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Capsule 29 

 30 

A long-term (1996-2012), high-quality, high vertical resolution (~5-15 m) GPS dropsonde 31 

dataset is created from NOAA Hurricane flights and consists of 13,681 atmospheric profiles for 32 

120 tropical cyclones.  33 

 34 

  35 
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Abstract 36 

 37 

A GPS dropsonde is a scientific instrument deployed from research and operational aircraft that 38 

descends through the atmosphere by a parachute. The dropsonde provides high-quality, high 39 

vertical resolution profiles of atmospheric pressure, temperature, relative humidity, wind speed 40 

and direction from the aircraft flight level to the surface over oceans and remote areas. Since 41 

1996, GPS dropsondes have been routinely dropped during hurricane reconnaissance and 42 

surveillance flights to help predict hurricane track and intensity. From 1996 to 2012, NOAA has 43 

dropped 13,681 dropsondes inside hurricane eye walls or in the surrounding environment for 120 44 

tropical cyclones (TCs). All NOAA dropsonde data have been collected, reformatted to one 45 

format, and consistently and carefully quality-controlled using state-of-art quality-control (QC) 46 

tools. Three value-added products, the vertical air velocity and the radius and azimuth angle of 47 

each dropsonde location, are generated and added to the dataset. As a result, a long-term (1996-48 

2012), high-quality, high-vertical resolution (~5-15 m) GPS dropsonde dataset is created and 49 

made readily available for public access. The dropsonde data collected during hurricane 50 

reconnaissance and surveillance flights have improved TC track and intensity forecasts 51 

significantly. The milestones of dropsonde data’s impact on hurricane studies are summarized. 52 

The scientific applications of this long-term dropsonde dataset are highlighted, including 53 

characterizing TC structures, studying TC environmental interactions, identifying surface-based 54 

ducts in hurricane environment which affect electromagnetic wave propagation, and validating 55 

satellite temperature and humidity profiling products.   56 
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1. Introduction 57 

 58 

 An hurricane is one of the most devastating extreme weather phenomena threatening the 59 

United States. In the US, between 1980-2012 over $1 trillion were spent providing disaster relief 60 

aid after 151 weather disasters, each of which overall damages and costs reached or exceeded $1 61 

billion (Source http://www.ncdc.noaa.gov/billions/). Of those 151 events, 33 of the disasters 62 

resulted from tropical cyclones and they accounted for ~50% of the total damage in dollars. 63 

Early warning, adequate preparation time and evacuation time rely on accurate forecasting of 64 

hurricane tracks and intensities, and these forecasts depend on accurate measurements of 65 

hurricane winds and thermodynamic structure.  66 

 A dropsonde is a scientific instrument dropped from research aircraft or other platforms in 67 

the air and descends through the atmosphere by a parachute to make measurements of pressure, 68 

temperature, relative humidity (RH), and horizontal wind speed and direction profiles at any 69 

location over the globe, especially over ocean or remote regions where other in-situ 70 

measurements are hard to make. NCAR’s GPS Dropsonde System known as AVAPS (Airborne 71 

Vertical Atmospheric Profiling System) was developed in the 1990s and is the only operational 72 

dropsonde system in the world capable of providing research-quality, high-resolution, reliable 73 

atmospheric profiles in hard-to-reach locations. This system consists of on-board data acquisition 74 

and processing system and the dropsonde itself. The GPS dropsonde is currently manufactured 75 

by Vaisala, Inc., under license from NCAR, and is also known as Vaisala dropsonde RD94 76 

(Hock and Franklin 1999; Vaisala 2014). The dropsonde includes a pressure, temperature, 77 

humidity sensor module (referred as PTU sensor module hereafter), a GPS receiver for wind 78 

measurements, and a 400-MHz telemetry transmitter to transmit data from the sonde to the 79 
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onboard receiving system (see Fig. 1 in Hock and Franklin 1999). Based on Vaisala (2014), the 80 

accuracy of pressure, temperature and RH is 0.4 hPa, 0.2°C and 2%, respectively. The horizontal 81 

wind measurement from u-blox GPS receiver is estimated to be 0.1 m/s. The aircraft data system 82 

includes a narrowband 400-MHz telemetry receiver, which allows simultaneous operation of up 83 

to eight dropsondes in the air. During last 18 years (1996-2013), the dropsonde system has 84 

improved significantly, including a complete redesign of the system (known as AVAPS II) in 85 

2008 and development of miniaturized dropsondes for deployment from super-pressure balloons, 86 

unmanned aerial vehicles (UAVs) and high-altitude aircraft during recent years. Major 87 

milestones in AVAPS advancement and scientific impact during its lifetime are summarized in 88 

