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ABSTRACT: This study describes the research-to-operations process leading to a recent change in 
tropical cyclone (TC) reconnaissance sampling patterns as well as observing-system experiments 
that evaluated the impact of that change on numerical weather prediction model forecasts of 
TCs. A valuable part of this effort was having close, multipronged connections between the TC 
research and operational TC prediction communities at the National Oceanic and Atmospheric 
Administration (NOAA). Related to this work, NOAA’s Atlantic Oceanographic and Meteorological 
Laboratory (AOML) and National Hurricane Center (NHC) have a long history of close collaboration 
to improve TC reconnaissance. Similar connections between AOML and NOAA’s Environmental 
Modeling Center (EMC) also laid a foundation for the observing-system experiments conducted 
here. More specifically, AOML and NHC collaborated in 2018 to change how NHC uses NOAA’s 
Gulfstream-IV (G-IV) jet during TC synoptic surveillance missions. That change added a second 
circumnavigation at approximately 1.5° from TC centers, when possible. Preliminary experiments 
suggest that the change improved track forecasts, though the intensity results are more mixed. 
Despite the somewhat small sample size over a 3-yr period, the track improvement does agree with 
prior work. This effort has led to additional work to more fully examine G-IV sampling strategies.

SIGNIFICANCE STATEMENT: This study highlights a successful research-to-operations imple-
mentation and evaluation, facilitated by having close, multipronged connections between the 
tropical cyclone (TC) research and operational TC prediction communities at the National Oceanic 
and Atmospheric Administration (NOAA). In particular, in 2018 the National Hurricane Center 
(NHC) added a second circumnavigation at a radius of about 1.5° from TC centers to NOAA’s 
Gulfstream-IV (G-IV) jet reconnaissance pattern. This change was motivated by growing evidence 
from scientists at the Atlantic Oceanographic and Meteorological Laboratory (AOML) that 
focusing G-IV surveillance closer to TCs would improve track forecasts. We present a preliminary 
assessment of the impact of that change and confirm in practice the findings of previous theoreti-
cal and tangentially related studies that led to the change—adding dropsondes near TCs tends 
to improve the track forecasts.
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R esearch-to-operations (R2O) transitions can take on many different forms and have 
been crucial for improving weather forecasts at the National Oceanic and Atmospheric 
Administration (NOAA). Many transitions take place through formal entities, such as 

the Developmental Testbed Center, which was established as an R2O pathway for numerical 
weather prediction (Bernardet et al. 2008). Other transitions take less formal pathways, such 
as through annual NOAA testbed experiments (e.g., Gallo et al. 2017), and depend heavily 
on interpersonal interactions.

R2O transitions have also played a vital role in improving tropical cyclone (TC) forecasts 
at NOAA. Formal mechanisms such as NOAA’s Hurricane Forecast Improvement Program 
(HFIP; Gall et al. 2013), Joint Technology Transfer Initiative (JTTI; Kondragunta et al. 2022), 
and Joint Hurricane Testbed (JHT; Rappaport et al. 2009, 2012) have advanced R2O efforts 
in modeling, observational analysis, postprocessing, and even observing-system strategies. 
Predating all of these mechanisms, internal R2O efforts at NOAA’s Atlantic Oceanographic 
and Meteorological Laboratory (AOML) also contributed to advances, particularly in using 
airborne reconnaissance to improve TC forecasts.

R2O and TC reconnaissance
The Hurricane Research Division (HRD) of AOML led the earliest efforts in using reconnais-
sance data to improve TC forecasts. In particular, HRD organized a series of experiments 
with NOAA’s WP-3D (hereafter P-3) aircraft to optimize a data collection strategy in the 
1980s and early 1990s (Burpee et al. 1996; Franklin and DeMaria 1992). Burpee et al. 
(1996) found that assimilating dropsonde observations collected from those missions 
improved track forecasts by up to 30%. Given the large impact that dropsondes had on TC 
forecasts, NOAA procured a Gulfstream-IV (hereafter G-IV) jet aircraft in 1996 to conduct 
operational synoptic surveillance missions.

