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Abstract Hurricane Irma (2017) underwent rapid intensification (RI) while passing over the
Amazon‐Orinoco River plume in the tropical Atlantic. The freshwater discharge from the plume creates
a vertical salinity gradient that suppresses turbulent heat flux from the cool, ocean subsurface. The stability
within the plume reduces sea surface temperature (SST) cooling and promotes energetic air‐sea fluxes.
Hence, it is hypothesized that this ocean feature may have facilitated Irma's RI through favorable upper
ocean conditions. This hypothesis is validated using a collection of atmospheric and oceanic observations to
quantify how the ocean response influences surface flux and atmospheric boundary layer thermodynamics
during Hurricane Irma's RI over the river plume. Novel aircraft‐deployed oceanic profiling floats
highlight the detailed evolution of the ocean response during Irma's passage over the river plume.
Analyses include quantifying the ocean response and identifying how it influenced atmospheric boundary
layer temperature, moisture, and equivalent potential temperature (θE). An atmospheric boundary
layer recovery analysis indicates that surface fluxes were sufficient to support the enhanced boundary
layer θE (moist entropy) observed, which promotes inner‐core convection and facilitates TC
intensification. The implicit influence of salinity stratification on Irma's intensity during RI is assessed
using theoretical intensity frameworks. Overall, the findings suggest that the salinity stratification
sustained SST during Irma's passage, which promoted energetic air‐sea fluxes that aided in boundary layer
recovery and facilitated Irma's intensity during RI. Examination of the air‐sea coupling over this river
plume, corresponding atmospheric boundary layer response, and feedback on TC intensity was previously
absent in literature.

1. Introduction

Hurricane Irma (2017) was one of the most powerful Atlantic hurricanes, sustaining Category 5 strength
winds (≥137 kt) for an unprecedented 60 hr. The TC attained such strength early on in its life cycle when
it rapidly intensified (RI ~ 30 kt increase in 24 hr) to 155 kt by 5 September 18Z, just 5 days after genesis
(Cangialosi et al., 2018). Irma's intensity was underforecasted in these beginning stages because of the
storm's extended period of RI. Cangialosi et al. (2018) note that Irma's passage over an area of higher sea sur-
face temperatures (SST) played a significant role in the TC's intensity between 2 and 4 September, as the
storm steadily intensified and underwent RI thereafter (Figure 1a). Hurricane Irma also passed over the core
of the Amazon‐Orinoco River plume during RI (~55°W–60°W; Figure 1b), a notable low surface salinity lens
that is at a maximum during the peak of Atlantic Hurricane season (Ffield, 2007). During the late summer
and fall months, this lens aids in the creation of an oceanic “barrier layer” (Lukas & Lindstrom, 1991; Mignot
et al., 2012; Pailler et al., 1999), a subsurface layer where a vertical salinity gradient is present within the uni-
form temperature mixed layer.

Numerous studies have indicated how deep thermal ocean structure and warm SSTs provide the necessary
energy for TC intensification through energetic air‐sea fluxes (e.g., Emanuel, 1999; Jaimes & Shay, 2009,
2015; Jaimes et al., 2015; Lin et al., 2005; Shay et al., 2000; Wada & Chan, 2008). A growing amount of studies
have investigated the impact of barrier layers and subsurface salinity structure on TC intensification
(Androulidakis et al., 2016; Balaguru et al., 2012; Domingues et al., 2015; Ffield, 2007; Hernandez
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et al., 2016; Hlywiak & Nolan, 2019; Newinger & Toumi, 2015; Reul et al., 2014; Rudzin et al., 2018, 2019;
Vincent et al., 2014; Vissa et al., 2013; Yan et al., 2017), but most of these studies focus on the ocean
response rather than the coupled air‐sea response and the mechanisms behind TC intensification.
Furthermore, many of these studies use statistical analyses and metrics to correlate ocean parameters to
TC intensity rather than investigate dynamic ocean and atmospheric processes that lead to TC intensity
change (e.g., Ffield, 2007; Newinger & Toumi, 2015).

Barrier layers are known to suppress turbulent heat flux between the oceanic thermocline and the sea sur-
face because of the strong stability within the layer (Chi et al., 2014; Lukas & Lindstrom, 1991; McPhaden &
Foltz, 2013; Mignot et al., 2012). Thus, during strong wind forcing, the SST response is reduced, influencing
surface flux into a TC and, theoretically, its intensity. Using a high‐resolution regional coupled model,
Balaguru et al. (2012) showed that TC intensification rate is nearly 50% higher over regions with barrier
layers, compared to regions without. Androulidakis et al. (2016) also used a high‐resolution coupled model
for three different TCs that passed over the Amazon‐Orinoco River plume and found that the presence of a
barrier layer during TC passage played a role in the storm's intensification. Hlywiak and Nolan (2019) con-
ducted several idealized, coupled modeling experiments with varying barrier layer structures and TC inten-
sities and concluded that thick barrier layers favor TC intensification because of reduced SST cooling.
However, these studies still do not explicitly investigate the link between ocean response, the atmospheric
boundary layer, and TC intensity.

Figure 1. (a) Pre‐storm SST and (b) pre‐storm SSS with Irma's track overlaid. Storm intensity indicated by color on track.
Dates for corresponding track location listed along track in format MMDDHHZ.
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Recently, Rudzin et al. (2019) used a suite of in situ atmospheric observations and satellite ocean observa-
tions to show how the barrier layer and salinity stratification reduce the efficiency of upper‐ocean mixing,
reduce SST cooling, and help sustain energetic surface fluxes into a passing TC compared to thermal regimes
that do not have this feature. However, the authors (1) did not have in situ oceanic observations to examine
upper ocean response and (2) they did not thoroughly investigate how air‐sea fluxes influence atmospheric
boundary layer thermodynamics, the link between ocean response and TC intensity (Cheng & Wu, 2018;
Emanuel, 1986, 1999; Malkus & Riehl, 1960; Murthy & Boos, 2018; Zhang et al., 2017; Zhang &
Emanuel, 2016). Malkus and Riehl (1960) first presented that TC intensification was only possible through
latent and sensible heat release from the ocean such that pressure decrease is a function of equivalent poten-
tial temperature (θE) obtained within the TC inflow. More recently, new paradigms are emerging that sup-
port the idea that surface fluxes can aid in the recovery of the atmospheric boundary layer via θE when
environmental vertical wind shear and/or convective downdrafts push low entropy air into the atmospheric
boundary layer (Cione et al., 2000; Molinari et al., 2013; Riemer et al., 2010; Rogers et al., 2016; Wadler
et al., 2018; Zhang et al., 2013, 2017). The relationship between environmental vertical wind shear direction
and the location of eyewall convection has been documented in numerous studies (e.g., Corbosiero &
Molinari, 2003; Frank & Ritchie, 2001; Reasor et al., 2000; Riemer et al., 2010; Rogers et al., 2003). Riemer
et al. (2010) presented the theory that atmospheric boundary layer air within the eyewall region gets
“flushed” with lower entropy (low θE) air because of convective downdrafts. These flushing events mainly
occur on the upshear sides of the TC and affect intensification. Upshear‐left, upshear‐right, downshear‐left,
and downshear‐right are terminology used to describe TC quadrants with respect to the direction of vertical
wind shear vector. Zhang et al. (2013, 2017) have demonstrated how the recovery of θEwithin the TC inflow
layer can be entirely supported by latent and sensible heat in a vertical wind‐shear coordinate conceptual
model. Zhang et al. (2013) first proposed in this conceptual model that air parcels acquire heat and moisture
from air‐sea fluxes from the upshear‐left to upshear‐right quadrants, increasing inner‐core θE. Convection is
then triggered in the downshear‐right quadrant, where θE becomes a maximum, and cool, dry downdrafts
transport low θE air to the surface in the downshear‐left quadrant. Parcels are then cycled back into the
upshear‐left quadrant where θE increases again as a function of the air‐sea fluxes the parcel encounters.
Their findings and Zhang et al. (2017) highlight that surface fluxes oppose boundary layer flushing of low
entropy air in the upshear quadrants, and help sustain warm, moist boundary layer conditions, favorable
for TC intensity change.

Hence, it is of interest to investigate the coupled air‐sea response before and during Irma's RI when the TC is
interacting with the Amazon‐Orinoco River plume, given that previous literature indicates the plausibility of
this region providing positive air‐sea feedback for intensity change. Prior studies, like Rudzin et al. (2019),
show the influence of the Amazon‐Orinoco River plume on air‐sea fluxes during TCs, but do not relate
the ocean state or air‐sea fluxes to the atmospheric boundary layer response or TC intensity. Furthermore,
the novel oceanic profiling floats utilized in this study, unlike prior studies, provide detailed observations
of the upper ocean response (see Sanabia & Jayne, 2020). The key objectives of this work are to identify
(1) the influence of salinity stratification on SST cooling utilizing these new oceanic observations and
(2) to estimate the atmospheric boundary layer response with respect to the ocean response, air‐sea fluxes,
and θE. Is there any evidence to suggest that the underlying oceanic structure over the Amazon‐Orinoco
River plume facilitated SST response, air‐sea transfer, enhanced boundary layer moist entropy, and facili-
tated Irma's RI over this region?

