue) and salinification (red) are plotted separately. Changes in 

salinity (PSU, top row), temperature (°C, second row), ITLD (m, third row), and BLPE (J m
-2

) 

all show radial dependencies. 
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These results indicate that near-surface freshening is the dominant response close to TC 

centers. Based upon Argo data subsets for freshening cases compared to salinification cases, 

upper-ocean cooling and barrier layer characteristics are sensitive to salinity changes. Surface 

freshening tends to suppress the SST cooling response, making conditions more 

thermodynamically favorable for TCs. An analysis of TC intensification rates calculated from 

HURDAT2 show no statistically significant differences between freshening and salinification 

cases, however. This result is expected since there are a limited number of observations within 

the inner 50 km radius and many other oceanic and atmospheric factors contribute to TC 

intensity change. Therefore, the extent to which this mechanism affects TC intensification 

remains an open and important question in the context of coupled air-sea interactions. 

4.6 Argo Float Discussion 

The Argo float network provides a novel way of determining the average, basin-specific 

response of temperature and salinity to TC passage. The TC-Argo float data set developed in this 

study covers a range of ocean states and TC characteristics that elicit different upper-ocean 

responses. Previous studies have mainly focused on specific case studies or strong barrier layer 

cases only, leaving a knowledge gap in ocean-TC interactions. This study closes this gap by 

establishing a range of upper-ocean responses that provides additional information into the 

complex nature of air-sea interactions within TCs. This work also corroborates previous 

literature on the influence of pre-existing barrier layers on SST cooling. In the TC-Argo float 

profiles with high BLPE values, the SST cooling under the TC and within the cold wake was 

reduced substantially. In fact, some Argo profiles even showed SST warming as subsurface 

temperature inversions were mixed to the surface. When parsing the TC-Argo data set by pre-TC 

ITLD and salinity stratification, both were shown to have an appreciable effect on the SST 

response. Likewise, Argo float profiles with high salinity stratification in the upper ocean 

showed a muted SST response to TC passage compared to profiles with average stratification. 

Similar TC-Argo float analyses have already been performed in the western Pacific TC basin. 

The results from those studies were similar to those of the central Pacific TC basin from our 

study. Generally, the central and western Pacific TC basins are characterized by deep and warm 

ITLDs that have a near-surface freshening response to TC passage. On average, there are not 

large changes in BLPE, but near-surface stratification can increase by ~30% due to the surface 
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freshwater flux from precipitation. A TC-Argo float analysis of the barrier layer has not been 

applied to the Atlantic or eastern Pacific TC basins prior to this work. Both the Atlantic and 

eastern Pacific basin have very different climatological ocean states and have large inter-basin 

variability as well. As examples, the upper ocean is substantially warmer and has higher 

stratification within the eastern Pacific warm pool. Outside of this region, SSTs are cooler and 

stratification is reduced. In the Atlantic, the Orinoco and Amazon River plumes increase upper-

ocean stratification on the western edge of the MDR and into the Caribbean Sea.  It is important 

to distinguish between key inter-basin differences and how the barrier layer responds to different 

ocean states in these areas. The Atlantic, eastern Pacific, and central Pacific tropical ocean basins 

all display mixed layer cooling and freshening after TC passage according to the TC-Argo float 

data set. Yet, the vertical profiles of temperature and salinity behave differently in the three 

basins. The Atlantic basin shows increases in BLT and BLPE, which are driven by ITLD 

deepening. Conversely, the eastern Pacific and central Pacific basins have reduced ITLDs, but a 

more pronounced freshening in the upper 30 m, which contributes to barrier layer development. 

The use of BLPE as the primary metric for determining barrier layer strength accomplishes 

several objectives. First, the BLPE calculation accounts for the stratification between the ocean 

surface and the ITLD. The use of barrier layer thickness as a proxy for barrier layer strength does 

not account for this essential information. The turbulent mixing that entrains cooler sub-

thermocline water into the mixed layer is governed by the stratification at the base of the mixed 

layer and limited to areas where ocean currents produce shear instabilities. Second, BLPE 

accounts for the depth of the ITLD. In statistical forecasting products of TC intensity, quantities 

such as ocean heat content, tropical cyclone heat content, and the depth of the 26°C isotherm 

quantify the heat energy available ahead of the TC’s track. In the same sense, BLPE measures 

the resistance of the upper-ocean to vertical entrainment and mixed layer cooling. When BLPE 

information is combined with a measure of oceanic heat content, the degree of mixed layer 

cooling can be better resolved. Finally, the BLPE is a fundamental quantity that measures the 

potential energy change of the water column and how much kinetic energy is required to fully 

mix the column. Therefore, BLPE is a great variable to use for diagnosing barrier layer evolution 

when temperature, salinity, and current profiles are available. 

Inclusion of the salinity response in this analysis provides insights into upper-ocean 

stratification that are often missed when only considering the temperature response. While a 
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well-mixed, homogenous temperature profile decreases ocean stratification, the presence of a 

fresh near-surface layer increases upper-ocean stratification. In this sense, the vertical profiles of 

temperature and salinity can have the opposite effect on stratification, and both are important 

controls on TC-forced turbulent mixing and ocean mixed layer cooling. Therefore, the negative 

feedback mechanism between SST cooling and TC intensity may be overestimated without 

including salinity effects. To reveal the dominant physical mechanisms that contribute to barrier 

layer development within TCs, coupled atmosphere-ocean model studies with a mixed layer 

salinity budget are needed (Cronin and McPhaden 2002), along with collocated observations for 

model validation. While it is likely that large freshwater fluxes due to precipitation are 

responsible for the near-surface salinity reduction, other factors such as vertical and horizontal 

advection may play additional roles.  
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CHAPTER 5 

 HURRICANE GONZALO (2014) CASE STUDY 

     The basin-scale, oceanic response to translating TCs, as observed by Argo floats, has shown 

that barrier layer development is prevalent. There are two main reasons for increases in the 

barrier layer during and after TC passage: deepening of the ITLD and/or freshening of the upper-

ocean. Near-surface freshening can play a meaningful role in upper-ocean stratification, which 

influences the direction and magnitude of ocean currents and the amount of vertical entrainment. 

These processes are consequential to the energy exchange from the ocean to the TC. While the 

Argo observational results quantify the changes to barrier layer characteristics, the physical 

mechanisms responsible for barrier layer development are speculative. Horizontal and vertical 

advections and diffusive processes likely have non-negligible impacts on the salinity response. 

We hypothesize that the surface freshwater flux due to precipitation is a leading term in the near-

surface salinity budget.   

     Currently, temperature and salinity observations within the upper-ocean of nearby TCs lack 

the spatial and temporal sampling required to determine the dominant physical mechanisms that 

lead to barrier layer development. Therefore, an ocean-atmosphere modeling system, like the 

Coupled Ocean Atmosphere Wave Sediment Transport (COAWST) model, is necessary to 

investigate these relationships (Warner et al. 2010). We propose to use Hurricane Gonzalo 

(2014) as a case study for several reasons. First, ocean glider data from the Bermuda Institute of 

Ocean Sciences (BIOS) indicate that a strong barrier layer developed during Hurricane 

Gonzalo’s passage (Curry and Guishard 2016). The barrier layer was established by both a 

deepening of the ITLD and a strong freshwater signal in the upper 30 m of the ocean. Also, 

targeted oceanic observational data are available for model verification of the upper-ocean 

response to Hurricane Gonzalo. Second, there are high-quality atmospheric observations to force 

the ROMS-only model simulation. Continuous research flights by the Air Force and NOAA 

provided research-quality wind speed measurements incorporated into the H*Wind analyses used 

in this study. By performing a realistic model simulation of Hurricane Gonzalo using research-

quality observations, the relative contributions to the near-surface salinity budget can be 

diagnosed. The sensitivity of different turbulent mixing parameterizations to the freshwater 
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forcing from precipitation is investigated. The magnitude and extent of freshening is examined, 

along with the impacts to the surface currents and SST field.  

5.1 Hurricane Gonzalo Meteorological History 

      The precursor disturbance to Hurricane Gonzalo exited the African coast on 4 October 2014 

as a convectively-active tropical wave (Brown 2015). For the next several days, the tropical 

disturbance struggled to develop due to strong upper-level westerly winds associated with an 

upper-level trough positioned over the eastern and central tropical Atlantic Ocean. Convection 

associated with the tropical wave was enhanced by the eastward propagation of an atmospheric 

Kelvin wave on 10 October. Upper-level wind shear subsided as the tropical wave passed to the 

west of the trough axis, providing more favorable wind conditions for tropical development and 

a surface low developed. As the disturbance approached the Lesser Antilles, the National 

Hurricane Center (NHC) classified the storm as a Tropical Depression at 0000 UTC 12 October. 

