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Abstract This study presents a novel approach to estimating the intensity of hurricanes using temperature
profiles from Global Positioning System radio occultation (GPSRO) measurements. Previous research has
shown that the temperature difference between the ocean surface and the eyewall outflow region defines
hurricanes’ thermodynamic efficiency, which is directly proportional to the storm’s intensity. Outflow
temperatures in the eyewall region of 27 hurricanes in 2004–2011 were obtained from GPSRO observations.
These observations, along with ocean surface temperatures from NASA Modern Era-Retrospective Analysis
for Research and Applications, made it possible to estimate hurricane intensities using a simplified hurricane
model. Our preliminary results are quantitatively consistent with best-track values from the National
Hurricane Center within 9.4%. As a by-product of our study, we present for the first time GPSRO vertical
temperature profiles in the vicinity of the eyewall region of hurricanes, which we compared with collocated
temperature profiles from the European Centre for Medium-Range Weather Forecasts Reanalysis Interim
(ERA-Interim). Some of the GPSRO data sets reveal a double tropopause in the vicinity of the eyewall—a
characteristic that we do not see in ERA-Interim. We conclude that GPSRO observations can be of
supplementary assistance in augmenting existing data sets used in hurricane intensity estimation. GPSROs’
cloud-penetrating capability and high vertical resolution can be useful in providing soundings in the area
close to the eyewall region of hurricanes revealing detailed information about their thermal structure,
potentially advancing our current knowledge of their dynamics, evolution, and physics.

1. Introduction

Hurricanes are potent natural hazards with high socioeconomic impacts [Murnane and Elsner, 2012].
Their power dissipation has increased over the years [Emanuel, 2005] as the intensity of strong hurricanes
strengthens [Elsner et al., 2008]. Yet little progress has been made in hurricane intensity predictions compared
to track forecasting [e.g., Harnos and Nesbitt, 2011, and references therein]. DeMaria et al. [2013] report that
although hurricane intensity forecasts improve every year, their rate of improvement is still slower than that of
their track forecasts based on a study over the past 24 years. This is partly due to limited knowledge of their
current intensity and physics [Kaplan and DeMaria, 2003].

Hurricane intensity is commonly measured by the storm’s maximum sustained wind (MSW), defined as the 1 min
averagewind speed at the altitude of 10mat theNational Hurricane Center (NHC). Although in situmeasurements
of MSW are possible through reconnaissance aircraft or land/ship-based instruments, satellites have been the
major source of information due to their global availability. The Dvorak technique is the primary satellite method
for estimatingMSWbased on cloud pattern recognition from visible and infrared (IR) images [Dvorak, 1975; Veldon
et al., 2006 for a review]. There are also other methods such as one that relates the warm anomaly of the micro-
wave oxygen band brightness temperature (~55 GHz) to the hurricane pressure gradient [Kidder et al., 1978].

Recently, Wong and Emanuel [2007] proposed a new method to estimate hurricane intensity based on
modeling a hurricane as a balanced convectively neutral vortex. Luo et al. [2008] tested that method using data
from CloudSat and Moderate Resolution Imaging Spectroradiometer, showing promising results. Here we ex-
tend the Wong and Emanuel [2007] method using observations from the Global Positioning System (GPS).

Briefly, Global Positioning System radio occultation (GPSRO) is a limb-viewing technique that requires a GPS
and a Low Earth Orbiter (LEO) located on opposite sides of the Earth’s limb [Kursinski et al., 1997] (cf., Figure 1).
The GPS satellite transmits dual-frequency radio wave signals (~1.2 GHz and ~1.5 GHz), whose amplitude and
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phase are recorded by a GPS antenna onboard LEOs as a function of occultation time. From the recorded
phase measurements, we subtract the phase of the GPS signals that would have been measured in the
absence of the Earth’s atmosphere. The resulting phase is termed excess phase delay; fromwhich the Doppler
shift of the GPS signals as a function of occultation time is estimated.

The Doppler shift estimates are then used to compute the amount of bending of the GPSRO signals, which is
then used to compute the refractive index of the atmosphere at the tangent point of the occultation
[Hajj et al., 2002, and references therein]. The relative movement of the GPS-LEO satellite pair allows for the
vertical scanning of the Earth’s atmosphere and thus of the retrieval of vertical profiles of atmospheric refrac-
tivity with a vertical resolution of 100–200 m in the troposphere [Fjeldbo et al., 1971]. Microwave theory states
that the atmospheric refractive index is directly proportional to the atmospheric temperature, pressure, and
water vapor [Papas, 1965]:

N ¼ n� 1ð Þ � 106 ¼ 77:6
P
T
þ 3:73 � 105 e

T2
(1)

where n (unitless) is the atmospheric refractive index, N (unitless) the atmospheric refractivity, P (in mbar) the
total atmospheric pressure,T (in K) the atmospheric temperature, and e (inmbar) the water vapor pressure. Both
the dry term (first term at the right-hand side (RHS) of equation (1)) and thewet term (second term at the RHS of
equation (1)) contribute to the atmospheric refractivity, and thus, independent temperature (water vapor
pressure) information must be provided in order to retrieve water vapor pressure (temperature) profiles.
Healy and Eyre [2000] describe in detail the one-dimensional variational assimilation (1D-Var) technique applied
to retrieve both temperature and water vapor profiles from vertical profiles of atmospheric refractivity.