2. Data
2.1. In Situ Data

Hurricane Irmawas comprehensively sampled in both the atmosphere and the ocean compared to other TCs
in this region (Figure 2). Thus, this storm provides a unique opportunity to study the air‐sea response during
a TC over the Amazon‐Orinoco River plume that was previously limited in literature. Periods of interest for
this study include 4 September 2017 before Irma's RI and 5 September 2017 during Irma's RI. During these
two time periods, a total of 158 dropwindsondes and 22 Aircraft‐eXpendable BathyThermographs (AXBT)
were deployed in addition to hundreds of subsurface ocean temperature and salinity profiles obtained from
Air‐Launched Autonomous Micro Observer (ALAMO) floats (Sanabia & Jayne, 2020) (Figure 2).
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Global positioning system dropwindsondes (herein referred to as dropsondes) provide vertical atmo-
spheric profiles of air temperature, wind speed, wind direction, and relative humidity (Hock & Franklin,
1999). Dropsonde data are obtained from NOAA's Hurricane Research Division and are postprocessed
using National Center for Atmospheric Research (NCAR) ASPEN (Atmospheric Software Processing
Environment) software, which quality controls each dropsonde sounding.

AXBTs are aircraft deployable oceanographic instruments that measure subsurface ocean temperature
(Sanabia et al., 2013). Profiles are returned to aircraft via radio and are later interpolated to 1‐m vertical reso-
lution. Temperature measurements are accurate to 0.2°C (Dinegar Boyd, 1987).

ALAMO floats are oceanic profiling floats, developed by MRV Systems, that measure subsurface ocean tem-
perature and salinity while descending/ascending the ocean column via a buoyancy driven engine (Jayne &
Bogue, 2017). The floats are air‐deployable from C‐130 aircraft. ALAMO floats are capable of 100–150 pro-
files up to 1,000‐m depth and have an initial temperature accuracy of 0.002°C and an initial conductivity
accuracy of 0.003 S m−1.

2.2. Satellite Data

To supplement in situ data described above, satellite SST and sea surface salinity (SSS) are obtained to dis-
tinguish the mesoscale ocean response along Irma's track. Daily satellite SSTs are obtained from the Jet
Propulsion Laboratory's PODAAC Group for High Resolution Sea Surface Temperatures (GHRSST) Level
4 MUR (JPL MUR MEaSUREs Project, 2010). This product provides daily 1‐km blended Level 4 global
SST analyses and is chosen for its high resolution to resolve oceanic fronts and that it incorporates micro-
wave sensors, which are needed to resolve SST variability in cloudy environments. The accuracy of resolving
SSTs in TC environments using this product can be found in Rudzin et al. (2019). Satellite SSS is obtained
from the CATDS (Centre Aval de Traitment des Données SMOS) 9‐day 25‐km Level 3 debiased SSS product
from the European Space Agency's Soil Moisture and Ocean Salinity (SMOS) mission (Boutin et al., 2018).

Pre‐storm and post‐storm dates are chosen with respect to each product's temporal availability and such that
a full ocean response can be acquired for the entire Caribbean Sea and surrounding areas. Satellite SSS obser-
vations have a 9‐day temporal resolution (satellite swaths averaged over 9 days) with the date of interest cen-
tered between the ±4 days. Pre‐storm satellite observations for SST (SSTpre) are obtained from 3 September
2017 whereas pre‐storm observations for SSS (SSSpre) are obtained from 31 August 2017. The temporal

Figure 2. Drop locations of atmospheric dropsondes (circle), AXBTs (diamonds), and ALAMO floats (X's) color coded by
time of drop with ATCF best track overlaid for the period of study. Dates for corresponding track location listed
along track in format MMDDHHZ. Black circles along track indicate 00Z storm locations. Color of ALAMO floats
indicate deployment time only and not all times of subsequent profiles.
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resolution of these data choices limit the mesoscale pre‐storm and
post‐storm environment assessment bias. SSSpre data cannot be obtained
on the same day at SSTpre data because of the temporal resolution of the
SSS data. Poststorm SST and SSS (SSTpost and SSSpost, respectively)
are obtained from 12 September 2017 for both SST and SSS. Change
in SST (ΔSST) and change in SSS (ΔSSS) are estimated as ΔSST =
SSTpost − SSTpre and ΔSSS = SSSpost − SSSpre.

3. Methods

This study will focus on two particular time periods as Hurricane Irma
undergoes RI over the Amazon‐Orinoco River plume region: (1) the time
period prior to RI (referred to as “pre‐RI”) and (2) the time period during
RI (referred to as “RI”), respectively. We utilize the definition of RI from

the National Hurricane Center as an increase in maximum sustained wind speed of at least 30 kt
(15.4 m s−1) over a 24‐hr period. Maximum wind speed (Vmax) increases by 10.3 m s−1 from 4 September
00Z to 5 September 00Z, whereas Vmax increases by 20.5 m s−1 from 5 September 00Z to 18Z, indicating
RI over 5 September and the time before RI (pre‐RI) over 4 September. All in situ data collected on 4
September 2017 will be grouped into the pre‐RI time period and all in situ data collected on 5 September
2017 will be grouped into the RI time period for the sake of this study, denoted in Table 1 for 4 September
2017 and 5 September 2017. “Pre‐storm” and “in‐storm” refers to the time periods in which the data was col-
lected before storm passage and during storm passage, respectively, in the areas that pre‐RI and RI took
place. For example, Hurricane Irma's eye passed over deployed ALAMO oceanic profiling floats (section 4.2)
approximately 5 September 16Z. Therefore, the time period before this is considered “pre‐storm.”

3.1. Definition of Ocean Variables

Several different air‐sea parameters are summarized in Table 1 to get a broad overview of TC size, intensity,
and translation speed as well as the storm's projected influence on the ocean in the pre‐RI and RI regions.
Radius of maximum winds (Rmax) and maximum wind speed (Vmax) are obtained from the Automated
Tropical Cyclone Forecast (ATCF) 6‐hourly best track data set (Sampson & Schrader, 2000) to measure
storm size and intensity at the two time periods of interest. Irma's translation speed (Uh) is inferred from best
track data. Ocean inertial period (IP), along‐track predicted wavelengths (λx ≈ Uh * IP; Price, 1983),
cross‐track width of the sea‐surface height response in the wake (Lη ≈ 4 * Rmax; Price, 1983), and the time
available for turbulent mixing (τ = 4 * Rmax * Uh

−1; Greatbatch, 1983) are estimated to identify the ocean
response in relation to storm size and speed.

Other variables that are estimated from both AXBT and ALAMO profiles are the oceanic mixed layer depth
(MLD), the oceanic isothermal layer depth (ILD), Brunt‐Väisälä frequency (N), barrier layer thickness
(BLT), and oceanic heat content relative to the 26°C isotherm (OHC, Leipper & Volgenau, 1972)
(Table 2). MLD is defined where both properties of temperature and salinity are constant with depth such
that potential density (σθ) has increased from a reference depth (i.e., surface) by a threshold of
Δσ = σθ(T0 − 0.5, S0, P0) − σθ(T0, S0, P0) (de Boyer Montégut et al., 2007), where T0, S0, and P0 are surface
values of ocean temperature, salinity, and pressure, respectively. ILD is defined where ocean temperature
is constant with depth and is estimated as ILD = SST− 0.5°C. Barrier layer thickness is computed to identify
if the background salinity stratification induced by the river plume creates a barrier layer (Sprintall &
Tomczak, 1992). BLT is the layer thickness between the ILD and MLD (BLT = ILD − MLD). Brunt‐
Väisälä frequency is estimated using ocean temperature and salinity, and profiles of N are smoothed using
a running mean filter to remove excess noise. The maximum value of Brunt‐Väisälä frequency is denoted
as Nmax.