The system moved westward around the periphery of a strong subtropical ridge at 10 knots and 

organized further, being named Tropical Storm Gonzalo 12 hours later, located about 220 n mi 

east of Antigua (Figure 14).  After a period of rapid intensification, Gonzalo attained hurricane 

status around 1200 UTC 13 October (Brown 2015). The storm developed an inner core of 

maximum winds that was 10 to 15 n mi in radius as determined by radar imagery. Hurricane 

Gonzalo’s track shifted west-northwestward and made landfall on the island of Antigua shortly 

thereafter. Further intensification continued as Hurricane Gonzalo traversed the northern 

Leeward Islands and made landfall on St. Barthelemy (2000 UTC), St. Martin (2245 UTC), and 

Anguilla (2330 UTC) on 13 October. Hurricane Gonzalo continued on a northwestward track 

around the periphery of the North Atlantic subtropical high pressure for the next 36 hours and 

rapidly intensified into a major hurricane by 1800 UTC 14 October. The hurricane went through 

a period of eyewall replacements before the eyewall finally constricted to less than 10 n mi 

radius late on 15 October. Hurricane Gonzalo intensified again and reached an estimated peak 

intensity of 940 mb with one-minute sustained surface wind speeds of 125 knots at 1200 UTC 16 

October (Figure 15), as the storm was located about 460 n. mi south-southwest of Bermuda 

(Brown 2015). Hurricane Gonzalo rounded the subtropical high and became embedded in the 

westerlies, leading to a north-northeastward acceleration and an increase in translation speed. 

Hurricane Gonzalo acquired a double eyewall structure late on 16 October, resulting in slight 
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weakening and an expansion of the radius of maximum winds to 20 to 25 n mi. Due to increased 

southwesterly shear and cooler SSTs, Gonzalo began to weaken as it approached the location of 

the BIOS glider, just south of Bermuda. Hurricane Gonzalo maintained strong tropical 

convection and the most intense precipitation rates were confined to the front quadrants. The 

wind shear vector was aligned with the storm translation direction during the 2-day period before 

landfall. In addition, trough interaction potentially added a baroclinic enhancement of the 

precipitation field in the front, left quadrant upon closer approach to Bermuda. Both of these 

elements lead to precipitation-driven freshening of the upper-ocean ahead of the storm. 

Hurricane Gonzalo made an eventual landfall on Bermuda just after 0000 UTC 18 October as a 

strong Category 2 hurricane with surface winds of 95 knots (Brown 2015).  Several surface 

pressure observations on Bermuda measured minimum pressures in the low 950s around 0030 

UTC as the eye of the storm passed over the western side of the island. Hurricane Gonzalo 

continued its north-northeastward acceleration, reaching translation speeds greater than 30 knots. 

Cold SSTs northward of the Gulf Stream facilitated extratropical transition by 1800 UTC 19 

October, while maintaining sustained winds of 65 knots.   

 

Figure 14: National Hurricane Center best track for Hurricane Gonzalo from 12-19 October 

2014. Hurricane Gonzalo reached a peak intensity of 125 knots (940 mb) at 1200 UTC 16 

October 2014. Landfall occurred on Bermuda with maximum sustained winds of 95 knots (952 

mb) at 0030 UTC 18 October 2014 (Brown 2015). 
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Figure 15: GOES-13 visible satellite imagery of Hurricane Gonzalo near peak intensity at 1307 

UTC 16 October 2014. Image from the Naval Research Laboratory (Brown 2015). 

 

5.2 Slocum ‘Anna’ Glider Data 

     A Slocum glider (‘Anna’) from BIOS was deployed to sample the pre-TC ocean state and 

cold wake response from Hurricane Fay (2014). The glider continued to make measurements 

during the passage of Hurricane Gonzalo, six days later (Curry and Guishard 2016). ‘Anna’ was 

positioned to the right side of Hurricane Gonzalo’s track as the glider sampled the upper ocean 

during Hurricane Gonzalo’s approach and passage. ‘Anna’ sampled the eyewall region beginning 

around 2100 UTC 17 October. Remnant, near-inertial oscillations were excited by Hurricane 

Gonzalo along the thermocline. After Hurricane Gonzalo’s eyewall passed, the rudder was 

sheared off, causing the instrument to function as a profiling drifter for the remaining time. In 

total, ‘Anna’ measured 152 upper-ocean profiles of temperature, salinity, and ocean currents 

during the passage of Hurricane Gonzalo (Figure 16). 
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Figure 16: Bermuda Institute of Ocean Sciences ‘Anna’ glider locations (blue circles, 152 

profiles) from 14-20 October 2014 (left). The red marker indicates the profile taken closest to the 

time of Bermuda landfall (0030 UTC 18 October 2014). The National Hurricane Center best 

track for Hurricane Gonzalo is shown (black line). A vertical profile time series of isopycnal 

layer depths (IPLD, blue) and isothermal layer depths (ITLD, red) is shown during the passage 

of Hurricane Gonzalo with the closest approach shown by the vertical black line (right). Large 

amplitude internal waves along the thermocline are evident. 

 

     Strong upper-ocean currents during the forced stage of Gonzalo resulted in large vertical 

shears within the mixed layer and the excitation of internal waves along the thermocline (Figure 

16, right). Thermocline displacements of nearly 50 m occurred with a near-inertial period of ~23 

hours (Curry and Guishard 2016). To remove the high frequency variations in barrier layer 

characteristics due to near-inertial oscillations, the glider data was smoothed with a 36-hour 

running mean (Figure 17). The barrier layer thickness recorded by Anna increased as Hurricane 

Gonzalo approached and peaked at 23.5 m shortly after passage. Likewise, the BLPE increased 

to 880 J m
-2

, an increase of 109.8% from the pre-storm observation recorded on 17 October 

(Figure 17). However, less than a day after passage, both the IPLD and ITLD began to shoal. 

The IPLD decreased by ~ 5 m and the ITLD decreased by ~ 10 m. This resulted in a reduction in 

barrier layer thickness. By the end of the ‘Anna’ observation period, BLPE had fallen to ~ 300 J 

m
-2

, more than a 100 J m
-2

 decrease from the pre-storm value. Continued turbulent mixing 

caused by inertial currents within Hurricane Gonzalo’s cold wake eroded the barrier layer 

quickly. 
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Figure 17: Smoothed ‘Anna’ glider data for IPLD (m, blue) and ITLD (m red) by using a 36-

hour running mean to filter near-inertial oscillations (left). The corresponding smoothed BLPE 

(J m
-2

) time series peaks shortly after Hurricane Gonzalo passage (right).  

 

The ocean response to Hurricane Gonzalo included a maximum near-surface (~ 1 m depth) 

cooling of ~1.8 °C and freshening of 1.37 psu (Figure 18).  Both the increase in ITLD and the 

freshening within the upper ~25 m result in barrier layer development during Hurricane Gonzalo. 

These changes are consistent with the upper quartile results from the TC-Argo float data set. Due 

to the higher sampling frequency of ‘Anna’ (~1-2 hours) compared to most Argo float 

observations (~10 days), the freshwater lens generated by Hurricane Gonzalo is captured before 

advective and mixing processes obscure the signal. Likewise, the high-temporal resolution 

profile observations show the evolution of temperature, potential density, depth-averaged 

currents and stratification. These glider observations provide a rare glimpse into the ocean state 

response near the center of a TC and they are important for verifying the temperature, salinity, 

and current fields from the ROMS model output. 
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Figure 18: Vertical profile time series of ‘Anna’ glider observations of temperature (°C, top 

left), salinity (PSU, top right), potential density (kg m
-3

, bottom left), and N
2
 (s

-2
, bottom right) 

during the passage of Hurricane Gonzalo from 14-20 October 2014. 
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CHAPTER 6 

COAWST MODEL HINDCAST OF HURRICANE GONZALO 

     The Coupled-Ocean-Atmosphere-Wave-Sediment Transport (COAWST) modeling system is 

comprised of individual, open-source models designed to address coupled processes. The 

separate models include the atmospheric model (Weather Research and Forecasting model, 

WRF), ocean model (Regional Ocean Modeling System, ROMS), waves model (Simulating 

Waves Nearshore, SWAN) and sediment transport model (Community Sediment Transport 

Model System, CSTMS) (Warner et al. 2010). The modeling system can be setup in a variety of 

ways, utilizing either coupled or uncoupled configurations. For this study, we performed a 

ROMS-only model simulation of the upper-ocean response to the forcing from Hurricane 

Gonzalo using research-quality observations and reanalysis products as atmospheric forcing.  