GPS has emerged as a complementary remote-sensing instrument that provides unprecedented measure-
ments of the thermodynamic environment inside and around the thick clouds and heavy precipitation of
hurricanes [Vergados et al., 2013]—regions in which visible, IR, and microwave (MW) satellite measurements
are largely contaminated. Biondi et al. [2011] studied the GPSRO bending angle and temperature anomalies in
the upper troposphere/lower stratosphere (UT/LS) during hurricanes using the 1D-Var-based products
provided by the Constellation Observing System for Meteorology, Ionosphere and Climate (COSMIC)
[Anthes et al., 2008] Data Analysis and Archive Center (CDAAC).

Liu et al. [2012] assimilated GPSRO observations in an ensemble filter assimilation system, demonstrating
improvements both in the initial vortex formation and storm intensification. Biondi et al. [2013] identified
clear signatures of hurricane cloud top heights in bending angle and temperature profiles using GPS radio
occultation (GPSRO) observations. Vergados et al. [2013] demonstrated through a composite analysis of 42
hurricanes that GPSRO data sets can capture the moist thermodynamic structure of hurricanes and their

Figure 1. Simplified schematic of GPS radio wave signals traversing the eyewall of a tropical cyclone. The dashed black
lines show the GPS radio wave signal propagation paths, and the blue dots correspond to the GPS radio occultation ob-
servation tangent points. The GPS radio occultation observation at the tangent point represents the mean state of the
atmosphere that is averaged over the horizontal distance along the signal propagation as shown at the bottom of the
schematic, with the majority of the information coming from the tangent point.
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morphological characteristics. Evidently, GPSRO data sets have the potential to augment and complement
current research to improve the diagnosis and prediction of hurricanes.

The National Aeronautics and Space Administration (NASA) also invests considerably in hurricane intensity
forecasting through the Cyclone Global Navigation Satellite System (CYGNSS) mission, highlighting the im-
portance of GPS technology in advancing our current understanding of various hurricane intensification
processes and their role in modulating hurricane intensity. CYGNSS is designed to study key air-sea interac-
tion processes near the inner core of rapidly changing storms [Ruf et al., 2012] by analyzing reflected GPS
radio wave signals from the ocean surface, from which sea surface wind velocities can be inferred.

Accomplishing any goal related to improving hurricane intensity forecasting requires integration of existing
observational data sets and models. In this study, our overarching goals are (a) to stress the importance, in
terms of information content, of the suitability of the GPSRO observations for estimating hurricane intensities
using theWong and Emanuel [2007] technique and (b) to provide additional tests of the feasibility of theWong
and Emanuel [2007] simplified model in estimating hurricane intensities. We present a coordinated effort that
integrates a hurricane model, GPSRO measurements, and NASA’s Modern Era-Retrospective Analysis for
Research and Applications (MERRA) data sets [Rienecker et al., 2011] to directly address this research’s goals.

To achieve these objectives, we perform a case study that includes 27 hurricanes in the Atlantic and the
Pacific Ocean Basins, and we document and report the statistical differences and trends between our results
and the 6-hourly “best-track” values obtained using the Automated Tropical Cyclone Forecasting (ATCF)
system [Sampson and Schrader, 2000] at the National Hurricane Center (NHC) [Landsea and Franklin, 2013a].
Our preliminary results demonstrate that GPSRO measurements show promise in estimating hurricane in-
tensities, which could augment current hurricane observations by introducing a new space-based data set
that offers low sensitivity to clouds and heavy precipitation. This suggests that GPSRO data sets have the
potential to improve hurricane intensity estimation.

It should be noted that the NHC database provides hurricane intensity values every 6 h, which are reported to
the nearest 5 kt interval (1 kt = 0.514 m/s). This database is not entirely based on in situ hurricane intensity
measurements, and thus, it does not represent “ground truth” estimates. However, Landsea and Franklin [2013a]
present a comprehensive uncertainty analysis of all hurricane variables reported by NHC, which we can use as a
guide to bind the NHC hurricane intensity values. At this moment, the NHC is the best available alternative we
can use for the purpose of our study. When a much larger GPSRO hurricane database becomes available (e.g.,
when the ConstellationObserving System forMeteorology, Ionosphere and Climate-II (COSMIC-2/FORMOSAT-7)
is launched in 2016 providing ×10 more GPSROs in the tropics compared to the current COSMIC-I data set), we
will be able to use reconnaissance and other in situ databases for further evaluation.

Our methodology is described in section 2, while section 3 presents our initial hurricane MSW using GPSRO
observations, as well as the error analysis of our results. Section 4 presents our concluding remarks.