Table 1. 89 

 Since 1996, GPS dropsondes have been routinely deployed during hurricane reconnaissance 90 

and surveillance flights to help predict hurricane tracks and intensities. The reconnaissance 91 

flights are conducted in the hurricane inner and outer core region, while the surveillance aircraft 92 

fly outside of the immediate environment of tropical cyclones. During the first season of NOAA 93 

Gulfstream-IV (G-IV) jet aircraft missions for hurricanes in 1997, about 150 dropsondes were 94 

released from the aircraft at 150-200 km intervals in the environment of TCs (Aberson and 95 

Franklin 1999). This first set of dropsonde observations improved mean hurricane track forecasts 96 

from the Geophysical Fluid Dynamics Laboratory hurricane model by as much as 32% and 97 

intensity forecasts by 20% during the critical first two days of the forecast (Aberson and Franklin 98 

1999). The track forecast improvements were comparable to those accumulated over the past 20-99 

25 years at that time (Aberson and Franklin 1999). Mean track forecast improvement as a result 100 

of synoptic surveillance dropsondes during 1999-2005 is summarized in Fig. 1. The 101 

improvement is all above 10% during 0-48 hours in the Global Forecast System (GFS) model 102 
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(Fig. 1). This result is consistent with the finding in Aberson (2010). The dropsonde data have 103 

also been found to play an important role in understanding the characteristics of hurricane 104 

dynamic and thermodynamic structures (e.g., Franklin et al. 2003; Molinari et al. 2012; Zhang et 105 

al. 2013). For example, Franklin et al. (2003) analyzed 630 dropsonde profiles from hurricane 106 

reconnaissance flights during the 1997-1999 seasons and documented, for the first time, the 107 

mean vertical profile of wind speed in the hurricane inner core from the surface to the 700-hPa 108 

level with unprecedented accuracy and resolution. In addition to routine hurricane flights, the 109 

dropsonde is also often deployed to study winter storms, TCs in different ocean basins, strong 110 

convection systems and other severe weather events to ultimately improve their forecasting. A 111 

study of dropsonde impact during the 1999 NOAA winter storm reconnaissance (WSR) program 112 

documented that the dropsonde data significantly improved the forecasts in 18 of the 25 storms 113 

targeted by NOAA aircraft (Szunyogh et al. 2000). However, the WSR program has been 114 

cancelled recently due to minimal impact in recent years, perhaps due to other improvements in 115 

the data assimilation systems (Hamill et al. 2013). The impact of dropsonde data on typhoon 116 

track forecasts has been also studied extensively (e.g., Wu et al. 2007; Aberson 2011; Chou et al. 117 

2011; Wu et al. 2012). For example, the typhoon track forecast error in four numerical weather 118 

prediction models was reduced by 20-40% consistently as a result of dropsonde data collected 119 

during T-PARC (The Observing System Research and Predictability Experiment (THORPEX) 120 

Pacific Asian Regional Campaign experiment) in 2008 (Weissmann et al. 2011).  121 

 In spite of the scientific importance of the dropsonde data collected from all of these 122 

missions and projects mentioned above, the data reside in different locations, have different 123 

formats and varied levels of data quality, and in many cases have limited metadata. Such 124 
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heterogeneity between datasets hinders composite analysis of TCs and limits the application of 125 

the dropsonde data for broader scientific use.  126 

 127 

2. Data Sources, Quality Assurance and Control and Value-Added Products 128 

 129 

 Raw dropsonde data for this study were collected during NOAA hurricane reconnaissance 130 

and surveillance flights from 1996 to 2012 and were obtained from NOAA’s Hurricane Research 131 

Division (HRD) Online GPS-Dropsonde Data Archive  132 

(http://www.aoml.noaa.gov/hrd/Storm_pages/sondeformat.html). The NOAA Aircraft 133 

Operations Center (AOC) runs the AVAPS program for NOAA.  The dropsonde data available 134 

through the NOAA HRD site were collected by HRD, National Hurricane Center (NHC), and the 135 

Air Force (USAF), three of the biggest users of the AVAPS dropsonde system. The dropsonde 136 

data contained in this archive were collected from three separate aircraft. The NOAA N42RF and 137 

N43RF are P3 aircraft and the NOAA N49RF is a G-IV. The P3 aircraft make measurements 138 

from the inner and outer core (0 to about 200 km radius) and from the middle-lower troposphere 139 

(1-5 km) to the surface. The atmospheric data outside of the immediate environment of TCs 140 

come primarily from the NOAA G-IV flying at ~14-15 km altitude. Note that during 1996-2012 141 

about 6000 soundings were collected from USAF, but they are not processed and included in this 142 

archive. 143 

 The data quality assurance (QA) begins with the cumbersome task of renaming all of the 144 

sounding files according to date and time of launch. The files were originally archived only by 145 

sonde ID number.  The next step is to identify and categorize the files according to dropsonde 146 