3.2. Definition of Atmospheric Variables

Temperature, relativity humidity, and wind speed and direction are used from each shear‐relative profile to
compute specific humidity (q), potential temperature (θ), equivalent potential temperature (θE, Equation 1;
Bolton, 1980), tangential wind speed (Vt), and radial wind speed (Vr). In Equation 1, TLCL is the temperature

Table 1
Estimates of Air‐Sea Parameters per 6 hr per Time Period

Time 1 (pre‐RI) Time 2 (RI)

00Z 06Z 12Z 18Z 00Z 06Z 12Z 18Z

Vmax (m s−1) 51.4 51.4 54.0 59.1 61.7 69.4 79.7 82.2
Rmax (km) 27.8 27.8
Uh (m s−1) 6.2 6.5 4.6 6.4 5.9 6.4 6.9 7.0
IP (hr) 41.0 34.8
λx (km) 922 972 673 950 884 961 1,034 1,042
Lη (km) 111.2 111.2
τ (hr) 5.0 4.7 6.8 4.8 5.2 4.8 4.5 4.4

Note. Definitions of parameters are in section 3.
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at the lifting condensation level, Lv is the latent heat of vaporization, and Cp is specific heat of air at constant
pressure.

θE ¼ θexp
Lvq

CpTLCL

� �
: (1)

Ten‐meter values of temperature, q, and θE are extracted from each profile to compare lower‐level atmo-
spheric environments between the two time periods and are used to assess the influence of surface fluxes
on boundary layer θE recovery (further discussed in section 4.3). In this context, the “atmospheric boundary
layer” is the vertical region over which the TC inflow occurs, which is the estimated kinematic boundary
layer height where tangential wind speed is maximum (as in Zhang et al., 2011, obtained from dropsondes
for each time period). The boundary layer recovery analysis is performed to identify the impact of the ocean
response and SST cooling on surface fluxes and how this directly modulates atmospheric boundary layer
thermodynamics. Tangential and radial winds are computed by removing the storm‐relative motion from
u and v wind components and transforming u and v wind components to tangential and radial wind com-
ponents relative to the storm center for each dropsonde. The storm center for each dropsonde is the location
of the storm at the time of each dropsonde deployment. Tangential wind speed is primarily computed to esti-
mate the top of the inflow layer as described in Zhang et al. (2013) and to use in the trajectory time estimate
in section 4.3.

Latent and sensible heat fluxes are estimated for dropsondes that have a corresponding AXBT SST measure-
ment (Table 3). Total enthalpy (Qh), latent (Ql), and sensible (Qs) heat flux are estimated by

Ql ¼ ρLvCqU10 qSST − q10ð Þ; (2)

Qs ¼ ρCpChU10 SST − T10ð Þ; (3)

Qh ¼ Ql þ Qs; (4)

where qSST is the saturation specific humidity at SST (assumed to be at
98% saturation at the SST; Buck, 1981), q10 is the specific humidity of
the air at 10 m, U10 is wind speed at 10 m, ρ = 1.22 kg m−3,
Lv = 2.5 × 106 J kg−1, and Cp = 1,004.7 J K−1 kg−1. Ch and Cq are
assumed to be equal such that Ch = Cq = Ck where enthalpy exchange
coefficient Ck is determined from Haus et al. (2010). Given that Irma's
wind speeds are greater than 50 m s−1 for pre‐RI and RI,
Ck = 1.0 × 10−3. Because there are very limited double drops of
AXBTs and dropsondes together, SST for latent and sensible heat flux
estimation for the atmospheric boundary layer recovery analysis will
be approximated from an SST objective analysis (OA) field created from
in‐storm AXBTs (Figure 3).

Table 2
Mean ± 1 Standard Deviation of Ocean Variables as Measurement by AXBTs and ALAMO Floats Separated by Pre‐RI and RI Area

Pre‐RI
pre‐storm
09‐04 00Z
AXBT

Pre‐RI
in‐storm
09‐04 16Z

to 09‐05 00Z
AXBT

RI
pre‐storm
09‐05
08–10Z
ALAMO

RI
in‐storm
09‐05
15–19Z
ALAMO

RI
in‐storm
09‐05
15–18Z
AXBT

SST (°C) 28.7 ± 0.4 28.5 ± 0.5 29.2 ± 0.2 29.1 ± 0.1 28.6 ± 0.4
SSS (psu) 33.9 ± 0.7 34.1 ± 0.8
MLD (m) 18.7 ± 6.9 17.4 ± 9.1
ILD (m) 42.7 ± 13.2 44.8 ± 12.4 35.3 ± 5.8 37.6 ± 5.9 44.4 ± 8.7
OHC (kJ cm−2) 64.2 ± 14.5 59.7 ± 14.0 68.6 ± 4.4 67.9 ± 4.6 66.3 ± 13.9
BLT (m) 16.6 ± 9.1 20.2 ± 8.7
Nmax (cph) 29.7 ± 4.7 29.2 ± 6.1

Note. Variables derived using salinity are left blank for AXBT columns since these instruments do not measure salinity. Times listed in heading indicate the col-
lection time of the group of observations.

Table 3
Air‐Sea Fluxes Estimated From AXBT/Dropsonde Double Drops That are
Within 0.25° of Each Other

Sonde drop
time

AXBT drop
time

Latent heat flux
(W m−2)

Sensible heat flux
(W m−2)

2017090416 2017090400 454.2 132.3
2017090410 2017090401 248.0 16.2
2017090409 2017090500 205.9 10.2
2017090511 2017090513 1,157.1 299.9
2017090602 2017090523 1,642.7 387.6

Note. Values denoted in italics are within the TC inner core (≤1 Rmax)
and instrument drops are within 6 hr of each other. These sonde locations
are denoted in Figure 7 as blue (2017090511 drop) and magenta
(2017090602 drop) circles.
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3.3. TC‐Relative and Shear‐Relative Coordinates

Dropsonde observations that are collected for the two time periods are grouped together such that all of them
occur on the same day: observations from 4 September 2017 for pre‐RI and 5 September 2017 for RI.
Observations are referenced from a Cartesian coordinate system to a TC‐relative coordinate system with
respect to the TC center and then into “shear‐relative” coordinate system with respect to the deep‐layer ver-
tical environmental wind shear vector. Deep‐layer vertical environmental wind shear (850–200 hPa) direc-
tion is obtained at 6‐hr time intervals from the Statistical Hurricane Intensity Prediction Scheme (SHIPS)
data set (DeMaria et al., 2005). The shear direction for an observation is based on the 6‐hr time interval that
observation is nearest to. The average deep‐layer vertical environmental wind shear for 4 and 5 September is
northerly (181°) and northwesterly (165°) shear, respectively, based on the definition of SHIPS deep shear
vector (90° = westerly shear). The storm center for each dropsonde observation is obtained from ATCF best
track and based upon the time that observation was collected. The latitudinal and longitudinal coordinates
for the dropsonde locations are converted into a radius length away from the storm center normalized by the
Rmax based on the time the data point was collected. Then, these points are referenced into a shear‐relative
coordinate system by rotating the original Cartesian axes such that the x‐axis separates the upshear and
downshear quadrants and the y‐axis separates the left and right of the deep vertical wind shear vector.
The positive y direction is the direction of deep vertical wind shear vector. An observation is designated
within the upshear‐left (USL), upshear‐right (USR), downshear‐right (DSR), or downshear‐left (DSL),
depending on each sonde's location relative to the TC center and the deep‐layer wind shear vector at the time
of observation. The data are referenced using a shear‐coordinate system because numerous studies have uti-
lized this coordinate system to understand how TC boundary layer thermodynamics are modulated by envir-
onmental wind shear (Cione et al., 2000; Molinari et al., 2013; Powell, 1990; Sitkowski & Barnes, 2009;
Wadler et al., 2018; Zhang et al., 2013, 2017). While the goal of this work is to identify links between

Figure 3. Objectively analyzed SST from in‐storm AXBT deployments for (a) pre‐RI time period and (b) RI time period.
Black circles indicate AXBT locations. Black stars indicate the approximate location of Irma during the AXBT flights.
White areas are regions where there are no observations within 0.5° of the nearest observations. In‐storm AXBT flights
consist of those on 4 September 1730Z and 2330Z for pre‐RI and 5 September 1130Z and 2330Z for RI.
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ocean response and the modulation of inner‐core TC atmospheric boundary layer thermodynamics rather
than influences of shear on convection, using this reference system provides context from previous work
to interpret results from our boundary layer thermodynamic analyses.

3.4. Estimation of Dynamic Potential Intensity

To further demonstrate the influence of salinity stratification on TC intensity, dynamical potential intensity
(DPI; Balaguru et al., 2015) is estimated and compared to the original formulation of potential intensity (PI;
Emanuel, 1999). The differences between PI and DPI between the pre‐RI and RI periods are also assessed to
examine if thesemetrics capture Irma's RI and, thus, justify the ocean's role in facilitating intensity during RI.