2. Methodology
2.1. Simplified Hurricane Intensity Theory

For the purpose of this study, we use the Wong and Emanuel [2007] simplified theory, which predicts that a
hurricane’s maximum gradient wind speed (Vm, m/s) is proportional to (a) the difference between the sea
surface temperature (SST) (Ts, K) and the outflow temperature (To, K) inside the eyewall and (b) the boundary
layer moist static energy (MSE) difference between the eyewall (heyewall, J/kg) and the unperturbed envi-
ronment (ho, J/kg). Equations (2) and (3) show the analytical expressions for the maximum gradient wind
speed and the MSE, respectively [also see Luo et al., 2008, equation (1)]:

V2
m ¼ CK

CD

Ts � To
To

� �
heyewall � ho
� �

; (2)

with

h ¼ cpT þ gz þ Lvq; (3)

where CK is the nondimensional surface enthalpy exchange coefficient, CD is the drag coefficient, cp is the dry
air specific heat capacity (J/kg/K), g is the gravitational acceleration (m/s2), Lv is the latent heat of vaporization
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(J/kg), q is the specific humidity (g/kg), z is the altitude (m), and T is the temperature (K) (either at the outflow
height when estimating the heyewall or at the boundary layer when estimating ho). Because MSE is approxi-
mately conserved inside the eyewall, heyewall can be estimated from near cloud top or outflow. At the outflow
height the specific humidity is small, and its contribution to the MSE is negligible, so it will not be considered
in our calculations.

2.2. GPSRO Data Sets

We employ temperature profiles, from the Challenging Minisatellite Payload and COSMIC RO missions, as a
function of altitude in the 2004–2011 period provided by CDAAC (cf., http://cdaac-www.cosmic.ucar.edu/
cdaac/research.html). Specifically, we use the “wetPrf” data files in which the temperature profiles are given
in a 100 m vertical resolution and an accuracy of about 0.2–0.5 K [Hajj et al., 2004].
2.2.1. GPSRO Horizontal Footprint
GPSRO observations are limb-viewing measurements. The temperature at each altitude corresponds to
the mean-weighted temperature averaged over a horizontal distance along the GPS signal propagation
path. Theoretically, excluding ionospheric error noise or horizontal inhomogeneities, this horizontal

distance is a function of the instrument’s vertical resolution: ΔH ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
2RΔZ

p
[Kursinski et al., 1997], where

R is the local curvature of the Earth’s atmosphere at the tangent point and ΔZ is the vertical resolution.
Typically, the vertical resolution is a function of the retrieval process (geometric optics or wave optics) of
the GPSRO profiles, and in general, it ranges between 0.5 km and 1.4 km between the lower troposphere
and middle atmosphere.

However, the wave optics retrieval yields profiles with significantly better vertical resolution than the geo-
metric optics retrieval, and in this study, the CDAAC temperature profiles are provided with a 100 m vertical
resolution. In our case, and in ideal conditions, a vertical resolution of 100 m at 15 km altitude translates to a
horizontal averaging of< 100 km. Given that the GPSRO weighting functions peak at the tangent point
during an occultation [Kursinski et al., 2000], we are confident that the majority of the atmospheric informa-
tion represents the state of the atmosphere at the tangent point (cf., Figure 1). We must mention that there
will be a smearing effect due to the horizontal averaging, and thus, the GPSRO temperatures at the tangent
point will contain contributions from the surrounding environment.
2.2.2. Eyewall Dimension
Liu et al. [1999] estimated an eyewall width of 60 km based on model simulations. Cecil et al. [2002] studied
45 hurricanes using data from the Tropical Rainfall Measuring Mission, estimating a median eyewall width
of 50 km. Teshiba et al. [2005] reported the formation of a circular eyewall near the Naze radar site of 50 km
radius using rawinsonde observations. Rozoff et al. [2008] reported eyewall widths of 50 km based on
aircraft observations over hurricane Frances. Yang et al. [2013] found eyewall widths larger than 60–70 km
based on passive microwave satellite imagery of hurricanes in the western North Pacific Basin from 1997 to
2011 period. Thus, we adopt an eyewall width of 50 km.
2.2.3. GPSRO—Eyewall Collocation
We use the NHC database to identify the track forecasting (latitude and longitude) of the center of each
hurricane during its lifetime. Because the Wong and Emanuel [2007] hurricane model requires only the
temperature at the outflow height, we use the geographic coordinates of the tangent points around the
tropopause to calculate the distance the GPSRO occurred from the center. Given the radius of maximum
winds in the NHC data files (that defines the inner radius of a hurricane’s eyewall) and assuming an average
eyewall width of 50 km, we can collocate the GPSRO with respect to the eyewall region. In this preliminary
study, we enforced a temporal separation window of less than 30 min between the time of the GPSRO
sounding and of the passage of the hurricane center, and we found 27 cases.

However, we must point out that even if we collocate the tangent point of each GPSRO with the eyewall
region, the GPSRO horizontal footprint (discussed in section 2.2.1) is comparable with the dimension of the
eyewall. Taking that into account and the fact that a hurricane is a fast-developing system, our GPSRO events
could fall in the surrounding area of the hurricanes’ eyewall, providing an average thermal structure of the
eyewall and its vicinity. Thus, this point forth, we refer to GPSRO collocations with respect to the vicinity of the
eyewall region.