GPS type (u-blox or GPS121). This is necessary because a new dropsonde with an improved full 147 

http://www.aoml.noaa.gov/hrd/Storm_pages/sondeformat.html
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GPS receiver (u-blox), capable of making more accurate measurements of position and velocity, 148 

was introduced in 2005. Prior to that, GPS121 dropsondes were used. The GPS121 receiver 149 

computed the 3-D velocity. But the 3-D position was computed using precise drop location from 150 

the AVAPS aircraft data system and integrating the velocity to obtain position with each 151 

individual measurement from the dropsonde. From 2005 through 2007 both sonde types were 152 

deployed by different aircraft in different storms. The implication of having varying dropsonde 153 

types is that quality control of the GPS data must be handled differently. Finally, before data 154 

quality control could begin, the data files were categorized according to the aircraft they were 155 

collected from.  156 

 Data quality control of the sounding data is an extensive, multi-step process that includes 157 

evaluating the data products using a variety of visualization tools and statistical methods to 158 

identify and correct data quality issues caused by launch detect errors, sensor offsets or bias, 159 

accelerated descent rates, and failure of the sensors to accurately transmit data from flight level 160 

altitude to the ocean’s surface. Each raw sounding data profile must be individually evaluated to 161 

determine if the data contain any features that warrant further investigation. Appropriate 162 

corrections are then applied. Metadata files are created for each aircraft flown in each of the 163 

storms and include documentation detailing specific data quality issues found in individual data 164 

files, and explains subsequent corrections, if any are applied. The variables, pressure, 165 

temperature, and RH, are calibrated values from measurements made by the dropsonde, all of 166 

which are subjected to quality control.  The dew point is calculated from the quality controlled 167 

RH and temperature. The geopotential altitude is calculated from the hydrostatic equation, 168 

typically from the ocean’s surface upward.  Dropsondes that fail to transmit useful data to the 169 

surface must be identified so that geopotential altitude can be integrated from flight level down. 170 
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The descent rate of the sonde is computed using the time-differentiated hydrostatic equation. 171 

Wind speed and direction are quality controlled, but the GPS horizontal position (latitude and 172 

longitude) is not. Following evaluation of the raw data and subsequent steps to resolve data 173 

quality issues, each of the dropsonde profiles is processed through the Earth Observing 174 

Laboratory’s Atmospheric Sounding Processing Environment (ASPEN) software, which further 175 

analyzes data quality and performs smoothing and filtering to remove suspect data points. The 176 

ASPEN configuration used to process this dataset is given in the dataset readme file. Following 177 

ASPEN, histograms of all variables are evaluated to examine the distribution, range, and 178 

characteristics of each parameter.  Profile plots of the quality controlled soundings are visually 179 

evaluated for outliers, or any other obvious issues, and time-series plots are used to evaluate the 180 

consistency of soundings launched during each flight, and to examine the variability of 181 

soundings from different missions.  These standard procedures are used to ensure the highest-182 

quality set of soundings within and near a large and varied sample of TCs are provided to the 183 

community. In addition to pressure, temperature, humidity and wind speed and direction profiles, 184 

three value-added profiles, the vertical air velocity and the radius and azimuth angle of each 185 

dropsonde location, are computed as described in detail below and added to the dataset. 186 

 The vertical air velocity is computed as the difference between the actual dropsonde fall rate 187 

and that in the still air (Wang et al. 2009). The still-air fall rate is computed based on the balance 188 

between the gravity and the drag force, and it is a function of the weight of the dropsonde, the 189 

drag coefficient (0.61 for dropsonde) and the area of the parachute (Hock and Franklin 1999; 190 

Wang et al. 2009). The sonde weight of 350 g and 322 g is used for AVAPS-I or AVAPS-II 191 

sondes, respectively. A square parachute of 26 cm X 26 cm is used. A 20-s low-pass filter is 192 

applied to the calculated vertical velocity to remove occasional spikes. Both directly-calculated 193 
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and filtered velocities are saved in the data. The uncertainty in the vertical air velocity is 194 

estimated to be on the order of 1 m/s, and the velocities with magnitudes less than 1 m/s should 195 

not be used without careful examination (Wang et al. 2009).  196 

 For each sonde the radius of the observation was determined by the spherical distance from 197 

the storm center to the sonde location. Azimuth was determined trigonometrically from the 198 

latitudes and longitudes of the storm center and the sonde. The effects of lateral motion of the 199 

sonde were included, so that the radius and azimuth varied with height for each sonde. The storm 200 

center was defined by the six-hourly NHC Best Track position linearly interpolated to one-201 

minute resolution. In reality the storms do not move linearly. Rather, the purpose of the high 202 

time resolution was to prevent artificial jumps in center position, and thus in sonde position, on 203 

small time scales.    204 

 The final quality-controlled dropsonde dataset includes 13,681 dropsonde soundings from 205 