     The ROMS model is a free surface, hydrostatic ocean model that is governed by finite 

differencing of the 3-dimensional, Reynolds-averaged Navier-Stokes equations. The ROMS grid 

is a horizontal, curvilinear Arakawa C grid (Arakawa and Lamb 1981) with vertically stretched, 

terrain-following Sigma coordinates (Figure 19). The vertical S-coordinate stretching function 

selected for this model simulation follows the UCLA-ROMS continuous, double stretching 

function that includes both a surface refinement and bottom refinement function (Shchepetkin 

and McWilliams 2005). The horizontal advection scheme is a third-order upstream bias of tracers 

and momentum. The vertical advection scheme is fourth-order centered. 

     The horizontal Arakawa C grid staggers variables at different points on a grid cell (Figure 

19). In the center of a grid cell, the potential density, vertical velocity, temperature and salinity 

variables are prescribed. On the east and west sides of the cell are the u- components of the 

ocean currents. On the south and north sides of the cell are the v-components of the ocean 

currents. The variable indexing is shown in Figure 19. In addition, there are two, nested 

refinement grids used for this study. The larger and lower-resolution parent grid provides the 

climatology, initial conditions, and boundary conditions to the interior child grid. There is an 

intermediary area between the two grids where model data are exchanged (Figure 20). The 

resolution refinement ratio between the parent and child grid is set to three to one.  



55 

 

Figure 19: General ROMS Arakawa “C” grid (left) with vertically stretched, terrain-following 

sigma coordinates (right). The u-component and v-component currents are staggered, while the 

density, temperature and salinity variables are centered on the grid (Warner 2016). 

 

 

Figure 20: Generic ROMs model grid configuration with two nested, refinement grids. The 

parent grid (blue) encompasses the child grid (red) and has an overlap area (magenta) (Warner 

2016).  
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6.1 ROMS-only Model Setup 

     The goal of the ROMS-only ocean hindcast of Hurricane Gonzalo is to assess the dominant 

terms in the near-surface salinity budget during barrier layer formation under TC conditions. 

Since the surface freshwater flux (evaporation minus precipitation, E-P), likely plays a large role 

in the salinity budget, ROMS-model integrations are performed with and without precipitation 

forcing during Hurricane Gonzalo. We test several vertical, turbulent mixing closure schemes 

under both forcing conditions to determine which parameterization performs the best in 

simulating the temperature and salinity responses. The three vertical turbulence closure 

parameterizations are Large-McWilliams-Doney (LMD), Mellor/Yamada 2.5 (MY2.5), and 

Generic Length-Scale (GLS). The ROMS model output is compared to a high-resolution, 

satellite-derived SST product and to the ‘Anna’ glider temperature and salinity profiles.  

      The ROMS-only model hindcast is performed for the four-day period from 0000Z 15 

October to 0000Z 19 October 2014. This period includes when Hurricane Gonzalo was 

undergoing rapid intensification to the north of Puerto Rico, captures the Bermuda landfall 

(0030Z 18 October) and concludes about a day later as Gonzalo was nearing extratropical 

transition. The initial conditions, boundary conditions, and climatology fields are derived from 

the HYCOM + NCODA Global 1/12 degree analysis. Atmospheric forcing variables are 

obtained from several, high-quality sources. Atmospheric surface variables of temperature, 

humidity, and sea level pressure are retrieved from the NCEP Final Analysis (GFS-FNL) 

ds083.2 data set. The horizontal grid spacing is every 1° by 1° latitude and longitude and the 

GFS data set has 6-hourly temporal resolution. H*Wind surface winds are used as the surface 

momentum forcing. The Global Precipitation Measurement (GPM) mission’s Integrated Multi-

Satellite Retrieval (IMERG) product from the Global Precipitation Measurement (GPM) mission 

is used for precipitation estimates. Surface fluxes of both longwave and shortwave radiation are 

retrieved from the hourly product of Clouds and the Earth’s Radiant Energy System (CERES). A 

more detailed description of the atmospheric forcing variables is provided in Table 8.  

     ROMS model output variables are computed every 30 seconds for the parent grid and every 

15 seconds for the child grid. Averaged and diagnostic fields are written to NetCDF output every 

hour of the model integration. The domain of the ROMS parent grid covers 15°N to 40°N 

latitude and 55°W to 75°W longitude, which includes a large portion of the tropical and 
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subtropical Atlantic Ocean (Figure 21). The parent grid resolution is 0.05° or between 5-6 

kilometers. The higher resolution child grid is a 5° by 5° box that covers from 28°N to 33°N and 

from 62.5°W to 67.5°W. The child grid resolution is 0.0167° or about 2 kilometers. The child 

domain includes Bermuda and the area to the south where the ‘Anna’ glider measured 

temperature and salinity profiles. A depiction of both grids, along with the land cover and ocean 

bathymetry are shown in Figure 21. The vertical grid has 40 layers, with about 13 vertical layers 

within the upper 150 m of the open ocean. 

      

 

Figure 21: ROMS model domain for the Hurricane Gonzalo model hindcast with the higher-

resolution child grid outlined (red). Bathymetry is shaded (blue). 
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Table 8: Sources for atmospheric forcing variables used in the ROMS-only hindcast of 

Hurricane Gonzalo along with horizontal grid spacing and temporal resolution information. 

Source Variables [units] Horizontal grid 

spacing 

Temporal 

resolution 

NCEP Final Analysis 

 (GFS-FNL) ds083.2 

2-m Air temperature [°C] 

2-m Relative Humidity [%] 

Mean sea level pressure 

[hPa] 

1° by 1°  6 hours 

H*Wind surface wind 

analysis 

10 m wind speed [m s-1] ~1 km 3 hours 

GPM IMERG Precipitation Rate [kg m-2 s-1] 0.1° by 0.1° 30 minutes 

CERES radiation Longwave [W m-2] 

Longwave down [W m-2] 

Shortwave [W m-2] 

0.25° by 0.25° 1 hour 

 

 

6.1.1 Vertical Mixing Parameterizations within ROMS 

     The three vertical turbulent mixing closure schemes used in the ROMS-only hindcast of 

Hurricane Gonzalo are the LMD, MY2.5, and GLS parameterizations. Each of these 

parameterizations is forced with and without precipitation to examine the salinity and 

temperature responses to Hurricane Gonzalo. In addition, we determine which terms in the 

upper-ocean salinity budget are sensitive to surface freshwater forcing and what the implications 

are for surface currents and SSTs near the TC. 

     The LMD vertical mixing parameterization is a first-order scheme based on boundary layer 

similarity theory to establish a K profile parameterization (Large et al. 1994). LMD introduced 

new, physics-based parameterizations to account for upper ocean mixing within the oceanic 

boundary layer by calculating the boundary layer depth (h) and applying a shear-driven 

turbulence component to the bulk Richardson number. Varieties of ocean conditions were tested 

to include mixing due to internal waves, shear instability, and double diffusion. A particularly 
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important feature of the LMD parameterization is the ability of the boundary layer to penetrate 

past the thermocline and induce ocean mixed layer entrainment during strong wind-forcing 

events. For this reason, LMD is a logical selection for a vertical mixing parameterization under 

TC wind-forcing conditions. 

     The MY2.5 turbulence closure parameterization is a synthesis of second-moment turbulent 

closure schemes (Mellor and Yamada 1982). MY2.5 applies adjustments to the closure scheme 

that results in an order of increasingly complex closures based on Galperin et al. (1988). The 

turbulence closure scheme applies prognostic variables for the turbulent kinetic energy and 

another with a turbulence length scale. Local processes within the water column, such as 

boundary forcing, vertical diffusion, vertical shear, potential energy conversion, and dissipation, 

determine the prognostic equations. MY2.5 is a widely utilized turbulence closure 

parameterization and it has been applied under TC wind forcing. 

     The GLS parameterization is a generic set of length-scale equations that can be modified to 

replicate other previous turbulent mixing schemes, such as the LMD and MY2.5. The GLS 

closure is detailed in Umlauf and Burchard (2003) and was implemented in ROMS in Warner et 

al. (2005). The chosen parameters for this study are the generic version of the GLS 

parameterization, which makes it slightly different from the LMD and MY2.5 solutions. 

6.2 Oceanographic Initial Conditions, Boundary Conditions and Climatology 

     The oceanographic initial conditions, boundary conditions and climatology are derived from 

the HYCOM + NCODA Global 1/12 degree analysis for the four-day period of the ROMS-only 

hindcast (Table 9). The dynamical model is HYCOM 2.2 and is configured for the global ocean. 

HYCOM data are on a native, curvilinear Mercator projection grid with 4500 by 3298 grid points 

and vertical levels are interpolated to 33 z-levels (Chassignet et al. 2007). Computations are 

performed between 78°S and 47°N and a bipolar patch is implemented north of 47°N. 