Some of the very first JHT projects expanded upon the success of Burpee et al. (1996) by 
improving how the G-IV was used. Aberson (2003) described part of this effort, which estab-
lished that sampling only certain sensitive regions benefited TC track forecasts. One result 
endemic to all related studies was the high value of sampling around a TC (e.g., Aberson and 
Etherton 2006). This research ultimately led NHC to use a G-IV pattern that both sampled the 
environment and encircled TCs with a single ring of dropsondes (e.g., Fig. 1a). Aberson (2010) 
subsequently reviewed the impact of dropsondes during periods of G-IV sampling from 1997 
to 2006. For forecasts initialized with G-IV dropsonde data, dropsondes had improved TC 
track predictions in the National Centers for Environmental Prediction (NCEP) Global Forecast 
System (GFS) by about 10% through 2–3 days.

Since then, formal R2O mechanisms at NOAA have continued to improve both airborne 
data usage and observing-system strategies. Around 2010, HFIP funded a major initiative to 
expand the amount of reconnaissance data assimilated by operational models. This led to the 
first real-time assimilation of airborne Doppler data into NOAA’s Hurricane Weather Research 
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and Forecasting (HWRF) model in 2013 as well as other airborne datasets in later years. 
JTTI subsequently supported work that expanded the use of inner-core dropsondes in HWRF  
(Winterbottom et al. 2018). As a result of these and other efforts, HWRF began assimilating 
all operationally transmitted reconnaissance data, which improved its intensity forecasts by 
10%–15% on average through 2–3 days (Zawislak et al. 2022). Further, JHT has supported on-
going efforts to improve G-IV sampling strategies (Torn 2022), which benefits all NCEP models.

Over the last few years, HRD and NHC have closely collaborated to use observing-system 
changes to improve TC forecasts. Like the work of the 1980s and 1990s, this collaboration has 
occurred organically, outside the context of more formal R2O mechanisms. One example of such 
a change was end-point dropsondes added during United States Air Force (USAF) reserve 53rd 
Weather Reconnaissance Squadron C-130 transects (around 150–200 km from the TC center). 
A second change was releasing midpoint dropsondes at a radius of around 80 km from the TC 
center during P-3 missions. Ditchek et al. (2023a, hereafter D23A) more thoroughly documented 
both of these modifications. Another organic interaction between scientists at HRD and NHC 
led to some recent changes to G-IV sampling strategies. These G-IV changes provide excellent 
examples of successful R2O implementations and evaluations and provide a focus for this paper.

An overview of G-IV usage
NHC generally tasks NOAA’s G-IV aircraft when a potential hurricane threatens the United 
States or its territories. These missions, which are designed by forecasters at NHC and sent 
to the NOAA/Office of Marine and Aviation Operations (OMAO) Aircraft Operations Center 
(AOC) typically a day in advance, have the following requirements specified in the National 
Hurricane Operations Plan (NHOP; NOAA 2022):

5.3.4. Synoptic Surveillance Data Requirements.

When required, NHC will request sounding data on the periphery of systems approaching popu-
lated areas. CPHC may request sounding data on the periphery of those that may impact the 
Hawaiian Islands. For all synoptic-surveillance tasking requirements, NHC will be responsible for 
providing specific tracks including dropsonde locations pertaining to each designated synoptic 
time to CARCAH for coordination with the reconnaissance units.
…

Fig. 1.  Prototype G-IV flight-track pattern and dropsonde locations (a) without an inner circumnavigation and (b) with an inner 
circumnavigation. Note that both patterns include environmental targeting following Aberson (2003). Dropsondes that were 
removed (red) and added (green) given the flight-track change are also indicated.
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5.7.4. Synoptic Surveillance Missions.

A synoptic surveillance mission is tasked to measure the large-scale wind and thermodynamic 
fields within approximately 800 nautical miles of tropical cyclones. Specific flight tracks will 
vary depending on storm location and synoptic situation, and multiple aircraft may be required 
to satisfy surveillance mission requirements.

Figure 1 provides a general example of the change in G-IV sampling strategy described 
in this paper. As described above, each G-IV mission typically has a portion of the flight 
that focuses on near-TC sampling as well as a portion that focuses on the environment. 
Before 2018 (e.g., Fig. 1a), this two-part flight track included dropsonde locations every 
1°–2° designated by 1) a single circumnavigation at a radius of about 3° from the TC 
center and 2) environmental targets as described by Aberson (2003). Meanwhile, Fig. 1b 
demonstrates the changes implemented operationally in 2018. Specifically, NHC modified 
the pattern to include a second circumnavigation at a radius of about 1.5°, which comes 
at the expense of some environmental sampling. Hereafter, this second circumnaviga-
tion will be called the “inner” circumnavigation while the circumnavigation at 3° will 
be called the “outer” circumnavigation. Note that while the details of environmental 
targeting have changed (Torn 2022), this study focuses specifically on the G-IV inner 
circumnavigations.