1996 to 2012 for 120 storms. The numbers of soundings and storms for each year are shown in 206 

Fig. 2. There were maximum numbers of soundings (2,306) and storms (13) in 2005 (Fig. 2). 207 

The record number of soundings per storm (653) was deployed in Hurricane Ivan (2004). The 208 

majority of soundings were dropped over the Atlantic Ocean (Fig. 3). The sondes were dropped 209 

either from NOAA P3 aircraft in the inner or outer core regions from the middle to lower 210 

troposphere or NOAA G-IV in the surrounding regions from the upper troposphere (Fig. 3). Fig. 211 

4 shows one example of sonde locations dropped between 17 UTC and 24 UTC on August 28, 212 

2005 from NOAA P3 and G-IV aircraft for Hurricane Katrina.  The number of dropsondes in 213 

each 100-km radial bin and each 30° azimuthal bin is displayed in Fig. 5.  The dropsondes were 214 

most frequently located within 100 km to the tropical cyclone center (Fig. 5), and the number of 215 

dropsondes gradually decreased with increasing radius. The broad radial distribution of 216 
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dropsondes has enabled composite studies to be done on various spatial scales ranging from the 217 

TC inner core (Zhang et al. 2013) to the outer regions of the TC and the environment (Molinari 218 

et al. 2012).  The azimuth distribution of dropsondes is rather asymmetric, with a maximum in 219 

the northern quadrant and a minimum in the southern quadrant (Fig. 5). 220 

 The QCed dropsonde data include high-quality and high vertical resolution profiles of 221 

pressure, temperature, RH, wind speed and direction, vertical velocity, sonde location (longitude, 222 

latitude, altitude), and radius and azimuth angle relative to the storm centers. The 223 

thermodynamical and wind data are available at half-second and quarter-second resolution, 224 

respectively, corresponding to ~5-15 m and ~3-8 m from the surface to 16 km altitude. The final 225 

dropsonde dataset is in EOL sounding file format that includes a header, with detailed project 226 

and sounding information, and seventeen columns of high resolution data. The EOL format is an 227 

ASCII text format and is described in details in the readme file on the dataset website. The files 228 

are broken out into directories by year, storm name, GPS sensor type, and aircraft type.  The 229 

dataset along with the readme file is available for free download on 230 

https://www.eol.ucar.edu/content/noaa-hurricane-dropsonde-archive.  231 

 232 

3. Scientific Highlights  233 

 234 

 Dropsonde data have been used extensively for hurricane and other studies. In the 235 

introduction, we summarized milestones of dropsonde data’s impact on hurricane studies. 236 

Several scientific applications of this long-term dropsonde dataset are highlighted below based 237 

on preliminary analysis of the data. They not only demonstrate the scientific value of this dataset 238 

but also illustrate potential scientific discovery in the future as a result of this dataset.  239 
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 Composite profiles of GPS-derived wind measurements in TCs in the Atlantic Basin were 240 

constructed from 3,101 dropsonde profiles from this dataset (Fig. 6). Selection criteria consisted 241 

of all drops from NOAA P3 aircraft only.  A large fraction of the dropsondes from P3 aircraft 242 

were dropped into storms that were not hurricane status, or storms that changed categories during 243 

the process of dropping, so they were excluded in this analysis. Only storms that maintained their 244 

status through the entire drop (e.g., didn't fluctuate in intensity) were used. If there was any 245 

question of ambiguity in intensity, the sondes were not included.  Mean profiles of wind speed 246 

stratified according to hurricane intensity are shown in Figure 6. Composites were constructed by 247 

averaging individual profiles with a rough mean vertical bin resolution of 25 m, and we applied a 248 

conservative smoothing routine to reduce the profile noise. The total sample encompasses data 249 

for 667 Category One, 710 Category Two, 670 Category Three, 908 Category Four and 146 250 

Category Five storms. No attempt was made to stratify drops according to radial distance within 251 

each intensity class. Regardless, these mean profiles show robust differences between the five 252 

hurricane intensity classes. All profiles reveal significant shear in the boundary layer and low-253 

level wind maxima between 500-1000 m above ground. The difference in mean-profile wind 254 

speed between individual storm categories is remarkably linear, particularly with regard to the 255 

lower tropospheric wind maximum.  In all categories, there is a tendency for wind speed to 256 

weaken significantly above 3-4 km.  Interestingly, secondary maxima appear around 4 km in two 257 

of the stronger categories (Category Three and Four). It is uncertain whether absence of this 258 

feature in the Category Five wind profile is related to physical processes or a limited sample size. 259 