Bathymetric data are from a NRL DBDB2 data set. Atmospheric forcing includes surface wind 

stress, wind speed, bulk heat fluxes, and precipitation from the NAVy Global Environmental 

Model (NAVGEM) version 1.2. Data assimilation is implemented using the Navy Coupled 

Ocean Data Assimilation (NCODA) system (Cummings 2005; Cummings and Smedstad 2013). 

The HYCOM model forecast is the first guess field that is modified by assimilation of satellite-
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derived and in-situ observations; these include satellite altimeter observations, SST and SSS 

observations, and vertical profiles of temperature and salinity from several platform types 

(XBTs, Argo floats, and moored buoy arrays).  The 2-D tidal boundary conditions are calculated 

using the OSU TOPEX/Poseidon Global Inverse Solution TPXO model, which is a global model 

of ocean tides (Egbert et al. 1994; Egbert and Erofeeva 2002). The model solves the Laplace 

Tidal equations and incorporates satellite altimetry data to compute sea-surface elevations for 

eight primary tidal constituents (M2, S2, N2, K2, O1, P1 and Q1), two longer period constituents 

(Mf, Mm) and three nonlinear constituents (M4, MS4, and MN4). Variables provided in the 

GLBa0.08 expt_91.1 data set are listed in Table 9 below. 

 

Table 9: Variables available in the HYCOM + NCODA Global 1/12 degree analysis 

HYCOM + NCODA Global 1/12 degree analysis - GLBa0.08 expt_91.1 data set 

Date Range: 2014-04-05 to 2016-04-18 

CF Standard Names Variable [units] 

surface_downward_heat_flux_in_air qtot [W m
-2

] 

water_flux_into_ocean emp, surface water flux [kg m
-2

 s
-1

] 

surface_temperature_trend surface temperature trend [K s
-1

] 

surface_salinity_trend surface salinity trend [1e
-3

 s
-1

] 

sea_surface_elevation ssh, sea surface height [m] 

ocean_mixed_layer_thickness mld, ILT [m] 

ocean_mixed_layer_thickness mlp, MLT [m] 

sea_water_salinity salinity [g kg
-1

] 

sea_water_potential_temperature temperature [K] 

eastward_sea_water_velocity u, u-velocity [m s
-1

] 

northward_sea_water_velocity v, v-velocity [ m s
-1

] 

 

 

     The initial condition fields for temperature, salinity, and surface current speed on 0000Z 15 

October 2014 are shown in Figure 22. SSTs of 28-29°C extend to 30°N latitude and values 
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greater than 26°C are present northward of Bermuda. The lowest SSS values near 34 PSU are 

confined to the eastern Caribbean Sea and western part of the MDR, with fresh tongues of 35.5 

PSU reaching 25°N. The Orinoco and Amazon Rivers freshwater plumes cause the fresh SSS 

signal in this region. Higher SSS in the central Atlantic and near Bermuda indicate the absence 

of any salinity-driven barrier layers in the initial salinity field. Finally, the surface current speeds 

show the energetic Gulf Stream entering the ROMS domain at 35°N and associated eddy activity 

protruding eastward. Surface currents greater than 1.5 m s
-1

 are located on the western side of 

Hurricane Gonzalo. 

 

 

Figure 22: Initial conditions fields of temperature (°C, left), salinity (PSU, middle), and surface 

current speed (m s
-1

) at 0000 UTC 15 October 2014 from HYCOM + NCODA Global 1/12 

degree analysis - GLBa0.08 expt_91.1. 

 

6.3 Atmospheric Forcing Applied to ROMS 

     To implement the most realistic ROMS-only ocean hindcast of Hurricane Gonzalo, research-

quality atmospheric and oceanic observations are used to force the model. The forcing data are a 

conglomeration of in situ and remotely sensed observations (discussed in more detail below). 

The ROMS model forcing input includes 10 m wind speed (H*Wind), precipitation rate (GPM 

IMERG), mean sea level pressure , 2 m relative humidity, 2 m air temperature, downward 

longwave radiation, net longwave radiation and net shortwave radiation (CERES radiative 

fluxes) (Table 8). All of these variables have different grid spacing and temporal resolution. 

Therefore, the forcing input variables were all regridded using a cubic spline interpolation 
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method to be on the same ROMS parent grid. Furthermore, a time interpolation was applied to 

the data to produce 3-hourly fields, starting from 0000Z 15 October and ending on 0000Z 19 

October.  

6.3.1 GFS Surface Forcing 

     The NCEP FNL (Final) Global Analysis operational data are on a 1°by 1° horizontal grid and 

is produced every 6 hours. Atmospheric observations are obtained from the Global Data 

Assimilation System (GDAS) and are continuously updated. All NCEP FNL products are 

completed using the same model in the Global Forecast System (GFS), but are delayed about an 

hour after the operational GFS runs. The FNLs are time delayed to allow more observational data 

to be assimilated into the analyses. Data are available at 26 vertical levels, from 1000 mb to 10 

mb (National Centers for Environmental Prediction/National Weather Service/NOAA/U.S. 

Department of Commerce, 2000). For this hindcast, we only use the surface variables: surface 

pressure, 2-m relative humidity, and 2-m temperature (Figure 23). The u and v component of the 

surface winds are used to fill the outer portions of the ROMS domain where H*Wind data are 

unavailable. The regridding process results in smaller horizontal grid spacing and the time 

intervals are interpolated between 6 hourly outputs to produce 3 hourly surface fields. 

 

 

Figure 23: GFS surface forcing variables of surface pressure (mb, left), 2-m temperature (°C, 

middle), and 2-m relative humidity (%, right) supplied to the ROMS-only hindcast of Hurricane 

Gonzalo at 1200Z 16 October 2014. 
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At 1200Z 16 October 2014, Hurricane Gonzalo was at a peak intensity of 940 mb and had 

one-minute sustained winds of 125 knots. At this time step, the ROMS model integration is a day 

and a half into the four-day simulation. The surface pressure field in the NCEP FNL analysis has 

a minimum pressure near 995 mb, resulting in a high bias of ~55 mb. However, the surface 

pressure field is unlikely to impact the results associated with barrier layer development during 

Hurricane Gonzalo. Due to the poorly resolved storm structure in the FNL analysis, surface wind 

speeds are only used on the periphery of the storm. There is a deep-layer subtropical ridge 

positioned to the northeast of Hurricane Gonzalo. An approaching midlatitude trough is 

beginning to erode the ridge, which allowed Hurricane Gonzalo to shift to a more north-

northeastward trajectory after this time. The synoptic setup is also evident in the surface 

temperature and humidity fields shown.  

6.3.2 H*Wind Surface Wind Forcing 

     H*Wind surface wind analyses of hurricanes are quality-controlled, observation-based data 

products that are produced in near real-time and for historical TCs (Powell et al. 1998). 

Observations are obtained from a comprehensive set of over 30 platforms. The Air Force 

Hurricane Hunters and the NOAA Aircraft Operations Center (AOC) acquire a major source of 

wind data from reconnaissance flights. Flight level winds are converted to 10 m surface winds 

using a conversion factor, usually between 0.8 to 0.9 depending on flight level. The H*Wind 

data are rescaled from 1-minute maximum winds to a 10-minute average using a conversion 

factor of 0.93 that is recommended by the World Meteorological Organization for TC conditions 

(Harper et al. 2010). The aircraft are also equipped with remote sensing instruments such as the 

Stepped-frequency Microwave Radiometer (SFMR) and tail-Doppler radar systems. GPS 

dropsondes are strategically dropped to sample the eye and eyewall regions of TCs. Satellite-

based platforms also provide a significant amount of surface wind speed data, especially when 

aircraft reconnaissance is unavailable. Wind vectors are measured by scatterometers, such as the 

ASCAT A and B instruments. In situ wind observations from moored buoys, C-MAN stations 

and instrumented towers are another source of wind speed data. H*Wind analyses are a blend of 

the available data within a 6 hour period and are available for the north Atlantic, eastern Pacific, 

and central Pacific basins. H*wind products have a long history of research-based use, including 

model validation, calibration and validation of satellite remote sensing instruments, and wind 
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forcing of ocean, wave, and coastal storm surge models. An example of an H*Wind analysis 

field for Hurricane Gonzalo at 1200 UTC 16 October 2014 is provided (Figure 24). 

 

 

Figure 24: Risk Management Solutions (RMS) H*Wind maximum one-minute sustained wind 

speed (m s
-1

) analysis of Hurricane Gonzalo at 1200 UTC 16 October 2014  

 

     H*Wind fields for Hurricane Gonzalo are available every hour from 1500 UTC 17 October 

through 1500 UTC 18 October. Before this period (starting at 0000 UTC 14 October), H*Wind 

analyses are available every three hours. Depending on the size of the wind field, the H*Wind 

analysis can vary in domain size. Therefore, the GFS winds are used to fill the remainder of the 

ROMS parent grid. A mask is applied to the edges of the H*Wind analysis to blend with the 

outer GFS winds (Figure 25). An example of the mask is shown for the same H*Wind analysis in 

Figure 25. Within the innermost contour, the wind forcing is entirely from the H*Wind analysis. 
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Outside of the outermost contour, the wind forcing is entirely from the GFS analysis. In between, 

the mask applies a linear blend between H*Wind and GFS.  