The remainder of this work describes the R2O process that led to the addition of the G-IV 
inner circumnavigation as well as subsequent evaluations of the impact of the change on  
TC forecasts. Briefly, observation system simulation experiments (hereafter OSSEs; i.e., 
data-denial experiments with simulated data; Zeng et al. 2020) conducted at HRD from 2016 to 
2018 suggested that adding a second G-IV circumnavigation could improve TC track forecasts. 
These results, together with prior relevant research, led NHC to modify G-IV flight strategies 
starting in 2018. We present a preliminary evaluation of the impact of those changes for the 
2018–20 hurricane seasons in an experimental version of the HWRF model.

Support for the G-IV inner circumnavigation
Ryan et al. (2018, 2019, hereafter R18 and R19) introduced the OSSE framework relevant to 
this particular R2O effort. They ran a total of 10 OSSEs to evaluate the sensitivity of results to 
various plausible G-IV flight patterns. For each OSSE, simulated conventional and satellite 
observations from a well-documented hurricane nature run [i.e., a simulation considered to 
be the “ground truth”; here HNR1 from Nolan et al. (2013)] were assimilated into a system 
that was based on the 2013 version of HWRF. For the various plausible G-IV flight patterns, 
additional dropsonde observations were simulated. Note that HNR1 is a singular TC case, 
spanning the life cycle of a typical recurving Atlantic hurricane.

One common result among the OSSEs in R18 and R19 was that multiple concentric rings 
of dropsondes around the TC center resulted in the best forecasts. An example can be seen in  
Fig. 2, which shows track errors presented in Fig. 4c of R19 (i.e., CONTROL, SINGLE1, SINGLE2) 
in addition to results from another experiment described in R18 (i.e., DOUBLE). CONTROL 
did not assimilate any observations related to the G-IV, SINGLE1 and SINGLE2 each had one 
G-IV circumnavigation at different radii, and DOUBLE included two G-IV circumnavigations. 
The Fig. 2 result and others (not shown) suggested that a change in G-IV sampling to add a 
second circumnavigation might improve TC track forecasts.

Previous research available at the time (e.g., Fig. 3) suggested that sampling within or 
close to the vortex also improved TC track forecasts. For example, Harnisch and Weissman 
(2010) found that dropsondes in remote regions (i.e., 700–1,200 km from the TC center) 
had less of an impact on track forecasts than did dropsondes in the vicinity of TCs (Fig. 3a).  
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Fur t her,  obser v ing-system 
experiments (i.e., data-denial 
experiments with real data) 
conducted at NCEP in 2017 also 
suggested a benefit of near-TC 
sampling from high-altitude 
dropsondes (Sippel et al. 2017; 
Wick et al. 2020). In particu-
lar, assimilating Global Hawk 
dropsonde data did not benefit 
GFS track forecasts for 2012–14 
TCs, but it substantially ben-
efited forecasts of 2016 TCs. 
One possible explanation for the 
greater benefit in 2016 was that 
NOAA used the Global Hawk 
in TC-focused survey patterns 
that year (Wick et  al. 2020;  
Fig. 3b, bottom), whereas the 
f lights from 2012 to 2014 fo-
cused generally on large-scale 
surveillance (Braun et al. 2016; 
Fig. 3b, top).

Operational implementation and use
Conversations regarding adding an inner G-IV circumnavigation began during the 72nd 
Interdepartmental Hurricane Conference (IHC) in March 2018. Along with the poten-
tial benefits to TC track forecasts demonstrated in R18, R19, and Fig. 3, conversations 

Fig. 2.  The track-forecast mean absolute error (MAE) for  
CONTROL (green), SINGLE1 (purple), SINGLE2 (yellow), and 
DOUBLE (red). The sample size at 0 h is 12 forecasts. Note that 
this graphic is a modified version of Fig. 4c from the OSSEs 
included in R19 along with DOUBLE from R18.