This type of composite-based analysis just scratches the surface of what can be done using this 260 

high-resolution, vertical structure information. 261 
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 Dropsonde data have often been used to study changes in the TC structure in response to 262 

environmental vertical wind shear (e.g. Molinari et al. 2012; Zhang et al. 2013).  Shear has been 263 

shown to have a negative influence on the TC intensity change (e.g., DeMaria et al. 2005) 264 

through several proposed mechanisms.  One hypothesized mechanism is the thermodynamic 265 

modification of the inflow layer by downdrafts induced by asymmetric convection outside the 266 

inner core (Riemer et al. 2010; 2013).  To assess this, the position of each dropsonde was rotated 267 

with respect to the environmental vertical wind shear following Corbosiero and Molinari (2002).  268 

The environmental shear was taken from the Statistical Hurricane Intensity Prediction Scheme 269 

(SHIPS) database (DeMaria et al. 2005).   Figure 7 shows the mean equivalent potential 270 

temperature (θe) in each shear-relative quadrant in the 75-200 km radii region, which in general 271 

falls well outside the eye wall.  Only sondes released when ambient shear exceeded 6 m s
-1

 are 272 

included. Note that the number of dropsondes reporting data decreased rapidly above 2-km 273 

height (Fig. 7).  These results are compared to similar fields shown within the eyewall region by 274 

Zhang et al. (2013).  In the lowest km for both studies, θe reaches a minimum in the downshear-275 

left quadrant and a maximum right of the shear vector. This likely reflects the influence of low-276 

θe downdrafts left of shear and surface flux-induced boundary layer recovery right of shear 277 

(Molinari et al. 2013; Zhang et al. 2013). Fig. 7 shows that these anomalies extend up to 3 km 278 

elevation and out to 200 km from the center.  Dropsondes can be divided up by a combination of 279 

radius, ambient shear magnitude, tropical cyclone intensity, and/or intensity change to further 280 

elucidate the role of vertical wind shear in TC structure. 281 

 The hurricane boundary layer (HBL) has long been known to play an important role in storm 282 

development and intensification (e.g., Emanuel 1986; Braun and Tao 2000; Smith et al. 2009; 283 

Bryan and Rotunno 2009).  Understanding of the HBL structure becomes increasingly important 284 
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as efforts have been made toward developing high-resolution numerical models in order to 285 

improve the hurricane intensity forecast (e.g., Gopalakrishnan et al. 2013; Rogers et al. 2013).  286 

However, the HBL has been the least observed part of a storm until now, especially its 287 

turbulence structure (Black et al. 2007; Zhang et al. 2008; Zhang 2010). With the advent of the 288 

GPS dropsonde (Hock and Franklin 1999; Franklin et al. 2003), the mean boundary layer 289 

structure has been progressively studied, mostly the boundary layer structure in an individual 290 

storm (e.g., Bell and Montgomery 2008; Barnes 2008). Recent composite analyses of GPS 291 

dropsonde data (Zhang et al. 2011; 2013) from multiple hurricanes at various stages of their 292 

lifecycle have provided a more comprehensive representation of the HBL. In spite of those 293 

efforts using the dropsonde data to study the HBL, it still remains imperative to include more 294 

dropsonde soundings, such as those from this study, to understand the HBL processes and 295 

improve its representation in numerical models, and ultimately increase our ability to better 296 

forecast hurricane.  297 

    Vertical profiles of temperature and specific humidity are two key parameters that characterize 298 

the environmental conditions for electromagnetic (EM) wave propagation in the atmosphere, 299 

represented by the modified index of refraction, M (Bean and Dutton 1966).  The data source for 300 

this purpose generally comes from numerical simulations and/or mostly by rawinsonde 301 

measurements based on ships, islands, or land.  While rawinsondes provide direct measurements 302 

of the atmospheric temperature and moisture, it is generally difficult to use the measurements for 303 

identifying surface-based ducts or evaporative ducts over the ocean due to ship or island 304 

contaminations unless an up-down sampling approach is adopted. Although the sensor 305 

technology between dropsondes and rawinsondes are similar, the near-surface sampling of the 306 

descending dropsonde are normally made in undisturbed environment away from potential flow 307 
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distortions such as those near a ship. Hence dropsonde measurements have the potential to 308 

represent the near-surface altitudes better than the ascending rawinsonde carried by balloons. 309 