Also, looser temporal criteria could have been used. This is because even during a hurricane’s fast
development, knowing its wind speed, the time the GPSRO occurred, and the hurricane’s spatiotemporal
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information, one can evaluate whether a GPSRO sounding occurred in the vicinity of the eyewall region.
The results presented herein are representative of the hurricane data set in the time period 2004–2011,
which itself is a subset of the entire hurricane record. Expanding the current study period and given that
COSMIC-2/FORMOSAT-7 will provide ×10 more RO soundings, we are confident that our sampling size
will increase.
2.2.4. Eyewall Outflow Temperature and Moist Static Energy
As an air parcel ascends beyond its level of neutral buoyancy, it continues rising at the dry adiabatic lapse rate
while the environment cools at a smaller rate. Hence, boundary layer air overshoots inside the eyewall and
will be colder than the ambient tropopause. For this reason, and to keep the calculations simple, we ap-
proximate the coldest temperature and the altitude where it occurs as the outflow temperature, To, and the
outflow height, z, in the right-hand side (RHS) of equation (2), as well as in equation (3) to estimate the
eyewall MSE, which we substitute into the term called heyewall in the RHS of equation (2).

This procedure should result in an accurate estimate of eyewall MSE but risks an underestimate of To. We
assume that the eyewall is saturated, so that the MSE is a function only of temperature and altitude. We can
do this, because the MSE is approximately constant with altitude, due to the convective neutrality of the
moist troposphere. We quantitatively characterize the error in hurricane intensity estimation due to the
uncertainty in the outflow temperature and in the MSE by performing an error analysis shown in section 3.3.
Previous researchers have approximated the outflow height as the tropopause height [Emanuel and Rotunno,
2011; Emanuel et al., 2013].

2.3. Eyewall Sea Surface Temperature

Given the hurricane location, we use the Modern Era-Retrospective Analysis for Research and Applications
(MERRA) to estimate the SST in the eyewall region, the term called Ts in the RHS of equation (2). Given the
width of the eyewall and provided that the horizontal temperature gradients inside the eyewall are small,
then MERRA, having a horizontal resolution of 0.75° × 0.5°, provides an accurate eyewall SST. Although
these are very good assumptions to obtain the average SST of the eyewall, MERRA’s horizontal reso-
lution cannot capture smaller-scale horizontal temperature gradients that may occur across the eyewall.
Therefore, in our error analysis we also account for hurricane intensity errors due to errors in the
eyewall SST.

2.4. Moist Static Energy of the Unperturbed Environment

We define the unperturbed environment to be located at a distance equal to the radius of the outermost
closed isobar (ROCI), whose value is also provided for each hurricane throughout its lifetime by ATCF at NHC.
Knowing the location of the eye and ROCI of each storm, we use MERRA to estimate the MSE of the boundary
layer of the unperturbed environment, the term called ho in the RHS of equation (2). Again, MERRA is an
analysis given in a specified grid; thus, the temperature of the unperturbed environment may also contain
errors, which we take into account when estimating the hurricane intensity error in section 3.3.

2.5. Estimating Hurricane Intensity

Given the relatively narrow eyewall area and the fact that GPSRO observations are randomly occurring
around the globe, although we managed to obtain ~4500 GPSRO profiles for the North Atlantic and
Western Pacific hurricanes in the period 2004–2011, only 27 profiles fell in the vicinity of the eyewall
region (cf., Tables 1 and 2). The 4500 profiles are a composite of 42 hurricanes. We selected them, allowing
a 600 km spatial window from the storms’ center to cover the largest hurricanes and a temporal window
of 30 min. This small number of case studies resulted from the combination of the stringent criteria we
used to obtain the GPSRO temperature profiles in the eyewall region, as well as the limited time period
we studied.

At this preliminary stage of our research, we considered most appropriate to first test, and demonstrate, the
efficacy of GPSROmeasurements in estimating hurricane intensities. Owing to the randomness of the GPSRO
soundings, the COSMIC profiles correspond to random temporal moments of the hurricane’s lifetime; thus,
we estimate the hurricanes’ intensity at a given time during its lifetime. Along with the intensity estimates, we
also report the date when the estimate occurred to compare with the NHC.
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For these 27 case studies, we recorded the outflow temperature and the SST, and we calculated the MSE of
the eyewall and of the unperturbed environment. Then, we substituted these values into the RHS of equation
(2) to estimate the intensity of the 27 hurricanes using the COSMIC and MERRA data sets. Tables 1 and 2 show
the results. Then, we compared our results against the NHC followed by an error sensitivity analysis due to
temperature errors.