Fig. 3.  Results from prior research that corroborated the Fig. 2 OSSE results. (a) The relative impact of 
dropsondes in the center, vicinity, and remote regions on TC track forecasts, adapted from Fig. 2 of 
Harnisch and Weissman (2010), and (b) Global Hawk flight patterns (top) during Hurricane and Severe 
Storm Sentinel (HS3) in 2012 and (bottom) during Sensing Hazards with Operational Unmanned Tech-
nology (SHOUT) in 2016, adapted from Fig. 1 of Braun et al. (2016) and Fig. 2b of Wick et al. (2020), 
respectively.
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focused on the benefits of additional sampling of the TC vortex. For example, Sippel 
(2018) showed at the same IHC that assimilating data from C-130 end-point dropsondes 
had improved intensity forecasts in HWRF. There was also interest in collecting airborne 
Doppler radar data from the G-IV during an inner circumnavigation, as radar data are 
not typically available from the 3° circumnavigation due to the lack of precipitation 
(and thus radar scatterers) at such a large radius. Radar data collected during an inner 
circumnavigation could help with NHC’s situational awareness and also be assimilated 
to improve HWRF forecasts.

Discussions between three of the authors (Sippel, Ryan, and Landsea) regarding add-
ing an inner G-IV circumnavigation continued after the IHC. These discussions focused 
on organizing logistics for and obtaining permissions to include the addition. The main 
logistical hurdle was revising the flight-track software so that the inner circumnaviga-
tion could be readily included for each mission. These revisions were provided by an NHC 
contractor (Andrew Penny). Other logistics involved determining safety considerations for 
both the G-IV crew as well as other aircraft flying in the TC environment. Many of these 
considerations are detailed below. The other aspect needed before adding an inner G-IV 
circumnavigation was buy-in from all relevant and interested parties [i.e., NHC, HRD, AOC, 
NOAA’s Environmental Modeling Center (EMC), and the Air Force 53rd Weather Recon-
naissance Squadron]. To that end, the same three authors provided briefings to officials 
at each office with background information on and evidence for including an inner G-IV 
circumnavigation.

Fig. 4.  A summary of previous double-circumnavigation flights including the first (a) planned and  
(b) executed G-IV inner-circumnavigation (G4IC) mission into Hurricane Florence as well as (c) a list of all  
TCs with G-IV missions to date since the flight in (a). Numbered circles in (a) indicate planned dropsonde 
locations, and the black circle indicates the projected center position of Hurricane Florence. Note that 
all planned dropsondes were released during this mission.
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Approval for systematically flying the G-IV double circumnavigation was obtained in the 
2018 hurricane season. There are several items to note with this change, which fortunately 
did not require any modification to the NHOP:

•	 Adding the inner circumnavigation of eight additional dropsondes necessitated that 
some dropsondes in the periphery be removed. (Typically G-IV missions are all flown 
near maximum endurance, so an increase in sampling in one part of the mission requires 
a decrease elsewhere.)

•	 As the number of additional dropsondes in the added circumnavigation is nearly exactly 
matched by the number of dropsondes removed elsewhere in the flight track, there has 
been no additional cost for dropsondes, fuel, or personnel time.

•	 The 1.5° inner circumnavigation is closer to the TC center than the outer circumnaviga-
tion, but it is also generally outside of the eyewall and not over the TC center.

•	 The inner circumnavigation has been flown clockwise to avoid flying into deep convec-
tion associated with a rainband (a clockwise pattern could potentially lead the G-IV into 
the moat between a rainband and the eyewall).

•	 Flying closer to the TC center requires a higher altitude to avoid hazards (e.g., deep con-
vection). Considering that the G-IV reaches its maximum cruising altitude toward the end 
of a flight, the inner circumnavigation has been flown as late in the mission as possible 
in order to maximize altitude.

•	 The addition of the 1.5° inner circumnavigation has led to more frequent revisions to the 
originally provided flight track due in part to errors in the forecasted TC center location.

•	 As with other G-IV missions, small modifications of the flight track can occur for safety 
(e.g., to avoid going through a towering cumulus).

•	 The G-IV flight crew has to coordinate more closely with low-level (P-3 and C-130) air-
craft crews when dropping dropsondes in the 1.5° inner circumnavigation, as it is often 
spatially collocated with where those low-level aircraft typically fly.