The hurricane dropsonde dataset provides the best opportunity to assess the application of 310 

dropsonde measurements to EM propagation study and to identify the radar signal ducting 311 

environment in the vicinity of significant tropical disturbances.  In this effort, we computed M 312 

from temperature, humidity, and pressure profiles from all available soundings in this data 313 

archive. The vertical gradients of M were used to define different duct layers based on the 314 

criteria outlined in Zhu and Atkinson (2005) and many other references. Figure 8 gives a general 315 

overview of the different duct types occurring in hurricane environment.  Here the elevated duct 316 

layers were separated into elevated low ducts (duct heights less than 2 km) and high ducts (duct 317 

heights higher than 2 km).  The high level ducts have minimum influence on radar propagation 318 

and communication, but may have an adverse effect on the inversion of GPS radio occultation 319 

data (Ao et al. 2007).  Figure 8 shows that ~50% of the soundings show the presence of a duct 320 

layer below 2 km, which is against the general notion that the atmospheric environment in a 321 

hurricane is not in favor of development of ducts. However, Similar result was found by by Ding 322 

et al. (2013) using a much smaller dataset. The ducting layer characteristics were also 323 

categorized in the storm relative environment for the objective of identifying the storm relative 324 

regions critical to radar and communications performance.  These characteristics are related to 325 

the cyclone track and other storm related factors using the best track products archived by 326 

NOAA.  Statistical analysis methods are used to quantify the characteristics of ducting 327 

conditions in different quadrants of a hurricane relative to its motion. However, no preference of 328 

ducting was identified in any quadrant of the hurricanes. More extensive analyses can be found 329 

in Ziemba (2013).  330 
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 Satellite data play an important role in monitoring and predicting TCs as a result of lack of 331 

in-situ data over the ocean. However, due to the exact same reason, satellite data over the ocean 332 

are not well calibrated and validated. NOAA Products Validation System (NPROVS, Reale et al. 333 

2012) provides a daily compilation and archive of collocated conventional radiosonde (RAOB) 334 

and environmental satellite (SAT) products, which include dropsonde (DROP) observations 335 

routinely available for assimilation into NOAA NCEP GFS forecast models. Wang et al. (2013) 336 

used NPROVS to collocate ten satellite products with the unprecedented dropsonde data 337 

collected during the 2010 Concordiasi field experiment over Antarctica to validate satellite 338 

products. The plan is to compile a dataset containing co-located SAT and DROP temperature and 339 

humidity profiles during 2010-2012 from the QCed dropsondes data from this study. Note that 340 

NPROVS started to operate in 2010. Then we will conduct comparisons of SAT products for 341 

temperature and humidity against DROPS to validate the satellite products in TC environments. 342 

Numerical Weather Prediction products contained in NPROVS can also be evaluated against the 343 

dropsonde data to understand their performance. Additional comparisons against nearby 344 

conventional RAOB can also be included to better understand unique contributions by DROPS 345 

in the context of satellite data validation.   346 

 347 

4. Conclusions 348 

 349 

 A GPS dropsonde is a scientific instrument deployed from research and operational aircraft, 350 

manned or autonomous, that descends through the atmosphere by a parachute. The GPS 351 

dropsonde was developed in 1995 by NCAR and is currently manufactured by Vaisala, Inc. The 352 

dropsonde provides high-quality, high vertical resolution (~5-15 m) profiles of atmospheric 353 
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pressure, temperature, relative humidity, wind speed and direction from the aircraft flight level to 354 

the surface over the hard-to-reach areas. Since 1996, GPS dropsondes have been routinely 355 

dropped during hurricane reconnaissance and surveillance flights to help predict hurricane track 356 

and intensity. From 1996 to 2012, NOAA has dropped over 13,000 dropsondes inside hurricane 357 

eye and eyewalls and in the surrounding environment for 120 TCs. All dropsonde data have been 358 

collected, reformatted to one format, and consistently and carefully quality-controlled using 359 

state-of-art QC tools. Three value-added products, the vertical air velocity and the radius and 360 

azimuth angle of each dropsonde location, are generated and added to the dataset. As a result, a 361 

long-term (1996-2012), high-quality, high-vertical resolution GPS dropsonde dataset is created 362 

and made readily available for public access (https://www.eol.ucar.edu/content/noaa-hurricane-363 

dropsonde-archive). It includes 13,681 quality-controlled dropsonde soundings from 1996 to 364 

2012 for 120 storms.  365 

 The dropsonde data collected during hurricane reconnaissance and surveillance flights have 366 

significantly improved TC track and intensity forecasts, and enable researchers to better 367 

understand the characteristics of TCs. Previous studies have shown that dropsonde data alone 368 

have improved the hurricane track forecasting by as much as 32% and the hurricane intensity by 369 

20% (Aberson and Franklin 1999). The wind measurements throughout the depth of the 370 

troposphere made by the dropsonde are required to specify the environment flow surrounding the 371 

hurricane eyewall, which determines the hurricane motion (Franklin et al. 2003). The milestones 372 

of dropsonde data’s impact on hurricane studies are summarized in the introduction. Various 373 

scientific applications of the long-term dropsonde dataset from this study are highlighted in 374 