Potential intensity is the theoretical limit to the maximum intensity that can be sustained by a TC and uses
SST to approximate ocean influence. The formulation for PI is

PI ¼ V 2
max ¼

SST − T0

T0

CK

CD
kSST − kð Þ; (5)

where T0 is hurricane outflow temperature, CK is the enthalpy exchange coefficient, CD is the momentum
drag coefficient, kSST = LvqSST + CpSST is the enthalpy of air in contact with the sea surface, and
k = Lvq10a + CpT10a is the specific enthalpy of air near the surface. The ratio of enthalpy exchange and
momentum drag coefficients are set to equal 1. In contrast, DPI estimates TC potential intensity using a
depth‐integrated temperature (Tdy; instead of SST) that includes the influence of ocean density stratifica-
tion through a mixing length, Lpred,

Lpred ¼ hþ 2ρ0u
3
* t

κgα

� �1
3

; (6)

Tdy ¼ 1
L
∫
L

0T zð Þdz; (7)

where h is pre‐storm MLD, ρ0 is seawater density, u* is surface friction velocity, t is the time period of mix-
ing (t = Rmax/Uh), κ is the von Karman constant equal to 0.4, and α is the pre‐storm vertical potential den-
sity gradient beneath the mixed layer (the stratification term). Pre‐storm MLD is used for h instead of
in‐storm values since Lpred is used to forecast a mixing length; the density stratification term, α, is also
estimated using pre‐storm profiles. SST for PI estimates is obtained from in‐storm ocean observations,
and qSST is the saturation specific humidity at SST (assumed to be at 98% saturation at the SST;
Buck, 1981). In both PI and DPI estimates, T10a and q10a are the average 10‐m air temperature and specific
humidity, respectively, estimated from all of the dropsondes for the day of interest (either pre‐RI or RI).
Outflow temperature ~218 K (for both pre‐RI and RI) is obtained from the ERA‐interim data set (Dee
et al., 2011) and estimated by averaging air temperature between 100–300 hPa over the TC center for
the time period of interest.

Two of the main sensitivities in the DPI formulation are momentum flux and stratification. Tables 4 and 5
show the sensitivities of u*, Lpred, respective Tdy, and TC DPI for the pre‐RI and RI period, respectively, to
different values of momentum drag coefficient for high wind speeds reported in literature and two stratifica-
tion strengths. A further explanation of these tables is in section 4.3.3.

4. Results
4.1. Synoptic Overview of Hurricane Irma Over the Tropical Atlantic

Hurricane Irma originated on 27 August 2018 as a tropical wave off of Cape Verde and rapidly strengthened
into a hurricane (70 kt over 48 hr) by 31 August 06Z in low environmental wind shear and increasingly warm
ocean waters (Cangialosi et al., 2018). Over the next few days, Irma's intensity remained steady around 100
kt as the major hurricane tracked southwestward in response to strong high pressure system, putting it in
line with the Leeward Islands. Irma underwent RI again on 5 September as it closed in on the island chain,
intensifying to a Category 5 hurricane. The TC made its first landfall on the island of Barbuda early on 6
September with maximum winds of 155 kt, causing the island to become uninhabitable in the storms' after-
math (Cangialosi et al., 2018).
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4.2. Ocean Response

Figure 4 shows the basin‐scale ocean temperature and salinity response as a result of Irma's passage. Overall,
the largest SST and SSS response occurs on the right side of the storm, consistent with previous literature
(Price, 1981). Both maximums (ΔSST ~3°C cooling, ΔSSS ~2.6 psu increase in salinity) occur where Irma
underwent RI over the river plume area between 55°W and 60°W within Irma's 34 kt wind maximum
(Figure 4). This suggests a strong upwelling of cool, salty subsurface waters. Another large area of SST cool-
ing to note is over the Bahama Banks that is most likely caused by intense mixing over very shallow waters in
the area.

However, various air‐sea parameters estimated in Table 1 suggest that this enhanced SST cooling and
increase in salinity in the RI region may not have all occurred during the time Irma passed over this area.
Comparing the time available for turbulent mixing (τ ~ 4.4 to 5.2 hr) to the long IP (34.8 hr) in this region
reveals that a large contribution of the cooling depicted in Figure 4 is likely to be a result of the
near‐inertial wave wake that occurs behind a TC (Geisler, 1970; Jaimes & Shay, 2010; Shay et al., 1989).
The details about the near‐inertial wake are further explained in Sanabia and Jayne (2020).

We are able to investigate the forced‐stage component (when the TC is interacting with the area of interest)
of the ocean response for these two time periods given the array of pre‐storm and in‐storm AXBTs deployed
for the pre‐RI area, in‐storm AXBTs for the RI area, and pre‐storm, during, and poststorm profiles observed
via ALAMO floats for the RI area (Figure 2; see Sanabia & Jayne, 2020). Mean and standard deviation values
for each time period are presented in Table 2 and are denoted whether the observations were taken before,
during, or after storm passage andwhether they are retrieved by AXBT or ALAMO. Observed pre‐storm SSTs
are approximately the same between the pre‐RI and RI region (Table 2) even though satellite observations in
Figure 1 show a horizontal SST gradient between the two areas. Moreover, their average thermal structure is

Table 4
For the Pre‐RI Period, Values of Surface Friction Velocity (u*), Predicted Mixing Length (Lpred) From Equation 5, and Depth‐Integrated Temperature for Lpred (Tdy,
Equation 6), Which are Used to Estimate Dynamic Potential Intensity (DPI) and Vary Based on Prescribed Momentum Drag Coefficient (CD) for Observed
Stratification (Full α) and Half of Observed Stratification (Half α)

CD (×10−3) u*

Lpred (m)
full α

Tdy (°C)
from Lpred

full α
DPI (m/s)
full α

Lpred (m)
half α

Tdy (°C)
from Lpred

half α
DPI (m/s)
half α

In‐storm
SST (°C)

PI from
in‐storm
SST (m/s)

Vmax
(m/s)

Powell et al., 2003 2.6 0.103 64.8 27.9 42.6 76.5 27.6 37.5 28.5 56.2 59.1
Donelan et al., 2004 2.3 0.097 62.2 27.9 46.7 73.1 27.7 41.3 28.5 56.2 59.1
Jarosz et al., 2007 1.7 0.083 56.2 28.1 49.7 65.7 27.9 44.8 28.5 56.2 59.1
Soloviev & Lukas, 2010 1.1 0.067 49.2 28.3 52.8 56.7 28.1 49.2 28.5 56.2 59.1
Bell et al., 2012 1.4 0.076 52.9 28.2 51.1 61.4 28.0 47.3 28.5 56.2 59.1
Donelan, 2018 1.4 0.076 52.9 28.2 51.1 61.4 28.0 47.3 28.5 56.2 59.1

Note. TC potential intensity (PI), based on in‐storm SST, and Vmax (from Table 1) are provided for context. α, Lpred, and Tdy are estimated from the AXBT
pre‐storm temperature profile (Figure 5) and a climatological salinity profile from World Ocean Atlas 2013 for the closest 0.25° location. In‐storm SST is from
the AXBT in‐storm profile (Figure 5).

Table 5
Same as Table 4 but for the RI Period

CD (×10−3) u*

Lpred (m)
full α

Tdy (°C)
from Lpred

full α
DPI (m/s)
full α

Lpred (m)
half α

Tdy (°C)
from Lpred

half α
DPI (m/s)
half α

In‐storm
SST (°C)

PI from
in‐storm
SST (m/s)

Vmax
(m/s)

Powell et al., 2003 2.6 0.144 62.1 28.5 68.3 73.8 28.2 63.9 29.1 76.1 82.2
Donelan et al., 2004 2.3 0.135 59.4 28.6 69.6 70.4 28.3 65.2 29.1 76.1 82.2
Jarosz et al., 2007 1.7 0.116 53.5 28.8 72.3 62.9 28.5 67.9 29.1 76.1 82.2
Soloviev & Lukas, 2010 1.1 0.093 46.3 29.0 74.7 54.0 28.8 71.9 29.1 76.1 82.2
Bell et al., 2012 1.4 0.105 50.1 28.9 73.4 58.7 28.6 69.6 29.1 76.1 82.2
Donelan, 2018 1.4 0.105 50.1 28.9 73.4 58.7 28.6 69.6 29.1 76.1 82.2

Note. In‐storm SST, α, Lpred, and Tdy are estimated from ALAMO float 9134, with in‐storm SST being extracted during TC passage (15Z) and the latter three
variables are estimated from profiles before storm passage (5 September 9Z).
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fairly similar with regards to ILD and OHC. Salinity observations collected via ALAMO also indicate the pre-
sence of a pre‐storm barrier layer (mean BLT ~ 16.6 m) and a strongly stratified upper ocean. Mean
pre‐storm Nmax within the barrier layer is upwards of 30 cph, which is very high in comparison to prior stu-
dies documenting Brunt‐Väisälä frequency induced by river outflow in this area (Rudzin et al., 2017).