Table 2. Hurricane Wind Speeds Estimated From GPSRO and as Provided by the NHC

TC Name Date NHC wind (m/s) GPSRO wind (20% adjust, m/s) GPSRO wind (10% adjust, m/s)

Chantal 31/07/2007 23 32 36
Merbok 07/08/2011 36 37 42
Edouard 05/08/2008 28 26 29
Dolphin 15/12/2008 41 45 51
Dennis 09/07/2005 39 44 49
Bill 17/08/2009 38 33 37
Bertha 08/07/2008 46 44 49
Jangmi 28/09/2008 44 43 48
Neoguri 18/04/2008 46 49 56
Melor 03/10/2009 59 62 69
Bill 20/08/2009 57 56 63
Sepat 18/08/2007 51 44 49
Vamco 21/08/2009 59 50 57
Sepat 16/08/2007 71 77 86
Tomas 30/10/2010 43 39 44
Paula 12/10/2010 46 45 50
Julia (1) 14/09/2010 41 43 49
Julia (2) 14/09/2010 31 33 37
Igor 15/09/2010 59 52 59
Ida 08/11/2009 44 41 46
Helene 17/09/2006 36 41 47
Frances 04/09/2004 44 48 54
Dolly 21/07/2008 23 26 30
Dean 18/08/2007 64 69 78
Bill 18/08/2009 49 53 60
Bill 18/08/2009 47 52 59
Bertha 04/07/2008 54 58 66

Table 1. Temperature and Moist Static Energy Values of the Eyewall and the Unperturbed Environment

TC Name Date Toutflow (K) Tsurface (K) MSEeyewall (J/Kg) MSEenviron. (J/Kg)

Chantal 31/07/2007 207.4 299.1 343,677 336,603
Merbok 07/08/2011 195.3 300.0 351,117 343,000
Edouard 05/08/2008 205.2 302.1 346,366 341,920
Dolphin 15/12/2008 189.8 302.1 360,289 349,548
Dennis 09/07/2005 196.0 302.3 360,640 349,507
Bill 17/08/2009 194.6 300.2 352,533 346,345
Bertha 08/07/2008 197.4 300.2 354,524 343,095
Jangmi 28/09/2008 193.2 295.3 371,546 360,669
Neoguri 18/04/2008 190.9 299.0 358,455 344,993
Melor 03/10/2009 190.4 302.2 361,872 341,631
Bill 20/08/2009 195.2 301.6 359,275 341,367
Sepat 18/08/2007 193.2 297.8 361,125 350,253
Vamco 21/08/2009 197.9 301.7 363,000 347,976
Sepat 16/08/2007 194.6 302.8 371,172 337,957
Tomas 30/10/2010 191.4 302.0 352,220 344,031
Paula 12/10/2010 189.5 302.5 354,275 343,629
Julia (1) 14/09/2010 191.5 300.9 354,282 344,022
Julia (2) 14/09/2010 196.6 300.6 348,617 342,123
Igor 15/09/2010 190.3 301.9 358,021 343,807
Ida 08/11/2009 195.08 301.8 350,072 340,374
Helene 17/09/2006 191.7 300.7 352,521 342,942
Frances 04/09/2004 193.3 302.0 358,063 345,359
Dolly 21/07/2008 193.5 301.6 346,543 342,651
Dean 18/08/2007 196.3 302.0 373,821 345,536
Bill 18/08/2009 194.9 300.3 358,721 341,432
Bill 18/08/2009 192.1 300.2 356,897 341,281
Bertha 04/07/2008 195.4 300.1 359,203 339,529
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3. Results
3.1. Eyewall Thermal Structure

In the tropics, air enters the upper troposphere predominantly via deep convection [Riehl and Malkus 1958;
Riehl and Simpson 1979], which under extreme conditions introduces detrained air into the upper tropo-
sphere/lower stratosphere (UT/LS) region. Hurricane eyewalls favor such large-scale vertical updrafts that can
lead to convective overshoots to stratospheric altitudes [e.g., Romps and Kuang, 2009].

Figure 2 shows the vertical thermal structure in the eyewall region of six hurricanes observed from GPSRO
(black) and the European Centre for Medium-Range Weather Forecasts Reanalysis Interim (ERA-Interim) (red)
data sets, and we mark the UT/LS layer with black rectangles shown at the RHS of each graph. In the six
examples of GPSRO (black) vertical temperature profiles, we observe that some cases display a double
tropopause (cf., Figures 2a, 2d, 2e, and 2f) possibly due to deep convection, but some other cases only show a
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Figure 2. (a–f ) Vertical temperature profiles inside the eyewall of six tropical cyclones, enlarging the upper troposphere/lower stratosphere region and emphasizing
the outflow area. In all graphs, the black lines indicate the GPSRO profiles and the red lines represent the collocated ERA-Interim profiles.
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local temperature minimum (cf., Figures 2b and 2c). The double tropopause captured by the GPSRO data
(black) is not captured by ERA-Interim (red).