Section 3, including characterizing TC structures, studying TC environmental interactions, 375 

identifying surface-based ducts in the hurricane environment which affect electromagnetic wave 376 
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propagation, and validating satellite temperature and humidity profiling products. We strongly 377 

believe that the applications of this dataset still wait to be discovered by forecasters, researchers 378 

and the general public in the years to come.  379 

 The extensive and comprehensive QA and QC procedures for dropsonde data are 380 

summarized in this study. They can be applied to other dropsonde data collected over the years. 381 

We plan to find the support to expand our dropsonde dataset in the future by including dropsonde 382 

data from Air Force, NASA, field projects, Taiwan Typhoon surveillance flights and other 383 

countries. From 1997-2012, US Air Force has collected over 6,000 dropsonde profiles. During 384 

last 23 years (1990-2012), the dropsonde system has been deployed to 41 field projects around 385 

the globe and dropped over 8,000 soundings, which includes ones from an unmanned, high-386 

altitude aircraft (Global Hawk) and stratospheric super-pressure balloons. The Taiwanese 387 

DOSTAR (Dropwindsonde Observations for Typhoon Surveillance near the Taiwan Region) 388 

collected 1,051 soundings from 2003 to 2012 for 49 typhoons (Wu et al. 2005). The inclusion of 389 

these dropsonde data in our archive will further increase the value of the dataset and expand its 390 

applications.  391 

 392 

  393 
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Table and Figure captions: 512 

 513 

Table 1. The list of major milestones in AVAPS advancement and scientific impact during 1995-514 

2012. 515 

Fig. 1 Improvement of mean hurricane track forecast in the GFS model as a result of assimilating 516 

synoptic surveillance dropsondes during 1999-2005.  Number of forecasts is also given.  517 

Fig. 2 Numbers of soundings (black line) and storms in each year from 1996 to 2012 included in 518 

the final dataset. 519 

Fig. 3 Maps of dropsonde locations from NOAA G-IV (black dots) and P3 (red dots) for each 520 

year. Total number of soundings for each year is given in the legend.  521 

Fig. 4 Dropsonde locations from NOAA P3 (magenta balloons) and NOAA G-IV (green 522 

balloons) between 17 UTC and 24 UTC on August 28, 2005 for Hurricane Katrina. The blue line 523 

is the hurricane track. The background color image shows the satellite water vapor image.  524 

Fig. 5 (a) Number of dropsondes in each 100-km radial bin.  (b) Number of dropsondes in each 525 

30° azimuthal bin.  The azimuthal direction follows meteorological convention (i.e. 90° denotes 526 

a dropsonde that is east of the tropical cyclone center). 527 

Fig. 6 Mean wind speed profiles for Hurricane category 1-5 computed from 3,101 dropsonde 528 

profiles. The number of soundings used for each category is given in the legend.  529 

Fig. 7  (a) Mean equivalent potential temperature of the 75-200 km radii region in the 530 

downshear-left (DSL; solid red), downshear-right (DSR; dashed orange), upshear-left (USL; 531 

dotted blue), and upshear-right (USR; dash-dotted blue) quadrants in tropical cyclones embedded 532 

in greater than 6 m s-1 of ambient vertical wind shear.  (b) Number of data points at each vertical 533 

level in each quadrant. 534 
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Fig. 8 Frequency occurrences of various duct types in hurricane environment from all hurricanes 535 

with dropsonde measurements as well as storm track data.  The numbers in parentheses denote 536 

the number of dropsondes with the specific duct type.  The 'elevated lower' category refers to 537 

elevated ducts below 2 km.  The 'elevated high' category refers to a single elevated duct layer 538 

above 2 km. 539 

 540 

  541 
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Table 1. The list of major milestones in AVAPS advancement and scientific impact during 1995-542 

2012. 543 
 544 
Years Milestones Impact 

1995  The world-first GPS dropsonde system (referred as to 

AVAPS) was under development at NCAR. 

 Dropsonde uses Vaisala PTH module RSS903 and GPS 

codeless receiver GPS-111/121 for winds. 

 A single version software supported up to four 

simultaneous dropsonde soundings, the first for 

atmospheric sounding systems, and operations on many 

different aircraft platforms. 

 The GPS dropsonde development 

made it possible to obtain vertical 

profiles of wind and 

thermodynamic parameters 

within nearly all portions of the 

hurricane with unprecedented 

accuracy and resolution. 

 The ~150 sondes from the first G-

IV mission resulted in a 30% 

improvement in 24-36-h 

hurricane track forecasts 

(Aberson and Franklin 1999). 

 The first deployment of GPS 

sondes in the eyewall of 

Hurricane Guillermo on 2-4 

August 1997 illustrated the 

complex variability of boundary 

layer structure in the hurricane 

(Hock and Franklin 1999). 