 

Figure 25: Mask used to blend H*Wind 1-minute sustained maximum winds with GFS winds at 

1200 UTC 16 October 2014. The center of Hurricane Gonzalo according to the National 

Hurricane Center best track is shown (magenta x). 

 

6.3.3 GPM IMERG Precipitation Rate 

     The Precipitation Measurement Missions is the organization within NASA that is responsible 

for all satellite-based programs with a focus on monitoring and measuring precipitation. Two 

large projects include the Tropical Rainfall Measuring Mission (TRMM) and the Global 

Precipitation Measurement (GPM), designed to make satellite-derived precipitation estimates. 

The IMERG precipitation product of GPM synthesizes passive microwave retrievals from the 

GPM satellite constellation and has a period of record from 12 March 2014 through the present 

(Huffman et al. 2018). A full list of the satellite platforms and sensors used in the IMERG 
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product is provided (Table 10). Inter-calibrated precipitation estimates are computed using the 

Goddard Profiling Algorithm (GPROF2017) and are gridded into a global Level 3 product with 

0.1° by 0.1° fields at half-hourly intervals (Huffman et al. 2018). The IMERG final run is used 

for rainfall estimates in Hurricane Gonzalo to incorporate all available satellite measurements to 

the GPROF2017 algorithm. The IMERG final run estimates also contain land-based rain gauge 

information that is produced by the Global Precipitation Climatology Centre (Becker et al. 

2013). The global precipitation network is composed of more than 75,000 stations that undergo 

intensive quality-control procedures. The IMERG final run data set is considered to be a 

research-quality product.  

     The merged passive microwave precipitation estimates are a blend of currently available 

retrievals from GMI, TMI, SSMIS, AMSR2, MHS, ATMS, and SAPHIR precipitation estimates 

(Table 10). These instruments measure brightness temperatures (Tb) across several microwave 

channels and in dual-polarization (Huffman et al. 2018). For example, the TMI instrument is a 

multi-channel passive microwave radiometer that measures brightness temperatures at 10.65, 

19.35, 21.3, 37.0, and 85.5 GHz frequencies. 

 

Table 10: Sources of passive microwave instruments and other rainfall data sets that are 

incorporated into the IMERG final run product from GPM during Hurricane Gonzalo, 15-19 

October 2014 (Huffman et al. 2018). 

Satellite/Sensor/Analysis Type Period of Record Agency 

NASA/GSFC Level 1 

GPM GMI Tb’s 

Conical-Scan Passive 

Microwave 

Imager/Sounder 

Mar. 2014 – [Feb. 2014] NASA 

NASA/GSFC Level 1 

TRMM TMI Tb’s 

Conical-Scan Passive 

Microwave 

Imager/Sounder 

Jan. 1998 – Apr. 2015 NASA 

NSIDC Level 1 AMSR2 

Tb’s 

Conical-Scan Passive 

Microwave 

Imager/Sounder 

Jun. 2002 – [May 2022] JAXA 
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Table 10 continued 

Satellite/Sensor/Analysis Type Period of Record Agency 

NOAA/NCDC Level 1 

SSMIS Tb’s (F16 & 

F17) 

Conical-Scan Passive 

Microwave 

Imager/Sounder 

Nov. 2005 – [Nov. 2018] 

Mar. 2008 – [Nov. 2018] 

U.S. DoD 

NOAA/NCDC Level 1 

(NOAA-series, 18/19) 

MHS Tb’s 

Cross-Track-Scan 

Passive Microwave 

Sounder 

May 2005 – [Dec. 2018] 

Feb. 2009 – [Apr. 2019] 

NOAA 

METOP-series (2/A & 

1/B) MHS Tb’s 

Cross-Track-Scan 

Passive Microwave 

Sounder 

Dec. 2006 – [Aug. 2018] 

Sep. 2012 – [Aug. 2022] 

EUMETSAT 

M-T ICARE Level 1 

SAPHIR Tb’s 

Cross-Track-Scan 

Passive Microwave 

Sounder 

Oct. 2011 – [Jan. 2019] CNES 

NESDIS Level 1 SNPP 

ATMS Tb’s 

Cross-Track-Scan 

Passive Microwave 

Sounder 

Dec. 2011 – [Nov. 2021] NOAA 

GOES-E series 

Geostationary Satellite 

Merged 4-Km 

Geostationary 

Satellite IR Tb Data 

Oct. 1975 - present NESDIS 

Aqua AIRS  IR/Passive 

Microwave Sounder 

Sep. 2002 – Sep. 2015 NASA/GSFC 

GPCC Level 3 

Monitoring Precipitation 

Gauge Analyses 

Monitoring Version 5 Jan. 2014 – present DWD/GPCC 

 

      

     An obstacle for using satellite remote sensing platforms to measure precipitation fields in TCs 

is the quality and spatial coverage of the satellite pass over the TC. TCs are transient weather 

phenomena and can be difficult to sample. For Hurricane Gonzalo, many of the thirty-minute 

interval precipitation fields do not have satellite passes over the TC, and therefore, there is no 
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precipitation data for these periods. When calculating storm-total precipitation, the precipitation 

fields appear spotty and values are too low any many areas. To correct this issue, the IMERG 

precipitation rates are storm-centered on a 5° by 5° latitude/longitude box. An example of a 

good-quality satellite pass on the storm-centered grid is shown for Hurricane Gonzalo at 1400Z 

17 October 2014 (Figure 26). At this time, Hurricane Gonzalo is a strong Category 2 storm and 

is about 10 hours from Bermuda landfall. Figure 26 depicts the precipitation field as the forced 

stage of Hurricane Gonzalo begins to impact the ocean near the BIOS ‘Anna’ glider. There is a 

double eyewall feature with the most intense precipitation rates in the front, left quadrant.  

 

 

Figure 26: GPM IMERG precipitation rate (mm hr
-1

) at 1400 UTC 17 October 2014 reveals a 

double eyewall structure as Hurricane Gonzalo approaches Bermuda landfall.  
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Figure 27: Storm-total precipitation (mm) from GPM IMERG satellite-blended precipitation 

estimates from 14-19 October 2014 (left). Interpolated storm-total precipitation accounting for 

missing satellite data (right). The NHC best track is plotted in black. 

 

In between satellite passes with full spatial coverage of Hurricane Gonzalo, the precipitation 

rates are linearly interpolated in time to fill gaps in coverage. Without time interpolation between 

satellite passes, the precipitation estimates are inadequate. A storm-total precipitation field is 

shown without the time interpolation applied to the IMERG data (Figure 27, left). Most of the 

storm-total precipitation values remain between 100 to 150 mm near the storm center. Periods 

with few satellite passes have a low bias in total precipitation. These areas near the TC center 

have precipitation totals less than 50 mm. The storm-total precipitation field with time 

interpolation shows a more reasonable representation of TC precipitation (Figure 27, right). 

There is a wide swath of storm-total precipitation more than 300 mm. Due to the storm-centered 

technique, precipitation outside of the 5° by 5° box does not contribute to the storm-total. 

Therefore, precipitation associated with the cold front located off the northeast U.S. coast is not 

assimilated into the precipitation forcing to ROMS. However, later in the ROMS simulation, as 
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Hurricane Gonzalo interacts with the cold front, the swath of maximum precipitation shifts to the 

front, left quadrant. The leftward shift in maximum precipitation occurs after the Bermuda 

landfall as Hurricane Gonzalo began extratropical transition. The larger and more realistic TC 

precipitation field used to force the ROMS model can test the sensitivity of the different mixing 

parameterizations to the surface freshwater flux. 

6.3.4 CERES Radiation Fluxes 

     Surface radiation fluxes are obtained from the CERES SYN1deg product as the radiative 

forcing for the ROMS-only hindcast.  The surface radiation fluxes are calculated using the 

Langley Fu-Liou radiative transfer model, and include geostationary satellite cloud properties 

from both MODIS and GEO (Doelling 2017). During the period of this study, CERES measured 

radiances are from combined Terra and NPP observations. The CERES top-of-atmosphere 

(TOA) radiative fluxes constrain the profile and surface flux calculations. Net shortwave, net 

longwave and downward longwave fluxes are gridded to 1° by 1° domain and are available every 

three hours. 