We must clarify here that the double tropopause is not necessarily a characteristic of the eyewall region
but in general of regions characterized by convective cloud activity [Danielsen, 1993; Chaboureau et al.,
2007; Biondi et al., 2012, 2013]. Although such a phenomenon is not completely understood, it has been
hypothesized that a possible reason is the superposition of layers of air from two different sources
[Danielsen, 1982; Reid and Gage, 1996]. In the case of hurricanes, Simpson et al. [1998], Montgomery et al.
[2006], and Molinari and Vollaro [2008] theorized that convective bursts inside the eyewall overshoot air
from the boundary layer into the UT/LS region, which overlay on the ambient tropopause, forming a
double tropopause.

Another characteristic signature is that the tropopause layer is higher in stronger hurricanes (~17.8 km
in Cat-5) than in weaker storms (~13.9 km in tropical storms), a behavior also reported by Koteswaram
[1967]. This is characteristic of all cases we examined, not shown here due to limited space. A possible
explanation for this is that stronger hurricanes have more organized structure and stronger cores and
are characterized by deeper convection than the amorphous and weaker storms; thus, the level of
neutral buoyancy for deep convection is higher. Unlike the high vertical resolution GPSRO measure-
ments, the ERA-Interim profiles neither capture a double tropopause nor display a gradual upward
displacement of the tropopause altitude with increasing hurricane intensity.

3.2. Maximum Wind Speed

Potential intensity theory shows that the square of the gradient wind varies as a function of the ratio, CK/CD, of
the surface enthalpy exchange coefficient to the surface drag coefficient [Emanuel, 2004]. Yet we have little
knowledge of the value of these coefficients in hurricanes.
3.2.1. CK/CD Ratio
DeCosmo et al. [1996] reported an average value of ~0.5 for the CK/CD ratio for hurricanes with wind speeds
between 50 and 72 m/s based on measurements from the Humidity Exchange over the Sea program. Zhang
et al. [2008] showed that for hurricane wind speeds up to 30 m/s, the CK/CD ratio assumes a mean value of
0.63, based on observations from the Coupled Boundary Layers Air-Sea Transfer (CBLAST) field program.

Haus et al. [2010] using laboratory experiments reported that the CK/CD ratio obtains an almost constant value
of ~0.5 for hurricanes with wind speeds between 30 and 40 m/s. Bell et al. [2012] estimated that CK/CD obtains
a mean value of 0.48 based on CBLAST results in hurricanes Fabian and Isabel. Here we will also assume a
value of 0.5 for the CK/CD ratio, which is both a realistic and consistent assumption based on field campaigns
and laboratory experiments, and it suffices for the purpose of our study.
3.2.2. Adjustment to 10 m Level Wind Speed
The Wong and Emanuel [2007] gradient wind speed model is valid near the top of the boundary layer
[Luo et al., 2008]. Thus, we must adjust our estimates to the 10 m level to directly compare them with the
NHC best-track data values. The adjustment factor depends on the air-sea temperature difference and the
sea surface roughness [Thompson and Cardone, 1996].

Powell et al. [1996] suggested a 20% adjustment of the boundary layer winds, and Russell [1971], Batts et al.
[1980], Georgiou et al. [1983], and Vickery and Twisdale [1995] defined the ratio of the surface level winds to
the gradient level winds to be 0.8–0.9. Vickery et al. [2000] adopted a 10% difference between the boundary
layer winds and surface winds in the eyewall region in their model, while Franklin et al. [2003, Table 2], using
GPS dropwindsonde profiles, found that the surface level wind to the upper level wind ratio should be ~0.9 in
the eyewall area, but they also reported greater values.

NHC empirically adjusts the boundary layer winds, at the eyewall, by 10% to estimate the surface winds
[Franklin, 2013]. Therefore, in our study we will present two different data sets: one with a 10% adjustment
and another one with a 20% adjustment.
3.2.3. Results
We compared our estimates of the hurricane intensity with those from the NHC (cf., Figure 3a), and we
performed an error analysis of the GPSRO-estimated hurricane intensity owing to temperature errors. We
used the GPSRO temperatures to constrain and quantify the hurricane intensity uncertainties arising from our
assumptions (cf., section 3.3).
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Figure 3a shows the GPSRO-NHC pairs (black circles) and their respective error bars, after applying a 20%
adjustment on the GPSRO-based estimates. The GPSRO-based wind error bars are computed as the standard
deviation of the GPSRO-based wind estimates. The solid black line shows the linear regression fit to the pair of
data with a slope of 0.9± 0.1 and a y intercept of 5.1± 4.8, which are statistically significant to the 95% confi-
dence level based on the Student’s t test statistics. The mean absolute error and root-mean-square error (RMSE)
between the GPSRO-derived and NHC hurricane intensity estimates, for all 27 profiles employed in this study,
are 4.0 m/s and 4.5 m/s, respectively. For reference, we also show the dotted black line with a slope of 1.

We also present GPSRO-derived hurricane wind values reduced by 10% (cf., Figure 3a; red circles), and the linear
regressionmodel showed a slope of 1.0±0.1 and a y intercept of 6.0 ±5.1, which are statistically significant to the
95% confidence level. Again, the mean absolute error and RMSE of the GPSRO-NHC pairs, for all 27 case studies,
are 7.0 m/s and 8.3 m/s, respectively. We observe that a 20% adjustment of the GPSRO-derived intensities pro-
ducesmuch smaller biases and RMSE than that of the 10% adjustment. Also, a probable explanation of the nearly
constant offset between the GPSRO-derived hurricane intensities and the NHC values might be the fact that the
offset between the measured and true outflow temperature is approximately constant across all cases.