Amean surface salinity increase of ~0.2 psu (up to ~1 psu including variability among floats) is observed dur-
ing TC passage throughout the ALAMO floats, indicating some upwelling in the RI region. SST response dif-
ferences are hard to identify looking at the average difference between pre‐storm and in‐storm SST between
the two regions. Mean ΔSST is approximately 0.2°C for the pre‐RI region from 0Z to 18Z on 4 September and
mean ΔSST for the RI region is 0.1°C from 5 September 09Z to 5 September 19Z. However, analyzing the
changes between individual profiles clearly shows that the subsurface and surface responses differ between
the pre‐RI and RI regions.

Figure 5 shows the pre‐storm and in‐storm temperature profiles from two different AXBTs: the pre‐storm
AXBT is deployed 18 hr prior to Irma's passage (4 September 00Z) and the in‐storm AXBT is deployed during
Irma's passage (4 September 18Z). They were dropped approximately 10 km apart in the pre‐RI region. The
in‐storm AXBT temperature profile was observed 65.5 km northeast of the storm center, approximately 2.5
Rmax. The change in SST from storm forcing is approximately 1°C, the ILD deepens to 41 m from 28 m, and
OHC decreases from 53.1 to 45.8 kJ cm−2 (53.1 to 45.8 × 107 J m−2) (Figure 5). This SST cooling can also be

Figure 4. (a) ΔSST and (b) ΔSSS with Irma's track overlain. Black lines indicate extent of 34 knot wind field. Storm
intensity indicated by color on track.

10.1029/2019JD032368Journal of Geophysical Research: Atmospheres

RUDZIN ET AL. 10 of 22



observed in the AXBT OA field, which shows a sharp horizontal SST
gradient ahead and behind the TC (Figure 3a).

In contrast, Figure 6 shows the upper ocean temperature, salinity,
and Brunt‐Väisälä frequency profiles from an individual ALAMO
float before, during, and after Hurricane Irma's passage where the
TC underwent RI. The pre‐storm SST, SSS, MLD, ILD, and OHC for
this float on 5 September 09Z are 29.3°C, 33.8 psu, 20 m, 28 m, and
70 kJcm−2 (70 × 107 J m−2), respectively. Initial SST is warmer and
OHC is higher in this float compared to initial values from the
AXBT in Figure 5 by 0.5°C and approximately 17 kJ cm−2

(17 × 107 J m−2), respectively, but the ILD is shallower by 13 m.
Initial profiles from this float also indicate a preexisting barrier layer
of 18mwhich is also strongly stratified (Nmax ~ 30 cph) as in the other
floats (Table 2). The Amazon‐Orinoco River plume most likely con-
tributes to the barrier layer and strong salinity stratification observed,
given the floats were deployed in the core of the plume (Figures 1b
and 2). TC precipitation has been also shown in literature to also
induce fresh water lens and vertical salinity gradients in the upper
ocean (Jacob & Koblinsky, 2007; Steffen & Bourassa, 2018). Using
satellite SSS weeks before Irma's passage together with pre‐storm
ARGO float data (Argo, 2000), IMERG precipitation data (Huffman
et al., 2014) and one‐dimensional ocean mixed layer model simula-
tions (Price et al., 1986) (see the Supporting Information), supporting

analyses verify that the preexisting vertical salinity gradient observed is most likely from the
Amazon‐Orinoco River plume rather than Irma's precipitation.

As the TC passes over the ALAMO float around 5 September 16Z, there is only slight SST cooling of 0.2°C by
5 September 17Z and 0.4°C by 5 September 22Z from the pre‐storm SST at 09Z, 1 and 6 hr after storm pas-
sage, respectively (Figure 6a). This response is the same order as the rest of the ALAMO floats SST response
(~0.4°C ± 0.3°C by 6 September 0Z). This slight cooling can be attributed to the strongly stratified barrier
layer remaining fairly unscathed (Figure 6b, 09Z–15Z). Cooling during Irma's passage over the river plume
region is less than half of that observed outside the river plume from the AXBTs (Figure 5).

Three hours after eyewall passage (19Z), the vertical maximum in N starts to rapidly decrease with time,
indicating vertical mixing is acting to reduce the stratification (Figure 6c). This is accompanied by increasing
SSS and decreasing SST. Several hours after Irma's passage (12 hr+), the SST starts to dramatically cool while
SSS also rapidly increases (gray lines in Figures 6a and 6b). The magnitudes of these SST and SST responses
compare well with the satellite estimates of SST cooling and SSS increase (Figure 4). Sanabia and
Jayne (2020) clearly show that the majority of this cooling in Irma's wake is dominated by near‐inertial oscil-
lations (Geisler, 1970; Jaimes & Shay, 2010; Shay et al., 1989).

4.3. Atmospheric Boundary Layer Thermodynamics and Air‐Sea Interaction
4.3.1. Atmospheric Thermodynamic Variables
Values of T10, q10, and θE estimated from dropsondes within 3 Rmax for the pre‐RI and RI time period
(Figure 7) are compared to identify thermodynamic differences that exist between the two time periods
and if these differences may be linked back to the oceanic response. Note that the dropsondes are collected
over multiple flights over the course of 1 day (4 September for pre‐RI and 5 September for RI). However,
grouping the dropsondes per shear‐relative quadrant allows for comparison of thermodynamic properties
in each quadrant between these two events, even with lower temporal coverage.

Overall, the spatial pattern of all three variables within the inner‐core (~1 Rmax) is fairly consistent
between pre‐RI and RI. Maximum values of T10, q10, and θE10 (and their locations) are 28.0°C (downshear
right, DSR), 22.9 g kg−1 (downshear left, DSL), and 375.5 K (DSL), respectively, for pre‐RI and 27.8°C
(upshear left, USL), 23.5 g kg−1 (DSR), and 379.8 K (DSR) for RI (Figure 7). Equivalent potential tempera-
ture decreases radially outwards, is greater than 370 K for both time periods inside 1 Rmax, and is at a

Figure 5. Temperature profiles from AXBTs observed on 4 September 00Z (red)
before Irma passed over the area (pre‐storm) and on 4 September 18Z (blue)
during Irma (in‐storm). Locations for the pre‐storm and in‐storm profiles are
17.05°N, 53.50°W and 17.14°N, 53.49°W, respectively.
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maximum in the downshear quadrants, which agrees with previous literature in both composite (Zhang
et al., 2013) and case study analyses (Schneider & Barnes, 2005; Sitkowski & Barnes, 2009; Zhang et al.,
2017). Previous literature has documented the DSR quadrant being an area where deep convection is
initiated (Zhang et al., 2013, 2017). Maximum θE10 in the DSR quadrant for RI is 379.8 K, whereas it is
372.7 K for pre‐RI (Figure 7), approximately 6 K larger in RI than pre‐RI, indicating a much warmer,
moist area where deep convection is initiated for the RI time period. Overall, mean θE10 is warmer for
each quadrant during RI compared to pre‐RI, and this change is mainly controlled by moisture rather
than temperature (Figure 7).

Several instances of cool, dry boundary layer air are prevalent during RI compared to pre‐RI. Cool
(T10 < 20°C), dry (q10 < 16 g kg−1) air appears left of the shear vector at 1 Rmax during the RI period that
creates low θE10 air (θE10 ~ 352 K DSL, θE10 ~ 355 K USL) (Figure 7). Data from airborne Doppler radar
(not shown) during these flights that dropsonde data is acquired indicate that these areas are collocated with
moderately intense rain bands (up to 32 dBZ). The location of these low θE10 areas are similar to past work
that has shown the lowest θE occurring in the DSL and USL quadrants from convective or mesoscale down-
drafts bringing low θE into the boundary layer (Molinari et al., 2013; Powell, 1990; Wadler et al., 2018; Zhang
et al., 2013, 2017). Wadler et al. (2018) notes that low θE10 that corresponds with weaker downdrafts require
relatively more surface fluxes to recover the boundary layer. A warm (~25.4°C), but relatively dry
(~20.5 g kg−1) feature within 1 Rmax is also observed in the DSR quadrant during the pre‐RI. These types
of features have also been shown to be detrimental to inner‐core thermodynamics (Wadler et al., 2018).