The G-IV double circumnavigation was first used midway through the 2018 hurricane 
season with a flight into Hurricane Florence (Figs. 4a,b), and the approach has been routinely 
used since then. Among the 81 tasked G-IV missions to date (i.e., November 2023) since the 
initial Florence double-circumnavigation flight, 52 (64%) had inner circumnavigations. Ones 
that did not typically were due to flight duration limitations as well as the TCs being too close 
to land. Figure 4c summarizes the various tasked G-IV missions since late 2018 and indicates 
which TCs had the double circumnavigation flown.

Figure 5 provides an example of how meteorological data transmitted from a recent 
G-IV double circumnavigation complements the suite of existing reconnaissance data. The 
flight, which targeted Hurricane Ian (2022; while it was still a tropical storm), occurred si-
multaneously with missions from a P-3 and a C-130. The P-3 and C-130 repeatedly sampled 
low levels near the TC center, while the high-altitude G-IV sampled both the outer vortex 
and TC environment (for clarity, the G-IV track is shaded). Figure 5a shows the G-IV mission 
as planned, while Figs. 5b and 5c show the reconnaissance 
data1 assimilated into the relevant cycles of the operational 
HWRF model. Data from the outer circumnavigation were 
assimilated in the first cycle (0600 UTC; Fig. 5b), while data 
from part of the outer circumnavigation and the entire in-
ner circumnavigation were assimilated in the second cycle 
(1200 UTC; Fig. 5c). Note that the inner-circumnavigation 
dropsondes symmetrically sampled the vortex during the 

1	This includes high-density observations (HDOBs) 
from flight level (i.e., temperature, specific 
humidity, and wind) and from the stepped fre-
quency microwave radiometer (SFMR), radial 
velocity from the tail Doppler radar (TDR), and 
pressure, temperature, relative humidity, and 
horizontal winds from global positioning system 
(GPS) dropsondes.
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1200 UTC cycle with full-tropospheric profiles of wind, temperature, and humidity that 
otherwise would not have been available.

A preliminary evaluation of NWP impact
Before discussing this evaluation, we also wish to highlight the value of close collaboration 
between HRD and EMC, as it directly laid the groundwork for the assessment undertaken 
below. Much of the past interaction between HRD and EMC was funded by HFIP and focused 
on evaluation and development of the HWRF model. Some of those improvements related to 
DA are described above, and Alaka et al. (2023, manuscript submitted to Bull. Amer. Meteor. 
Soc.) provides a full discussion of the R2O efforts that improved HWRF. In addition to model 
improvements, HRD and EMC have occasionally worked closely together to evaluate observing 
systems relevant to TC prediction. Such efforts include some of the G-IV studies cited earlier 
as well as a more recent evaluation of the impact of Global Hawk dropsondes released during 
the Sensing Hazards with Operational Unmanned Technology (SHOUT) experiment (Wick 
et al. 2020) discussed above.

Specifically related to this work, HRD and EMC worked together to ensure an appropriate 
response to the Bipartisan Budget Act of 2018, which included supplemental appropriations 
for TC prediction (hereafter the FY18 Hurricane Supplemental). Given the considerable number 
of observing-system changes with dropsondes that were taking place at that time, HRD and 
EMC both agreed that a large systematic evaluation of their use was warranted. As a result, 
the FY18 Hurricane Supplemental funded both the procurement of additional dropsondes and 
the subsequent evaluation of how best to use them. To that end, D23A as well as Ditchek and 
Sippel (2023) performed general assessments of dropsonde usage, while the current study 
focuses specifically on the aforementioned G-IV changes.

What follows is a preliminary assessment of the impact of data from the G-IV inner cir-
cumnavigation on TC forecasts. This component of the FY18 Hurricane Supplemental effort 
used a “basin-scale” version of the 2020 operational HWRF (Zhang et al. 2016; Alaka et al. 
2017, 2019, 2020, 2022) to compare an experiment that allowed all dropsonde data (hereafter 
ALL) to another that denied inner-circumnavigation dropsonde data (hereafter NOG4IC). 