The results indicate that GPSRO temperature profiles can be used to estimate hurricane intensity with useful
accuracy and precision. Table 1 shows the name, the date, the outflow temperature in vicinity of the eyewall
region, the SST, and the MSEs of the eyewall and the unperturbed environment. Table 2 shows the altitude of
the coldest point in the eyewall region, the GPSRO-based wind speed estimates, and the NHC wind speed
estimates. We observe that the eyewall MSE at the outflow is systematically higher than the MSE of the
boundary layer of the unperturbed environment.

3.3. Error Analysis

The GPSRO-based estimated intensities are subject to errors in the temperature of the outflow in the eyewall
(To), of the unperturbed environment (T ′o), and of the sea surface (Ts). The error sources for each of these

Figure 3. (a) GPSRO-based maximum wind speed values are compared with the National Hurricane Center best-track data
values. Solid circles represent the GPSRO-NHC wind speed pairs when 10% (red) and 20% (black) reduction is applied to the
GPSRO values, and the solid lines represent their linear regression. The dotted line shows the slope 1.0 line. (b) Maximum
gradient wind speed uncertainty in response to plausible temperature errors for hurricanes Vamco (red), Sepat (blue), Bill
(teal), Jangmi (orange), and Bill (magenta). The red dotted line represents the GPSRO temperature accuracy. The black
rectangle indicates the maximum wind speed error corresponding to the GPSRO temperature uncertainty level. (c)
Maximum gradient wind speed uncertainty in response to specific humidity errors.
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temperatures are different; however, for the sensitivity test, we will assume that the magnitude of all tem-
perature errors is the same σT ¼ δTs ¼ δTo ¼ δT ′o; Kð ). Differentiating equation (1) with respect to To, Ts, and
T ′o, we obtain an expression that gives the hurricane intensity error (σVm , m/s), due to temperature error:

σVmð Þ2T ¼ ∂Vm

∂To

� �2

δT2o þ
∂Vm

∂Ts

� �2

δT2s þ
∂Vm

∂T ′o

� �2

δT ′2o ⇔
δTo¼δTs¼δT ′o¼σT

σVmð ÞT ¼ 1
2Vm

CK

CD

1
To

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δh2 þ cP Ts � Toð Þ½ �2 þ cP Ts � Toð Þ � Ts

To
Δh

� �2s
· σT (4)

Figure 3b shows that the intensity error increases linearly as a function of temperature uncertainty. The
stronger the hurricane, the smaller the intensity error, implying that theWong and Emanuel [2007] hurricane
simplified model works better for stronger hurricanes—a result similar to that found in Luo et al. [2008].
Although the GPSRO and MERRA temperature profiles are accurate to 0.5 K and 0.5–1.0 K [Rienecker et al.,
2011], respectively, we show temperature errors up to 5.0 K. It is shown that a 0.5 K temperature error (black
rectangle) in GPSRO and MERRA profiles introduces an average of ~1–3 m/s error in intensity estimation,
which increases to ~5–12 m/s at 2.5 K temperature error (depending on the tropical cyclone (TC) intensity),
reaching 11–24 m/s at 5.0 K temperature error. We also examined the sensitivity of our technique to specific
humidity uncertainty from MERRA (cf., Figure 3c). Taking again the partial derivative of the maximum wind
speed as a function of specific humidity, we obtain

σVmð Þ2q ¼
∂Vm

∂q

� �2

σ2q⇔ σVmð Þq ¼
LVVm

2 Δh
σq (5)

Figure 3c shows that a 1.0 g/kg (or 5.0%) specific humidity error introduces 2–7 m/s intensity error that in-
creases linearly to 12 m/s for Category 3 hurricanes and 34 m/s for Category 1 hurricanes given a 5.0 g/kg
specific humidity error. Landsea and Franklin [2013a] report that the NHC provides hurricane intensity esti-
mates with an average uncertainty of ~5.0 m/s, which is in accordance with our current intensity
estimation error.

3.4. Technique Improvement

We believe that we can improve our method in three ways, reducing the uncertainty in the GPSRO-based
hurricane intensity estimation.

Key to the retrieval of hurricane intensity in the Wong and Emanuel [2007] simplified hurricane theory is
the estimation of the MSE difference between the eyewall and the unperturbed environment. Had we
obtained simultaneous GPSRO temperature profiles in the eyewall region and in the unperturbed environment,
we could have estimated the parameter, Δh, by simply comparing the two GPSRO temperature profiles
(K. Emanuel, personal communication, 2013). Hence, wewould not needMERRAmeasurements to calculate the
environmental MSE, and thus, we would have removed from our results the sensitivity to MERRA. Provided that
the current GPSRO temperature profiles have an accuracy of 0.5 K, our results would introduce an error of only
1–3 m/s in the hurricane intensity estimation.