 

 

Figure 28: CERES longwave (W m
-2

, left) and shortwave (W m
-2

, right) downward radiative 

fluxes supplied to the ROMS-only hindcast of Hurricane Gonzalo at 1200Z 16 October 2014. 
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     The surface radiative fluxes during Hurricane Gonzalo at 1200Z 16 October show the 

radiative forcing under TC conditions (Figure 28). The largest contribution is from the longwave 

component, with values greater than 400 W m
-2

. The shortwave component is minimal under the 

central dense overcast (CDO) of Hurricane Gonzalo and only contributes less than 50 W m
-2

 to 

the total radiative forcing.  

6.4 ROMS Model Results 

      The ROMS-only model hindcasts are all run with the same initial conditions and atmospheric 

forcing. The only differences between the experiments are the selection of vertical turbulent 

mixing schemes and whether precipitation forcing is prescribed or not. The different experiments 

test the model sensitivity to precipitation forcing and how the additional freshwater flux 

influences the dynamic and thermodynamic responses of the ocean to Hurricane Gonzalo. The 

ROMS model salinity response to TC forcing is consistent with previous literature (Jacob and 

Koblinsky 2007; Neetu et al. 2012; Jourdain et al. 2013; Domingues et al. 2015; Steffen and 

Bourassa 2018), namely that there is a surface freshening upwards of 0.3 PSU during TC 

passage. This surface freshwater anomaly is typically eroded over several days due to continued 

mixing and dispersion from near-inertial currents in the TC cold wake. The SST response is 

more heterogeneous, with both areas of warming and cooling in response to precipitation 

forcing. This section will discuss the dominant terms in both the surface salinity and temperature 

budgets under TC conditions. ROMS model results are compared to a satellite-derived SST 

product and to the ‘Anna’ glider observations made near Bermuda. Finally, the physical 

mechanisms that lead to the model results will be discussed.   

6.4.1 Salinity Response   

     The SSS response to the precipitation forcing from Hurricane Gonzalo results in a consistent 

surface freshening across all three mixing parameterizations (Figure 29). The magnitude and 

spatial coverage of the SSS response are all similar, but the MY2.5 shows slightly less 

freshening from precipitation. The precipitation effect on the salinity response is confined to a 

~5° cross section across Hurricane Gonzalo’s track and can be observed within the cold wake for 

several days after passage. The maximum SSS freshening response occurs directly under 

Hurricane Gonzalo, where precipitation forcing is strongest. 
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Figure 29: SSS difference between precipitation forcing and without precipitation for the LMD 

(left), GLS (middle) and MY2.5 (right) vertical mixing parameterizations at 2300 UTC 17 

October 2014. The leading marker (x, magenta) indicates the location of Hurricane Gonzalo, 

with each subsequent marker showing the former location of the storm six hours prior. The last 

marker shows the TC location one day prior.  

 

     The ROMS model produces salinity and temperature tendencies in its diagnostic output. To 

determine the impact of precipitation on the salinity tendency equation, the no precipitation 

forcing is subtracted from the precipitation-forced ROMS model runs. The tendency equations 

have four main terms that determine the total rate of change: horizontal advection, horizontal 

diffusion, vertical advection, and vertical diffusion. For the advection term, Ekman dynamics are 

included. For the vertical diffusion term, entrainment and turbulent mixing are included. Of these 

terms, the horizontal diffusion is several orders of magnitude smaller than the others, and 

therefore, it is negligible for determining the total rate of change. For the SSS tendency 

difference, both advection terms are an order of magnitude larger (10
-5

) than the vertical 

diffusion (10
-6

) term. However, the vertical and horizontal advection terms generally cancel each 

other out. When both advective terms are summed, the result is a total advection term that is the 

same order of magnitude as vertical diffusion. Both terms become important when determining 

the precipitation-driven SSS response. Therefore, the total advective processes and vertical 

diffusion (Figure 30) determine the total salinity rate. Within the cold wake, there are areas of 

both positive and negative salinity tendency that are largely a result of inertial oscillations in the 

ocean currents. Under the TC, where there is strong precipitation forcing, the vertical diffusion 

term is negative and freshening occurs (Figure 30). As the TC passes and precipitation ends, 

vertical entrainment and turbulent mixing causes this term to flip sign and become positive.  
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Figure 30: Difference in the surface salinity tendency for precipitation forcing minus no 

precipitation forcing using the GLS vertical mixing parameterization at 2300 UTC 17 October 

(left). The leading terms in the surface salinity tendency (left) are the total advection (middle) 

and the vertical diffusion (right) terms. 

 

     The tendency differences for SSS and SST are collected in 5° by 5° latitude/longitude boxes 

centered on Hurricane Gonzalo. This is performed at all hourly time steps and the data is used to 

determine the median values, 25
th

 and 75
th

 quartiles of the tendency rates and primary terms 

within the budget. This analysis is performed for all vertical mixing parameterizations and shown 

in boxplots (Figure 31). Generally, the results are consistent among the three turbulent closure 

schemes. The LMD and GLS schemes both have median values slightly below zero, indicating a 

small preference for freshening when precipitation forcing is prescribed. The LMD scheme has 

slightly broader values for the 25
th

 and 75
th

 quartiles. For MY2.5, the median salting rate is near 

zero and there is less freshening compared to the other two closures. The contribution from total 

advection is almost identical in median values and very close for the 25
th

 and 75
th

 quartiles. 

Therefore, there is not a substantial difference in the total advection in the salinity tendency 

among the three vertical mixing parameterizations. The biggest difference is in the vertical 

diffusion term. Once again, MY2.5 has a vertical diffusion rate that results in more salting at the 

surface. This is likely due to a more vertical entrainment of high saline water into the mixed 

layer.   
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Figure 31: Box plots of the difference in surface salting rate (left), total advection (middle) and 

vertical diffusion (right) for the three vertical mixing parameterizations in ROMS: LMD (red), 

GLS (blue) and MY2.5 (green). 

 

6.4.2 Temperature Response 

     The SST response to TC precipitation can modify enthalpy fluxes into the TC and potentially 

effect intensification. From a modeling perspective, this is particularly true in fully-coupled 

systems, where non-linear processes in air-sea interaction are important. Therefore, determining 

the SST sensitivity for different mixing parameterizations within the ROMS model provides 

insight into the air-sea interactions associated with TC precipitation. To first address this issue, 

the inner-core SSTs for each mixing parameterization in ROMS (with precipitation) is compared 

to high resolution SST observations (Figure 32). The Group for High Resolution Sea Surface 

Temperature (GHRSST) Level 4 data set is a daily SST analysis at 1 km grid spacing (Chao et 

al. 2009). The GHRSST daily product is created by JPL using an algorithm that merges remotely 
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sensed brightness temperatures from the following sensors: Advanced Very High Resolution 

Radiometer (AVHRR), the Advanced Along Track Scanning Radiometer (AATSR), the 

Spinning Enhanced Visible and Infrared Imager (SEVIRI), the Advanced Microwave Scanning 

Radiometer-EOS (AMSRE), the Tropical Rainfall Measuring Mission Microwave Imager (TMI), 

the Moderate Resolution Imaging Spectroradiometer (MODIS), the Geostationary Operational 

Environmental Satellite (GOES) Imager, the Multi-Functional Transport Satellite 1R (MTSAT-

1R) radiometer (Chao et al. 2009).  In situ SST data from drifters and moored buoy arrays are 

also incorporated into the GHRSST daily product. For Hurricane Gonzalo, GHRSST data are 

obtained from 0000 UTC 15-19 October 2014 (JPL Our Ocean Project 2010). Only the grid 

points within 50 km of the TC center are used for comparison (Figure 32). During the first two 

days (15-16 October) of the Hurricane Gonzalo hindcast, GHRSST values remain near 29°C. As 

Hurricane Gonzalo moves out of the tropics, the SST decreased to about 26°C by 19 October. 

The ROMS model fields have a low bias ranging from 0.5°C to 1.5°C throughout the duration of 

the hindcast. Some of this difference can be attributed to the coarser temporal resolution of the 

GHRSST product compared to hourly SST output from ROMS. Importantly, the rate of cooling 

between GHRSST observations and ROMS model output is comparable.  There is not a large 

difference in inner-core SST among the three mixing parameterizations. MY2.5 produces the 

most cooling and is nearly a half degree cooler than the LMD and GLS SSTs at 1200 UTC 16 

October. Interestingly, there is not a large change in the inner-core SSTs for the ROMS 

simulations without precipitation forcing. The difference between prescribing precipitation 

versus no precipitation in the averaged SSTs near Hurricane Gonzalo is less than a tenth of a 

degree. This result is consistent with Jourdain et al. 2013, where precipitation forcing only 

accounted for a +0.07°C average change in SSTs with TC cold wakes. However, this occurs 

because there are areas with both positive and negative differences in SSTs on the order of 

several tenths of a degree that cancel out. The absolute magnitude of ROMS SST differences can 

reach ±0.3°C. Overall, the SST response is more complicated than the SSS response. The change 

in SSS due to precipitation is directly attributable to the surface freshwater flux, whereas the SST 

changes are governed by indirect physical processes that are modified by the precipitation 

forcing.  
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Figure 32: SST (y-axis, °C) time series (x-axis, days) during the forced state of Hurricane 

Gonzalo and within 50 km radius of the storm center. ROMS model output with precipitation 

forcing is plotted for the LMD (red), GLS (blue) and MY2.5 (green) vertical mixing 

parameterizations. GHRSST data, which is a high resolution, satellite-derived SST product is 

plotted for comparison (black). 