Fig. 5.  A representative example of (a) a G-IV mission with an inner circumnavigation and (b),(c) the corresponding assimilated 
reconnaissance observations in HWRF. The shaded portion of the planned flight track in (a) corresponds with the actual G-IV 
flight track shaded in (b) and (c). Note that (b) and (c) include reconnaissance from aircraft other than the G-IV. The number of 
assimilated reconnaissance observations overall is given in the top right of (b) and (c), and the number of select individual recon-
naissance observation type is given in the legend.
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Note that the ALL experiment here is identical to ALL in D23A. Experiments covered those 
TCs from 2018 to 2020 that had inner circumnavigations during the active North Atlantic 
basin (NATL; including the North Atlantic Ocean, the Gulf of Mexico, and the Caribbean 
Sea) periods defined in D23A. Experiments encompassed four forecast periods as outlined 
in Table 1. Each period began with the first inner circumnavigation in the TC of interest 
and ended eight cycles (i.e., 2 days) after the last inner circumnavigation. Note that the 
only difference between ALL and NOG4IC comes from the G-IV inner-circumnavigation 
dropsonde data assimilated.

Figure 6 explores changes in the spatial distribution of dropsonde data between the two 
experiments. Dropsonde temperature observations2 assimilated in each TC’s D02 are shown 
in two different frameworks. Overall, removing dropsondes 
from the G-IV inner circumnavigations reduced the number of 
individually assimilated dropsonde temperature observations 
by 11%. That reduction can be seen in Fig. 6 between 100 and 
250 km, straddling the 165-km radius (i.e., around 1.5° from the TC center). For a detailed 
description of the distributions in Figs. 6a and 6b as they relate to reconnaissance sampling 
in general, please see section 2d in D23A.

Verification. As in D23A, the performance of each experiment was evaluated by verifying 
forecasts against the NHC “best track” (Landsea and Franklin 2013) available from NHC. 
Standard NHC forecast verification procedures (Cangialosi 2022) were applied to raw output 
from the vortex tracker (Marchok 2002, 2021), known as the “late model” in operational 
parlance. Note that we present verification of only track and two measures of TC intensity 
[maximum sustained 10-m wind speed (VMAX) and minimum sea level pressure (PMIN)], 
since eliminating inner-circumnavigation dropsonde observations did not meaningfully al-
ter any of the operationally predicted significant wind radii on average (not shown). Further, 
the consistency metric introduced in Ditchek et al. (2023b, hereafter D23B) is used to iden-
tify lead times of consistent improvement or degradation in mean absolute error (MAE) skill, 
median absolute error (MDAE) skill, and frequency of superior performance (FSP; Velden 
and Goldenberg 1987; Goldenberg et al. 2015). Finally, results presented here are for homo-
geneous samples.

For each variable, this study stratifies forecast errors in two ways. First, we evaluate the net 
impact of the G-IV inner circumnavigation from the five TCs where at least one inner circum-
navigation was flown (i.e., Florence, Michael, Dorian, Laura, and Marco). Again, this sample 
contains forecast errors from the time of the first inner circumnavigation until two days after 
the last one. Then, we isolate the immediate impact of the inner circumnavigation by examin-
ing forecast errors for just those forecasts initialized with dropsonde data from that pattern.

Table 1.  Years run, forecast periods (FP), start and end dates (in YYYYMMDDHH format), number of cycles, 
TCs with G-IV inner circumnavigations (G4ICs), and number of forecasts (FCSTS) with G4ICs. A summary row 
is included at the bottom of the table. Note that two of the 106 forecasts were unverifiable (the last cycle in 
Michael as it was designated as “extratropical” and the last cycle in Marco as it was designated as a “low”).

Year FP Start date End date Cycles TCs with G4ICs FCSTS with G4ICs

2018 1 2018091000 2018091600 25 06L (Florence) 5

2 2018100900 2018101200 13 14L (Michael) 3

2019 3 2019082700 2019090512 39 05L (Dorian) 6

2020 4 2020082306 2020082800 20 13L (Laura) 2

2020082306 2020082506 9 14L (Marco) 1

Summary

3 years 4 FPs 106 cycles 5 TCs with a G4IC 17 FCSTS with a G4IC

2	Only temperature is shown for simplicity, though 
temperature, humidity, and winds were all 
assimilated.
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Composite results.  Perhaps the most important result from Fig. 7 is that the G-IV inner- 
circumnavigation dropsonde data consistently improved track forecasts. More specifically, 
Fig. 7a shows that track forecasts in TCs with inner circumnavigations improved with at least 
marginal consistency for all but three lead times between 24 and 96 h. This improvement 
averaged almost 4%, reached up to 6%, and ranged between 2 and 9 km. When consider-
ing only those forecasts that had dropsonde data from inner circumnavigations (Fig. 7d), 
the window of track-forecast improvement shifted to slightly longer lead times compared to 
those found in Fig. 7a. More specifically, the track forecast improvement occurred at all but 
two lead times between 48 and 108 h. This improvement averaged almost 3%, reached up 
to 6%, and ranged between 3 and 12 km (Fig. 7d). The similar improvement in both samples 
suggests that the inner-circumnavigation dropsonde data immediately improved analyses 
when it was assimilated (i.e., Fig. 7d) and improved the first guess for DA during subse-
quent cycles.