Another key parameter in hurricane intensity estimation is the proper characterization of the outflow height
inside a hurricane’s eyewall. If we had collocated CALIPSO or CloudSat measurements, we would have known
more precisely the cloud top heights. We could have used these altitudes to find the GPSRO temperatures
corresponding to these altitudes; thus, estimating more precisely the eyewall MSE.

Additionally, uncertainties in the position of the hurricanes’ center and spatiotemporal collocation of the
GPSRO soundings with respect to the hurricanes’ eyewall region can introduce errors in the calculation of the
eyewall MSE. Specifically, Landsea and Franklin [2013b] report a position uncertainty of ~35 n mi (1 nautical
mile = 1.852 km) for tropical storms and ~20 n mi for Categories 1 and 2 and major hurricanes using solely
satellite observations. These uncertainties decrease when aircraft measurements are included in the position
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estimation (e.g., the Atlantic hurricanes we study here). We refer the reader to Landsea and Franklin [2013b,
Figure 5 and Table 2] for a detailed discussion on hurricane position uncertainty. The combined effects of the
hurricane position uncertainty, the fast development of the hurricane, the narrow eyewall width, the GPSROs’
horizontal footprint (~100 km=54 n mi), and the limited GPSRO soundings in the vicinity of the eyewall area
can lead to collocation mismatches, which in turn can introduce systematic biases in the eyewall thermal
structure and its MSE estimation.

Finally, advancements on the GPSRO atmospheric parameter techniques can improve the vertical and hori-
zontal footprints of the radio occultations observations. This will allow better measurements of the thermal
structure of hurricanes’ eyewall region, which in turn will improve the MSE eyewall estimation and in extent
the hurricanes’ intensity.

In this preliminary stage, our overarching objective is to demonstrate for the first time the usefulness of the
GPSROmeasurements to inferring hurricane intensity and explain the method. Our next steps are to perform
further refinements in our technique to obtain better results from what is reported herein.

4. Conclusions

The main conclusions of this study are that (a) we demonstrate the feasibility of utilizing the GPSRO obser-
vations to capture the vertical thermal signatures of the UT/LS region around the vicinity of eyewall in hur-
ricanes and (b) provide additional tests of the hurricane intensity estimates based on theWong and Emanuel
[2007] technique given the instruments’ observational limitations. The Wong and Emanuel [2007] technique
requires simultaneous temperature and height readings of the eyewall of the hurricanes, which are difficult
to obtain from traditional passive visible, IR, and MW observations due to possible contamination by thick
clouds and heavy precipitation.

The low sensitivity of GPSRO measurements to clouds and precipitation makes them an ideal tool for this
study. We showed that GPSRO measurements have the potential to provide the thermal structure of the UT/LS
in the vicinity of a hurricane’s eyewall with high vertical resolution (100–200m) and that these fine structures are
missing in the reanalysis data. Moreover, our results showed that the relative percentage difference between
the GPSRO-derived hurricane MSW and the NHC values is ~9.4% on average, after reducing the GPSRO-derived
winds to the 10 m level altitude by applying a 20% adjustment, while it grows to ~17% on average after a 10%
adjustment is applied.

Nevertheless, taking into account the fact that (a) Landsea and Franklin [2013a] reported that the NHC hur-
ricane intensity estimates have an average uncertainty of 4.2–5.4 m/s and (b) GPSRO-derived wind uncer-
tainty can reach 1–3 m/s at 0.5 K temperature error implies that within the error limits, the GPSRO-derived
adjusted values to the 10 m level should be in a closer agreement with NHC than the statistics we report in
this study.

Given that GPS has gradually emerged as an important complementary remote-sensing instrument for
measuring the thermodynamical environment inside and around hurricanes where thick clouds and heavy
precipitation dominate [Vergados et al., 2013], our current study further expands this line of application by
using GPSRO data, coupled with a simplified hurricane model, to estimate hurricane intensities. It is en-
couraging to see that the GPSRO-based hurricane intensity estimates are comparable to and have the similar
error characteristics as the NHC database. As an independent source of data, the GPSRO observations will
thus provide an additional observational constraint to hurricane intensity estimates. Furthermore, it stands to
reason that GPSRO measurements can be potentially useful in improving hurricane intensity forecasting in a
synergistic way, if properly assimilated into hurricane models.

We understand that the current COSMIC mission may not provide a large sample of data inside the eyewall of
hurricanes; however, the upcoming COSMIC-2/FORMOSAT-7 mission in 2016 will provide 10 times more
coverage as the current COSMIC mission at the tropics, while CYGNSS (the GNSS-based NASA mission to be
launched in 2016) will provide direct measurements of sea surface wind speeds at the core of hurricanes. The
value of the GPS technology becomes important in hurricane monitoring. We envision creating an inde-
pendent GPS-based hurricane record that can be used synergistically from the hurricane research community
to observationally constrain current hurricane models and other observing remote-sensing instruments with
the intent to contribute in the improvement of hurricane intensity forecasting.
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