 

     An example of the SST difference field for precipitation minus no precipitation is contoured 

for the ROMS model output at 2300 UTC 17 October 2014 (Figure 33). There is a distinct 

change in SSTs along Hurricane Gonzalo’s track, with areas of positive and negative SST 

differences. All three mixing parameterizations show areas along the track where the no-

precipitation ROMS output are warmer than the precipitation forcing output (blues). This result 

runs contrary to the increased ocean stratification from precipitation argument, but may occur 

due to changes in either the surface stress and/or Ekman upwelling. The GLS parameterization 

has larger magnitude changes in SST than both the LMD and MY2.5 ROMS model SST output. 
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Figure 33: SST difference (precipitation – no precipitation) for the LMD (left), GLS (middle) and 

MY2.5 (right) vertical mixing parameterizations at 2300 UTC 17 October 2014. The leading 

marker (x, magenta) indicates the location of Hurricane Gonzalo, with each subsequent marker 

showing the former location of the storm six hours prior. The last marker shows the TC location 

one day prior. 

 

     The SST tendency differences are driven by the total advection term with smaller 

contributions from the vertical diffusion term (Figure 34). Within the TC cold wake, advection is 

the dominant term in the SST tendency equation and there is very little vertical diffusion 

contribution. Within regions of TC wind forcing and precipitation, vertical diffusion has an 

appreciable impact on the SST differences. Overall, there are regions with both positive and 

negative SST tendency difference. If TC precipitation effectively limits vertical entrainment and 

mixing, then SSTs should be slightly warmer in areas of strong precipitation forcing. However, 

this is not evident in the spatial distribution of the SST difference field. Instead, there are many 

areas where the opposite occurs. Therefore, the SST differences are not solely driven by 

increases in upper-ocean stratification. In areas where there is more SST cooling when 

precipitation forcing is applied, another mechanism must be responsible for this effect. The 

upper 30 m to 40 m of the ocean are characterized by an increase in the kinetic energy of the 

ocean currents. Due to the increased ocean static stability, the current shear increases. Then, 

shear-generated turbulent mixing is able to entrain cooler water into the mixed layer. This results 

in some areas within the ROMS model domain which have more SST cooling as turbulent 

mixing is more vigorous. 
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Figure 34: Difference in the surface temperature tendency for precipitation minus no 

precipitation forcing using the GLS vertical mixing parameterization at 2300 UTC 17 October 

(left). The leading terms in the surface temperature tendency (left) are the total advection 

(middle) and the vertical diffusion (right) terms. 

 

     Differences in temperature tendency due to precipitation forcing are displayed in boxplots for 

the three mixing parameterizations (Figure 35). All of the parameterizations have net cooling 

rates, and MY2.5 has the strongest temperature response. The total advection term is nearly zero 

in the mean for all parameterizations. Therefore, SST tendency near Hurricane Gonzalo is 

largely determined by the vertical diffusion term, which includes entrainment mixing (Figure 

35). Despite the stabilizing effect from precipitation, average cooling rates are stronger when 

precipitation is prescribed. The inclusion of rainfall temperature has a negligible impact on SST 

(Jacob and Koblinsky 2007). Therefore, a different mechanism must counteract precipitation-

driven stratification where SST cooling differences are present. The additional SST cooling 

likely results from coupled interactions between the surface current and surface stress. Changes 

in the curl of the surface stress across small spatial scales induce strong upwelling responses and 

likely have a prominent influence on the SST response in the ROMS model simulations. 
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Figure 35: Box plots of the surface temperature rate (left), total advection (middle) and vertical 

diffusion (right) for the three vertical mixing parameterizations in ROMS: LMD (red), GLS 

(blue) and MY2.5 (green). 

 

6.4.3 Comparison to ‘Anna’ Glider Observations 

The ‘Anna’ glider measurements made during Hurricane Gonzalo’s passage show a strong 

freshwater signal within the upper 30 m of the ocean. The decrease in salinity began a day before 

TC passage, as atmospheric vertical shear pushed precipitation ahead of the storm track. The 

mixed layer response shows strong inertial oscillations along the thermocline, turbulent mixing 

extending beyond the thermocline depth and a reduction in mixed layer temperature by ~2°C. 

The ‘Anna’ glider was positioned to the right of track and measured barrier layer increases in 

both BLT (m) and BLPE (J m
-2

). The 152 vertical profiles of temperature and salinity are used to 

validate ROMS model output.  
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Figure 36: ROMS model output (GLS mixing parametrization with precipitation forcing) for 

temperature (°C, top left), salinity (PSU, middle left) and potential density (kg m
-3

, bottom left) at 

the same location and time as ‘Anna’ glider measurements. Images are cross sections of depth-

time to mimic the ‘Anna’ glider measurements. Differences are shown between ROMS model 

output with precipitation forcing and without precipitation forcing for temperature (°C, top 

right), salinity (PSU, middle right), and potential density (kg m
-3

, bottom right). 
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     The ROMS temperature response throughout the upper 80 m of the ocean is consistent with 

the ‘Anna’ glider observations (Figure 36). The biggest difference between ROMS model data 

and the observations is in the salinity profiles. The ROMS model shows a saltier upper ocean as 

Hurricane Gonzalo approaches and no appreciable surface freshening until right before TC 

passage. The ROMS salinity response is later and of a smaller magnitude than the freshening 

signal measured by the ‘Anna’ glider. As expected, the precipitation forcing results in freshening 

throughout the profile during and after Hurricane Gonzalo passes. As a result, the upper-ocean is 

less dense and the dynamic response to precipitation forcing causes slight cooling followed by 

warming. The warming of the upper ocean after 18 October is collocated with potential density 

differences (Figure 36). The increased ocean stratification due to precipitation limits the 

entrainment of cooler water into the mixed layer. This result is supported by the vertical 

diffusion terms for both the salinity and temperature tendency equations (Figure 37). There is a 

strong link between the vertical diffusion of salinity and temperature with depth during the 

forced stage of Hurricane Gonzalo. 

 

 

Figure 37: Differences in the vertical diffusion terms of the salt (left) and temperature (right) 

tendency equations. Images are cross sections of depth-time to mimic the ‘Anna’ glider 

observations. The vertical black line indicates Hurricane Gonzalo’s closest approach to the 

glider. 
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6.4.4 Dynamic Ocean Coupling 

     The surface freshwater flux to the ocean from intense precipitation associated with TC 

passage acts to increase the static stability of the upper ocean. This results in two competing, 

dynamically-linked mechanisms that influence SST tendency. First, the increased static stability 

restricts the entrainment of cooler, sub-thermocline water into the mixed layer. Then, the 

magnitude of SST cooling under the TC and within the cold wake is reduced. This feedback can 

facilitate a more favorable thermodynamic environment for the TC since enthalpy fluxes into the 

storm are maintained. The static stability mechanism has been proposed in previous literature as 

a beneficial air-sea interaction for TC intensification (Jacob and Koblinsky 2007; Jourdain et al. 

2013; Steffen and Bourassa 2018). However, another consequence to precipitation-enhanced 

stratification within the upper ocean is how the ocean currents respond. The kinetic energy of 

ocean currents within the upper ~30 m is higher for ROMS model simulations with prescribed 

precipitation forcing than those without precipitation forcing. The increase in current shear 

occurs because wind stress imparted to the ocean surface is retained in the upper layers of the 

ocean. This competing, shear-driven mechanism induces more turbulent mixing and ocean mixed 

layer cooling. An increase in upper-ocean stratification (as measured by the square of the Brunt-

Vaisala frequency) is dynamically linked to a corresponding increase in the vertical shear of 

ocean currents (Figure 38). In fact, the two variables are highly correlated (r = 0.77) within the 

upper 30 meters of the ocean in areas where there is strong freshwater forcing (SSS freshening of 

0.1 PSU or more).  

Therefore, coupled air-sea interactions involving TC precipitation and the dynamic response 

of the ocean can result in areas of both positive and negative SST tendency. When precipitation 

forcing is prescribed, the SST response is modified by ±0.3°C during the forced stage of the TC 

and within the SST cold wake. A SST change of several tenths of a degree can appreciably 

influence the hurricane boundary layer response. The dynamically linked mechanisms between 

upper-ocean stratification and current shear have yet to be explored in a fully-coupled modeling 

framework. 
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Figure 38: Density plot (counts per bin) of the relationship between static stability (Δ N2) and 

current shear (Δ S2) averaged over the top seven vertical levels (~0-30 m) in areas with surface 

freshening of  -0.1 PSU or more. 