1996  The AVAPS development was completed. 

 First deployment of system on NOAA G-IV for test 

flights. 

 NCAR Licenses AVAPS technology to Vaisala Inc. 

1997  First supported field campaign for FASTEX (Fronts 

and Atlantic Storm Track Experiment), which used 

over 800 dropsondes released from three different 

aircraft. 

 NOAA began operational hurricane missions with the 

AVAPS on both G-IV and P3. 

2005  GPS receiver is changed to u-blox TIM-LF receiver 

(from GPS-121) to increase wind solution from 2Hz 

to 4Hz and improve its reliability. 

 The usage of u-blox GPS receiver 

increases the wind sampling from 

2Hz to 4Hz to detect more 

detailed structure and make the 

last wind data point closer to the 

ocean surface. 

 AVAPS II significantly reduces 

the percentage of the GPS wind 

loss (two third) and the time to 

obtain the winds in the beginning 

from ~30s to ~1s. 

 The capability of 8 simultaneous 

soundings makes it possible to 

sample the atmosphere in much 

higher horizontal spatial 

resolution.    

2006  GPS receiver is changed to u-blox TIM-4P from TIM-

LF to improve its reliability. 

2008  Major redesign of AVAPS system, and it is renamed 

as “AVAPS II”. 

 Improvement includes u-blox TIM-5P GPS receiver 

for winds, Vaisala RSS904 module for PTH, a more 

robust telemetry system resulted in higher percentage 

of GPS data  per sounding, latest technology for 

electronics and firmware, reduction in mass of 

dropsonde, ability for eight simultaneous soundings. 

 AVAPS II software user interface retained the same 

basic look and feel to the dropsonde operator, thus 

minimizing the trouble and expense of retraining 

experienced flight crews. 

2010  Significant internal enhancement of the software to 

allow remotely controlled operation via satellite 

communications link for use on the unmanned NASA 

Global Hawk aircraft and super pressure balloons 

(driftsonde system). 

 Development of Mini Dropsonde with smaller size 

and lighter weight for NASA Global Hawk and a fully 

automated remote control aircraft system. a slightly 

different version of this sonde is also used for 

Driftsonde 

 The development of mini 

dropsonde, completely automatic 

operations and new platforms 

extend the dropsonde’s vertical 

dimension to the UT/LS regions, 

lengthen its deployment duration 

and increase its spatial coverage, 

and thus expand to new scientific 

areas.  
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 545 
 546 

Fig. 1 Improvement of mean hurricane track forecast in the GFS model as a result of assimilating 547 

synoptic surveillance dropsondes during 1999-2005.  Number of forecasts is also given.  548 
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 549 

Fig. 2 Numbers of soundings (black line) and storms in each year from 1996 to 2012 included in 550 

the final dataset. 551 
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 552 

Fig. 3 Maps of dropsonde locations from NOAA G-IV (black dots) and P3 (red dots) for each 553 

year. Total number of soundings for each year is given in the legend.  554 

 555 
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 556 

Fig. 4 Dropsonde locations from NOAA P3 (magenta balloons) and NOAA G-IV (green 557 

balloons) between 17 UTC and 24 UTC on August 28, 2005 for Hurricane Katrina. The blue line 558 

is the hurricane track. The background color image shows the satellite water vapor image.  559 

 560 

  561 
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 562 

Fig. 5 (a) Number of dropsondes in each 100-km radial bin.  (b) Number of dropsondes in each 563 

30° azimuthal bin.  The azimuthal direction follows meteorological convention (i.e. 90° denotes 564 

a dropsonde that is east of the tropical cyclone center). 565 

 566 
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 567 

Fig. 6 Mean wind speed profiles for Hurricane category 1-5 computed from 3,101 dropsonde 568 

profiles. The number of soundings used for each category is given in the legend.  569 

 570 
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571 

 572 

Fig. 7  (upper panel) Mean equivalent potential temperature of the 75-200 km radii region in the 573 

downshear-left (DSL; solid red), downshear-right (DSR; dashed orange), upshear-left (USL; 574 

dotted blue), and upshear-right (USR; dash-dotted blue) quadrants in tropical cyclones embedded 575 

in greater than 6 m s-1 of ambient vertical wind shear.  (lower panel) Number of data points at 576 

each vertical level in each quadrant. 577 
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 579 

 580 

 581 

 582 

 583 

 584 

Fig. 8 Frequency occurrences of various duct types in hurricane environment from all hurricanes 585 

with dropsonde measurements as well as storm track data.  The numbers in parentheses denote 586 

the number of dropsondes with the specific duct type.  The 'elevated lower' category refers to 587 

elevated ducts below 2 km.  The 'elevated high' category refers to a single elevated duct layer 588 

above 2 km. 589 
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