Even with these suspected cool, dry downdrafts occurring during the RI period, Irma still undergoes a 40
knot intensification over 5 September. Molinari et al. (2013), Zhang et al. (2017), and Wadler et al. (2018)
state that very cool, dry downdrafts, similar to the features seen in the DSL quadrant during RI
(Figures 7(1b)–7(3b)), can be a great hindrance for intensification without sufficient surface fluxes.
However, the atmospheric boundary layer can recover through air‐sea fluxes and a combination of other

Figure 6. (a) Ocean temperature (in celsius), (b) salinity (in psu), and (c) Brunt‐Väisälä frequency (in cycles per hour, cph) of the upper 100 m from ALAMO float
9134. Irma's center passed over ALAMO 9134 at approximately 5 September 16Z. Color profiles indicate times prior and just after Irma's passage. Gray profiles
indicate times after approximately 12+ hr after passage.
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boundary layer dynamics (i.e., eye‐eyewall mixing, fluxes from aloft, turbulent eddies), which may aid the
intensification process. Hence, it is important to gauge if enhanced θE during RI (compared to pre‐RI)
may have been supported by sufficient air‐sea fluxes that were excited by reduced SST cooling over the
Amazon‐Orinoco River plume region (compared to 1°C cooling in the pre‐RI area).
4.3.2. Atmospheric Boundary Layer Recovery of θE Through Surface Fluxes
Estimating the increase in θE as a result of air‐sea fluxes has been done in previous studies using in‐storm
dropsondes such as those in Irma (Molinari et al., 2013; Wadler et al., 2018; Zhang et al., 2013, 2017). This
estimation follows Zhang et al. (2013) to approximate the amount of heat andmoisture a parcel would obtain
from the sea surface as it travels through the inflow area. This is done by estimating the time rate of change
of θEwithin the TC inner‐core via estimating the time rate of change of θ and q caused by latent and sensible

Figure 7. Objectively analyzed (1) 10‐m air temperature, (2) specific humidity, and (3) equivalent potential temperature estimated from dropsondes for the pre‐RI
(column 1) and RI (column 2) time periods in shear‐relative coordinates. Dropsonde locations are shown in black circles with the exception of the blue and
magenta circles in row 2. These circles correspond to high surface flux locations in Table 3. Direction of shear vector is denoted by black arrow and shear
quadrants are listed.
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heat flux. Equations below are first estimated at every dropsonde point at a level of 50 m (except for the sur-
face flux estimates) and then averaged over the USL to DSR quadrants within 1 Rmax. The 50‐mheight is cho-
sen to reduce the influence of surface friction on the trajectory time estimate, and this height has been
utilized in past literature (Zhang et al., 2013). Since the pre‐RI time period does not have any dropsondes
available in the USL quadrant, averages presented for the pre‐RI period are obtained over the USR to DSR
quadrants, whereas averages for the RI period are obtained over the USL to DSR quadrants. Quadrant
averages provided below are presented for context, but are not the actual values used in the following equa-
tions since the equations are solved for every dropsonde point then averaged over the quadrants.

Since paired drops of AXBTs and dropsondes (known as double drops) are limited, a simple Laplacian objec-
tive analysis (Hankin et al., 2006) is performed on the in‐stormAXBT observations (Figure 3) to approximate
collocated SST for each dropsonde for both time periods to compute latent and sensible heat fluxes.
Quadrant‐averaged SST (from Figures 3a and 3b) is approximately 28.0°C for pre‐RI and 28.6°C for RI.

Latent and sensible heat fluxes are estimated using Equations 2 and 3. Mean values of T10 are 26.8°C (pre‐RI)
and 25.9°C (RI), mean values of q10 are 21.8 g kg

−1 (pre‐RI) and 21.5 g kg−1 (RI), and mean values of u10 are
14.5 (pre‐RI) and 22.4 m s−1 (RI). Quadrant‐averaged latent and sensible heat fluxes are approximately 190.7
and 54.4 W m−2, respectively, for pre RI, and 505.0 W m−2 and 159.3 W m−2, respectively, for RI. Note that
these flux values are not instantaneous estimates but are averaged over a spatial area within 1 Rmax and these
averages may be misrepresentative (lower) of intense surface flux occurring in the TC inner‐core. For com-
parison, there are five double drops during the pre‐RI and RI time period in which fluxes can be directly esti-
mated from (Table 3). Of these, only two drops are located within the inner core, and they are deployed
during the RI time period (see Figure 7 for locations). Total enthalpy fluxes from these two double drops
are 1,157.1 and 1,642.7 W m−2, a more accurate representation of intense air‐sea transfer occurring during
this time period. These estimates are obtained at approximately 1 Rmax on the DSR and DSL quadrants,
respectively.

Changes in q and θ at a given height caused by air‐sea fluxes are approximated using

dq
dt

¼ −
1
ρLv

∂Ql

∂z

� �
¼ Ql

ρLvΔz
(8)

dθ
dt

¼ θ
CpT

−
1
ρ
∂Qs

∂z

� �
¼ θ

CpT
Qs

ρΔz
(9)

where Lv = 2.5 × 106 J kg−1, Cp = 1,004 J kg−1 K−1, and Δz = 926 m for pre‐RI and 962 m for RI, (Δz
estimation discussed in section 3.2).

Substituting Ql and Qs into Equations 8 and 9 along with T50 (mean T50 ~ 299.6 K for pre‐RI and 298.8 K for
RI) and θ50 (mean θ50 ~ 304.5 K for pre‐RI and 306.3 K for RI) results in a quadrant‐averaged change in θ of
0.17 K hr−1 for pre‐RI and 0.50 K hr−1 for RI and a quadrant‐averaged change in q of 0.24 g kg−1 hr−1 for
pre‐RI and 0.62 g kg−1 hr−1 for RI.

Applying a logarithmic differentiation to Equation 1 and substituting in Equations 8 and 9, the rate of
change in θE from latent and sensible heat fluxes is

dθE
dt

¼ θE
θ

dθ
dt

þ θELv
CpTLCL

dq
dt

(10)

where TLCL is the temperature at the lifting condensation level, estimated using Bolton (1980, eq. 22).
Substituting Equations 8 and 9 along with θE50 (mean θE50 ~ 369.5 K for pre‐RI and 370.8 K for RI)
and TLCL (mean TLCL ~ 297.8.0 K for pre‐RI and 297.0 K for RI) into Equation 10 results in a
quadrant‐averaged rate of change of θE of 0.95 K hr−1 for the pre‐RI time period and 2.49 K hr−1 for RI.

This simple approach to estimating
dθE
dt

by averaging the point estimates between quadrants may be sensitive

to the amount of dropsonde points available. To provide a range of possible
dθE
dt

rates, we also regrid the data

points using objective analysis (OA) to increase the sample size along a parcel trajectory (Text S5, Figure S3).
Using this method results in a rate change of θE of 0.77 K hr−1 for the pre‐RI time period and 4.94 K hr−1 for
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RI. Note that the pre‐RI rates are similar yet the RI rate for this OA method is twice that of the simple aver-
aging approach. This could be due to the fact that the OA method increases the sampling points averaged
whereas the simpler approach above has a limited sample of points that are averaged over, indicating that
these rates can be sensitive to amount of data used and method utilized. However, both methods indicate
that surface fluxes during RI resulted in the rate of change of θE to be over 2.5 times larger than pre‐RI.

Following Zhang et al. (2013, 2017), these rates are used to estimate the surface enthalpy flux contribution to
the observed increase in θE as a parcel travels from upshear to downshear quadrants. This estimation sig-
nifies if surface fluxes play an important role in the modulation of moist entropy (via θE) in the boundary
layer and, thus convection, in the downshear quadrants. Because there is no information on the air parcel
trajectory, to approximate the surface flux contribution to the rate of θE change, we use the assumption that
an air parcel does not have a vertical displacement as it travels; it travels on an isoheight, cyclonically, from
USR to DSR. This estimation assumes that parcels follow a smooth, tangential trajectory, which is not the
case in a realistic turbulent, boundary layer with eyewall asymmetries. This assumption imposes that the
most direct path will have the least distance (and time) of other possible solutions and, thus, creates a lower
bound of θE change of an air parcel.

A simple calculation of time = distance/speed is used to estimate inner‐core parcel trajectory. The Rmax

(27.8 km at both pre‐RI and RI) is used to calculate the eyewall circumference and this length (L) is divided
into four quadrants to get “distance” for each quadrant. Since rate of change of θE for pre‐RI is estimated
from USR to DSR (two quadrants), the length L is multiplied by two to get total distance, whereas for RI,
the length scale is multiplied by 3 (three quadrants from USL to DSR). Average 50‐m tangential wind speeds
from the quadrants are used as the “speed” to estimate trajectory time. As stated previously, with the
assumptions used in this time estimate, this time could be considered an lower limit for trajectory transport
(given the ideal route), resulting in the θE increases described below as an lower bound of possible estimates,
given different trajectory times.