 

6.4.5 ROMS Model Hindcast Discussion 

     The intent of the ROMS model hindcasts is to improve the understanding of coupled air-sea 

interactions related to TC precipitation. In situ observations of the upper-ocean response to TC 

passage are often difficult to measure and inadequate in spatial and temporal sampling. By 

forcing high-resolution models with research-quality observations, the mechanisms responsible 

for barrier layer development in TCs can be explored. The two main research questions 

addressed in this study are as follows. First, how strong is the surface freshwater flux during TC 

forcing and what are the prominent terms in the near-surface salinity budget that facilitate barrier 

layer development? Second, does TC precipitation effect upper-ocean stratification or other 

physical processes that can modify the SST cooling response? To answer the first question, 

ROMS model output and ‘Anna’ glider measurements show that the SSS response is net 

freshening, upwards of 0.3 PSU within the forced region of the TC. Freshwater anomalies extend 

into the mixed layer and can penetrate the thermocline depth under strong turbulent mixing from 
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TC wind forcing. In regions with high precipitation rates, vertical diffusion is an important term 

for distributing the surface freshwater flux. Also, the combinations of the horizontal and vertical 

advection terms of the salinity budget are important factors. Generally, areas with strong 

upwelling/downwelling and horizontal divergence/convergence can dramatically influence the 

salinity and temperature tendencies. Second, the average change in the SST response due to 

precipitation is quite small (less than 0.1°C). However, there are areas with SST changes of 

±0.3°C which can influence the thermodynamic forcing to the TC. Overall, precipitation forcing 

results in upper-ocean freshening, which acts to increase ocean stratification and barrier layer 

strength. Observations from profiling floats and ROMS model experiments show that 

precipitation forcing has an appreciable impact on the upper-ocean response to TCs. 
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CHAPTER 7 

DISCUSSION ON TROPICAL CYCLONES AND THE BARRIER LAYER 

The use of the Argo float network provides a comprehensive data set of TC-ocean 

interactions spanning different background ocean states and many TC characteristics. When a 

TC traverses a strong, pre-existing barrier layer, the SST response is muted by as much as half. 

Two key variables related to the strength of the barrier layer are the depth of the isothermal layer 

and the salinity stratification throughout the layer. Analysis of pre-TC Argo float data shows that 

both of these variables have a substantial influence on the SST response. When salinity 

stratification is strong (greater than 0.2 PSU difference from 10 m down to the ITLD), the 

magnitude of the SST cooling response is minimized. Therefore, the salinity stratification 

throughout the isothermal layer plays an important role in modifying turbulent mixing within the 

upper ocean and the entrainment of cooler water from below the thermocline into the mixed 

layer. 

In addition, the pre-storm ocean environment shows a strong ENSO-related signal in the 

Pacific Ocean basins. During El Nino years, the eastern Pacific basin has a deeper and warmer 

isothermal layer. As a result, barrier layer metrics tend to be higher in the eastern Pacific during 

El Nino years. Conversely, during La Nina years, the eastern Pacific thermocline is shallower 

and the barrier layer is reduced. The effect on the central Pacific is similar. However, during El 

Nino years, the central Pacific thermocline shoals and the barrier layer is weaker. In La Nina 

years the barrier layer tends to be stronger in the central Pacific. This result agrees with previous 

work on the relationship between ENSO and the seesaw-like effect of thermocline displacements 

across the tropical Pacific Ocean. Therefore, the ENSO-related signal in pre-TC Argo floats is 

dictated largely by changes in the thermocline depth. Regional shifts in precipitation patterns 

across the Pacific Ocean likely affect the local salinity field. However, a basin-scale salinity 

signal related to ENSO is not evident in the TC-Argo data set. 

The upper-ocean salinity response to TC passage is of particular interest when studying the 

barrier layer. The salinity budget has two counteracting terms for determining salinity tendency. 

As cooler, saltier water is entrained into the mixed layer due to wind-induced turbulent mixing, 

the salinity response is salinification. This effect is evident in remotely sensed observations of 

TC cold wakes in the days following TC passage after precipitation has ceased. During the 
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forced stage of the storm, precipitation acts to decrease salinity in the near-surface layers of the 

ocean. Based on the TC-Argo dataset, freshening is the most prevalent upper-ocean response for 

all three ocean basins: the Atlantic, eastern Pacific and central Pacific. Salinity stratification 

increases the most in the Pacific basins. The Atlantic basin has an increase in the barrier layer 

after TC passage that is mainly driven by isothermal layer deepening. Furthermore, there are 

meaningful physical relationships between TCs and the barrier layer. First, slower moving 

storms are more likely to experience surface freshening. A longer duration of precipitation 

decreases upper-ocean salinity and overcomes the salinification from turbulent mixing. Second, 

Argo float measurements closer to the TC center show a strong freshwater signal. Since 

precipitation rates are the highest in the eyewall and surrounding rainbands, the freshwater flux 

is the strongest within this region. Consequently, any effect salinity stratification has on the SST 

response will be more impactful near the core of the TC. While the TC-Argo dataset helps to 

elucidate how the upper-ocean responds to TC passage, Argo float pairs only provide a snapshot 

of the ocean state. To determine the key mechanisms leading to barrier layer formation during 

TC passage, realistic ocean model simulations of Hurricane Gonzalo can provide additional 

insight. 

Hurricane Gonzalo was selected as a case study for several reasons. First, the hurricane was 

extensively sampled by hurricane research flights and a profiling ocean glider. Research-quality 

wind observations are used to force the ROMS ocean model and elicit a realistic upper ocean 

response. Temperature and salinity fields from ROMS model output are comparable to 

measurements from the ‘Anna’ ocean glider. Second, the alignment of the atmospheric shear 

vector with Hurricane Gonzalo’s track produced high precipitation totals ahead of the storm. The 

freshwater flux to the ocean ahead of the storm acts to stabilize the upper ocean before TC 

passage. Near-surface freshening begins a day before TC passage and extends down to a depth of 

30 to 40 m, causing the barrier layer to strengthen. Therefore, Hurricane Gonzalo is an ideal 

candidate for studying the barrier layer response to TC passage. 

ROMS model simulations provide additional information about the processes that lead to 

barrier layer formation by filling in the temporal gap inherent to TC-Argo float pairs. By using 

an ocean model, there are no temporal or spatial sampling issues and the full ocean physics are 

resolved. Then, temperature and salinity budgets can highlight the dominant terms leading to 

barrier layer formation. The leading terms of the tendency equations are the horizontal advection, 
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vertical advection and vertical diffusion. The advections terms largely cancel out, but their 

residual (total advection) is of the same order of magnitude as the vertical diffusion term. During 

the forced stage of the TC, both the total advection and vertical diffusion determine the 

temperature and salinity tendencies. Vertical diffusion is important under the TC where the 

surface freshwater flux is strongest. Within the TC cold wake, total advection is the primary term 

affecting changes in temperature and salinity.  

In addition, three turbulence closure schemes are tested to determine their sensitivities to the 

freshwater flux from TC precipitation. The Large-McWilliams-Doney, Generic Length Scale and 

Mellor and Yamada 2.5 schemes are consistent with the ‘Anna’ glider observations. All three 

schemes depict surface freshening of ~0.3 PSU. The maximum SST difference among mixing 

parameterizations is only 0.5°C. The MY2.5 scheme has slightly more turbulent mixing which 

leads to a cooler SST response and a saltier SSS response. Overall, precipitation forcing modifies 

the SST response by ±0.3°C.  

There exists a dynamical coupling between increased static stability of the upper-ocean and 

current shear. Precipitation enhances salinity stratification which stabilizes the upper ocean. 

However, the wind stress imparted to the ocean is then confined to a shallower layer, which 

drives increases in current shear. The stabilizing effect from precipitation and the enhanced 

turbulence generated from current shear act in opposing ways. When the stratification effect is 

stronger than shear-generated turbulence the SST cooling is suppressed. In other areas, the 

increased shear overcomes the additional stratification and there is more SST cooling. 

Precipitation forcing is responsible for this dynamical coupling and can modulate SSTs by 

several tenths of a degree. In a fully-coupled model, SST changes of this magnitude can 

influence the TC boundary layer. Coupled air-sea interactions during TC passage can be highly 

nonlinear and complex. The effect precipitation has on the upper ocean, especially in regards to 

salinity stratification, is explored in this study. The barrier layer is shown to be an important 

factor in governing air-sea interactions within TCs. 
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