During the pre‐RI time period, an air parcel would take approximately 25 min to travel from USR to DSR
given a mean 50‐m tangential wind speed of 58.2 m s−1. This suggests that θE increases by 0.32 to 0.40 K
in this time period (dependent on rate) solely based on surface fluxes. However, quadrant‐averaged θE50 esti-
mated from observations actually decreases ~3 K from USR to DSR. Since the estimated increase in θE from
surface fluxes (Equation 10) is fairly small, it is possible that phenomena above the boundary layer (convec-
tive downdrafts, inner‐core dynamics, etc.) resulted in a stronger negative tendency in boundary layer θE
than surface fluxes could recover, resulting in the observed decrease. Another possibility for the sign differ-
ence between estimated and observed θE tendency could be the overestimation of θE increase from theory
because of limited observations. An overestimation of θE increase for the pre‐RI time period could be a result
of not having data coverage to compute the average over the USL quadrant.

For the RI time period, an air parcel would take approximately 30 min to travel from USL to DSR given a
mean 50‐m tangential wind speed of 72.0 m s−1. This results in an increase of θE by 1.25 to 2.47 K during
RI (dependent on rate) based exclusively on surface fluxes. Quadrant‐averaged θE50 estimated from observa-
tions increases by ~1 K from USL to DSR. Since the increases estimated by Equation 10 using both methods
are larger than the observed increase in θE, this suggests that enthalpy fluxes were energetic enough to aid in
boundary layer recovery and enhance inner‐core moist entropy.

The boundary layer recovery analysis indicates that surface fluxes were adequate to support the warming of
θE observed from USL to DSR during the RI period compared to estimations in the pre‐RI period. The fact
that the rate of change in θE from surface fluxes is over 2.5 times larger during RI than pre‐RI using both
methods and these energetic surface fluxes during RI were supported by minimal SST cooling over the
Amazon‐Orinoco River plume, indicates that the salinity‐stratified river plume waters play an vital role in
the sea‐to‐air transfer of heat and moisture and the modulation of boundary layer thermodynamics, espe-
cially during RI.
4.3.3. Influence of Salinity Stratification on Intensity Through Air‐Sea Interaction
Upper ocean density stratification has been shown to influence mixing efficiency and SST response during
strong wind forcing (Rudzin et al., 2018), which helps sustain favorable air‐sea flux during TC passage
(Rudzin et al., 2019). Many statistical and modeling studies have indicated that salinity stratification
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influences TC intensification through these mechanisms (Androulidakis
et al., 2016; Balaguru et al., 2012; Domingues et al., 2015; Ffield, 2007;
Hernandez et al., 2016; Newinger & Toumi, 2015; Reul et al., 2014;
Vincent et al., 2014; Vissa et al., 2013; Yan et al., 2017). Hence, it is impor-
tant to understand the influence of the strong observed upper ocean
salinity stratification (Figure 6b) on Irma's intensity during its RI in com-
parison to pre‐RI to fully connect oceanic boundary layer processes,
atmospheric boundary layer processes, and TC intensity. Subsurface
ocean structure is examined using formulations proposed by Balaguru
et al. (2015), to identify the sensitivity of hurricane intensity to density
stratification compared to other parameters within the PI formulation,
such as momentum flux and SST. As discussed previously, dynamic
potential intensity (DPI) is similar to potential intensity (PI; Emanuel,

1986, 1995) except that it uses column‐integrated ocean temperature based on a predictive mixing length
that has information about ocean density stratification andmomentum flux. Hence, it should provide amore
intuitive ocean surface temperature based on both TC and ocean background information to estimate TC
potential intensity.

The pre‐storm AXBT profile in Figure 5 is used to estimate DPI for the pre‐RI period (Table 4) and the
pre‐storm temperature and salinity profiles from ALAMO float 9134 (2017090509Z; Figures 6a and 6b) are
used to estimate DPI for the RI period (Table 5). Since there are no accompanying salinity observations to
AXBT temperature profiles during the pre‐RI period, a climatological salinity profile is obtained from the
World Ocean Atlas 2013 (Zweng et al., 2013) for the month of September within 0.25° of the AXBT profile.
Since the DPI formulation is sensitive to momentum flux (via surface friction velocity, u*, Equation 5),
Tables 4 and 5 lists how each term within DPI is sensitive to prescribed momentum drag coefficients
reported in literature.

Several interesting findings arise from intercomparisons among drag coefficients and stratification strength
to cross‐comparisons between pre‐RI and RI periods. Regarding both pre‐RI and RI periods, there is ~0.4°C
to 0.5°C of variance in Tdy just from using different drag coefficients and not changing the background ocean
density information. In both Tables 4 and 5, the lowest value of CD (Soloviev & Lukas, 2010) results in the
closest Tdy to observed in‐storm SST, resulting in DPI and PI being most similar. Changes in Tdy modulate
both the efficiency and enthalpy terms in the formulation.

The sensitivity of Tdy to the stratification term, α, is also estimated to examine how reduced stratification
impacts Tdy relative to momentum flux (Tables 4 and 5). In both pre‐RI and RI periods, reducing the strati-
fication term by half results in Lpred being deeper than those using observed stratification by 7 to 12 m,
depending on CD, and more a noticeable difference between Tdy and in‐storm SST. Values of Tdy are slightly
cooler when using half stratification compared to those for observed stratification, differences on the order of
0.2°C for the pre‐RI period to 0.3°C for the RI period. Cooler Tdy results in lower DPIs of 4–5 m s−1 for the
pre‐RI period and 3–4m s−1 for the RI period, compared to those from observed stratification in Tables 4 and
5, respectively. Note that the variance in Tdy between changing the drag coefficient (holding α constant) and
the stratification (between the same CD) are approximately the same. This indicates that the Tdy in this for-
mulation is as sensitive to the prescribed salinity stratification as it is to the drag coefficient.

Moreover, the implicit influence of strong subsurface salinity stratification on oceanmixing and TC intensity
is most apparent when comparing values of Lpred, Tdy, and DPI between pre‐RI and RI periods. The values of
Lpred for pre‐RI are deeper than those at each drag coefficient experiment compared to RI, even though the
surface friction velocity is stronger during RI than pre‐RI. This results in cooler Tdy for pre‐RI and lower
values of DPI, compared to the RI period. This highlights that subsurface salinity stratification where
Irma underwent RI reduced mixing efficiency depth, limiting the entrainment of cool waters, which helps
sustain DPI in this context.

Table 6 presents the differences in PI and DPI between the pre‐RI and RI periods compared to the observed
rate of RI to put these findings in context of Irma's actual RI rate since DPI and PI are based on theory. The
observed rate of RI between 4 Sept 2017 18Z (pre‐RI) and 5 Sept 2017 18Z (RI) is 22.1 m s−1 over a 24‐hr

Table 6
The Difference Between Observed Vmax Between RI Period at 5 September
18Z and the Pre‐RI period at 4 September 18Z (Observed ΔVmax), the
Difference in Potential Intensity Between the RI and Pre‐RI Period (ΔPI),
and the Difference in Dynamical Potential Intensity Between the RI and
Pre‐RI Period (ΔDPI), All in Units of m s−1

Observed Δ Vmax ΔPI ΔDPI

Powell et al., 2003

22.1 19.9

25.7
Donelan et al., 2004 22.8
Jarosz et al., 2007 22.6
Soloviev & Lukas, 2010 21.9
Bell et al., 2012 22.3
Donelan, 2018 22.3
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period, whereas the change in DPI between the pre‐RI and RI period (24‐hr period) ranges from 21.9 to
25.7 m s−1, based on CD. The difference in PI between the pre‐RI and RI period is 19.9 m s−1. Hence, the
DPI estimates presented here capture Irma's rate of rapid intensification and further justify that the implicit
influence of salinity stratification in the Amazon‐Orinoco River plume region reduced the in‐storm SST
cooling during the RI compared to pre‐RI and facilitated Irma's intensity during RI.

These findings also link those in sections 4.1, 4.3.2, and 4.3.3 such that salinity stratification reduces SST
cooling sustaining intense surface flux, increasing boundary layer moist entropy. Reduced SST cooling
and intense surface fluxes would result in intensification (based on PI theory). Note that both estimations
of DPI and PI still do not fully capture Vmax at the observed time period (Table 4). Uncertainty error exists
in exchange coefficients and in situ observation errors of temperature and moisture. However, if we tweak
the parameters within the DPI/PI calculations to include implicit errors, DPI/PI = Vmax is achieved. For
example, changing the CK/CD ratio to 1.2 instead of 1 results in a PI in the RI region to be ~82.5 m s−1 com-
pared to Vmax of 82.2 m s−1. Another example is to decrease the values of q10a and T10a by 0.0008 g kg

−1 and
1°C, respectively, which results in a PI = 82.6 m s−1.

5. Summary and Limitations

Extensive atmospheric and oceanic observations obtained before and during Irma's RI over the
Amazon‐Orinoco River plume region were used to understand the influence of subsurface salinity stratifica-
tion on air‐sea interaction and atmospheric boundary layer response and how it relates to TC intensity.
Novel aircraft‐deployed oceanic profiling floats highlight the detailed evolution of the ocean response during
Irma's passage over the Amazon‐Orinoco River plume that has not been documented in literature prior to
Sanabia and Jayne (2020). Moreover, the coupling between TC‐induced ocean response over this river plume
and corresponding TC atmospheric boundary layer response has also been absent in literature.

Subsurface temperature measurements from AXBTs during pre‐RI showed SST cooling of up to 1°C just out-
side of the river plume. As Irma underwent RI over the river plume, ALAMO floats measured amarginal SST
response during TC passage. Subsurface salinity measurements indicate the presence of a strongly stratified
barrier layer over the area that Irma underwent RI with Brunt‐Väisälä frequencies upwards of 30 cph.
Subsurface measurements from ALAMO floats suggest that enhanced SST cooling did not occur because
the barrier layer and salinity stratification did not erode during TC passage, restricting entrainment.
Near‐inertial oscillations eventually erode the barrier layer and significant SST cooling commences after
the TC has already passed.

Ten‐meter variables of temperature, moisture, and θE were referenced with respect to the deep‐layer wind
shear direction to investigate the differences in boundary layer thermodynamics between the pre‐RI and
RI time periods where ocean responses varied greatly. Overall, inner‐core variables had similar spatial pat-
terns but inner‐core θE10 was approximately 6 K warmer during RI compared to pre‐RI, even though rela-
tively more low entropy intrusions occurred during RI.

A boundary layer recovery analysis was conducted to investigate whether air‐sea fluxes were energetic
enough to support the dramatic change in θE from pre‐RI to RI, recover the boundary layer from the
observed downdrafts, and help facilitate RI. Using a method from Zhang et al. (2013, 2017), the rate of
change of θE caused solely by surfaces fluxes was not only sufficient enough to support boundary layer recov-
ery during RI compared to pre‐RI, but the rate of change of θE during RI was at least 2.5 times larger than
pre‐RI, depending on trajectory method used. This finding along with the latter ocean analyses indicate that
reduced ocean response in the RI region supported energetic air‐sea fluxes that aided in the boundary layer
recovery of θE, even with evidence of cool, dry downdrafts, which may have assisted Irma's RI.

The latter finding is further supported when examining TC DPI sensitivity between the two main contribu-
tors in the DPI formulation, momentum flux and stratification, between the pre‐RI and RI periods. Results
indicate that salinity stratification affects the depth of mixing during TC passage, sustaining
depth‐integrated temperature, influencing TC potential intensity by modulating both the efficiency and
enthalpy terms. The variance among Tdy when using difference values of drag coefficient versus two strati-
fication strengths is approximately the same order. Reducing the stratification term within DPI results in a
larger difference between estimated Tdy and observed in‐storm SST as well as a cooler Tdy compared to
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observed stratification. Reduction in stratification causes DPI to be 3–5 m s−1 less than using observed stra-
tification, demonstrating stratifications' implicit influence on TC potential intensity. Comparing pre‐RI and
RI periods indicates that the surface stratification observed where Irma underwent RI reduced mixing depth
compared to the pre‐RI region, even though wind forcing was stronger during the RI period. It is found that
the change in DPI between the pre‐RI and RI period captures the observed rate of Irma's RI, directly relating
the implicit influence of subsurface salinity structure to Irma's intensity during RI.

Overall, the findings suggest that the salinity stratification within the Amazon‐Orinoco River plume sus-
tained SST during Irma's passage, which promoted energetic air‐sea fluxes that aided in the boundary layer
recovery of θE and facilitated Irma's intensity during RI. These results support previous findings in Rudzin
et al. (2019) in which the authors also documented energetic air‐sea fluxes during the RI of several TCs over
the Amazon‐Orinoco River plume which were facilitated by reduced SST cooling. However, a number of
assumptions were made within the current analyses that also limit these findings. Since there were no sub-
surface velocity measurements available for the pre‐RI and RI regions, a full ocean mixed layer heat budget
cannot be computed to conclude indubitably that stratification was the key mechanism controlling SST
response in the plume region rather than outside ocean dynamics (i.e., advection). However, based on the
temperature, salinity, and density evolution presented here compared to previous literature, there is strong
evidence to suspect that salinity‐stratification was the most important factor in the SST response observed.

The boundary layer recovery analysis assumes that the data used within the analyses is occurring at one
snapshot in time whereas the dropsonde data used is obtained over the course of 1 day. Additionally, data
are averaged over each quadrant to get the rate of change estimates provided within the results. As stated in
section 4.3, grouping the dropsondes per shear‐relative quadrant allows for comparison of thermodynamic
properties in each quadrant between these two events, even with lower temporal coverage. Additionally,
the boundary layer recovery method (1) assumes that fluxes vary linearly with height from the ocean surface
to the top of the atmospheric boundary layer and (2) estimates the recovery of θE averaged over the entire
boundary layer depth, rather than on a realistic trajectory. We note that this estimate may be dependent
on number of data points within the average and how the averaging occurs. More realistic back trajectories
would benefit from utilizing vertical velocity estimates from dual‐Doppler radar. Unfortunately, the research
flights during Irma were not low enough to obtain boundary layer estimates of vertical velocity. While the
methods presented in this study provide a rough estimate of boundary layer recovery, it has been performed
before in previous studies using a composite of data from different TCs and the results found here are on the
order of those in past literature.

Finally, it should be mentioned that this study investigates just one paradigm of RI and it is not the goal of
this study to do a full evaluation of Irma's RI. Hence, we make no attempt at justifying that our findings are
the absolute cause of RI. Other contributors of RI from past studies that are not considered are the low deep
vertical wind shear that Irma was under (24‐hr average of 2.3 and 2.4 m s−1 for pre‐RI and RI, respectively),
which is very important predictor of RI (e.g., DeMaria, 1996; Onderlinde &Nolan, 2017; Paterson et al., 2005;
Riemer et al., 2010; Wong & Chan, 2004), precipitation asymmetry (Rogers et al., 2016; Zawislak et al., 2016),
environmental moisture (Ge et al., 2013; Tao & Zhang, 2014), and upper‐level divergence (e.g., Gray, 1968;
Kaplan et al., 2010). The boundary layer recovery analysis presented is not intended to prove or disprove the
TC intensification theory proposed by Zhang et al. (2013, 2017). Future coupled modeling studies are needed
to shed light onto how favorable ocean conditions contribute to TC RI.

Data Availability Statement

ALAMO float data can be acquired through Woods Hole Oceanographic Institute (http://argo.whoi.edu/
alamo/). AXBT data are available at: https://data.nodc.noaa.gov/cgi-bin/iso?id=gov.noaa.nodc:0209221.
GPS‐dropsonde data are provided courtesy of the NOAA/AOML/Hurricane Research Division in Miami,
FL and be accessed at https://www.aoml.noaa.gov/hrd/Storm_pages/irma2017/sonde.html. SHIPS data
can be accessed at http://rammb.cira.colostate.edu/research/tropical_cyclones/ships/index.asp. The
Group for High Resolution Sea Surface Temperature (GHRSST) Multi‐scale Ultra‐high Resolution (MUR)
SST data were obtained from the NASA EOSDIS Physical Oceanography Distributed Active Archive
Center (PO.DAAC) at the Jet Propulsion Laboratory, Pasadena, CA (https://doi.org/10.5067/GHGMR-
4FJ01). The L3_DEBIAS_LOCEAN_v3 SSS data are obtained from LOCEAN/IPSL (UMR CNRS/UPMC/
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IRD/MNHN) laboratory and ACRI‐st company that participate to the Ocean Salinity Expertise Center
(CECOS) of Centre Aval de Traitement des Donnees SMOS (CATDS). This product is distributed by
the Ocean Salinity Expertise Center (CECOS) of the CNES‐IFREMER Centre Aval de Traitement des
Donnees SMOS (CATDS), at IFREMER, Plouzane (France) and the data are located online (https://www.
catds.fr/Products/Available-products-fromCEC-OS/CEC-Locean-L3-Debiased-v3). Functions to estimate
PI and DPI can be found online (https://doi.org/10.5281/zenodo.3774162).
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Erratum

In the originally published version of this article, a typesetting error caused Figure 5 to publish as Figure 6,
Figure 6 to publish as Figure 7, and Figure 7 to publish as Figure 5. The figures have since been corrected,
and this version may be considered the authoritative version of record.
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