On the other hand, the impact of inner-circumnavigation dropsondes on intensity forecasts 
was more nuanced. First, Figs. 7b and 7c shows that on average, intensity forecasts did not 
improve in TCs with inner-circumnavigation dropsondes. Turning to only the cycles that as-
similated inner-circumnavigation dropsonde data, results were a bit different. In particular, 
the added data improved MAE skill for both VMAX (Fig. 7e) and PMIN (Fig. 7f) by up to 20%. 
Despite the elevated MAE skill in ALL, little consistency occurred due to similar MDAE and 
FSP between the experiments (not shown). This suggests that the improvement in ALL rela-
tive to NOG4IC in Figs. 7e and 7f resulted from a few particularly bad intensity forecasts in 
NOG4IC. Further analysis revealed a few forecasts from Hurricane Dorian (2019) drove the 
improvement found (not shown).

Discussion
This study both describes the R2O process that led to some recent changes in how NOAA uses 
the G-IV jet for TC surveillance missions and then presents a preliminary evaluation of the 

Fig. 6.  The number of individually assimilated dropsonde temperature observations in each TC’s D02 
from 0 to 250 km in (a) TC-relative plan view and (b) in TC-relative radial view for both ALL (green) and 
NOG4IC (red). Note that NOG4IC is plotted on top of ALL. Thus, any green markers seen indicate those 
dropsonde observations that were part of the G-IV inner circumnavigation (G4IC) that were present in 
ALL but denied in NOG4IC. Note that ALL had 37,899 individually assimilated dropsonde temperature 
observations while NOG4IC had 3,985 fewer. This difference is due to the individually assimilated G-IV 
inner circumnavigation dropsonde temperature observations that were removed in NOG4IC.
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impact of that change. Past R2O efforts for improving TC prediction have come through both 
formally funded projects as well as through organic interactions between NHC forecasters and 
other scientists, particularly at NOAA’s AOML. This particular effort fits into the later category 
and began with a series of exchanges at the 2018 Interdepartmental Hurricane Conference 
(IHC), which themselves stemmed from ongoing research at AOML. More specifically, emerging 
evidence at the time suggested that focusing G-IV surveillance closer to TCs would improve 
track forecasts. In response, NHC changed their G-IV tasking plans to include two complete 
circumnavigations around a TC, when possible.

Subsequent observing-system experiments provided a preliminary assessment of the impact 
of inner circumnavigation dropsonde data with an experimental version of NOAA’s HWRF 
model. While preliminary, findings represent the first published assessment of the impact of 
inner-circumnavigation dropsondes. Results from a series of relevant TCs from the 2018–20 

Fig. 7.  The MAE and MAE skill for NATL TCs for the ALL (green) and NOG4IC (red) experiments for (a)–(c) those TCs that had at least 
one G-IV inner circumnavigation (G4IC) and (d)–(f) for just those individual forecasts initialized with G-IV inner-circumnavigation 
dropsonde data (G4ICs) for (a),(d) track (TRK), (b),(e) VMAX, (c),(f) PMIN. Shaded boxes between the MAE and MAE skill 
panels indicate forecast lead times where results were fully consistent, marginally consistent, or not consistent, based on the 
consistency-metric criteria found in D23B. The sample size is given below the x axis in each panel.
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hurricane seasons suggest that the additional data have improved track forecasts, though the 
impact on intensity forecasts was less consistent. Yet, intensity errors in a few particularly 
bad forecasts were substantially reduced during periods of inner-circumnavigation sampling.

The present study most closely relates to D23A, as both projects were part of the same FY18 
Hurricane Supplemental effort described earlier. D23A evaluated the impacts of all dropsondes 
over a very large sample of 2017–20 TCs and found improvements in forecasts of TC track, 
intensity, and outer wind radii. Notably, the impact on intensity in D23A was inconsistent, 
whereas the impact on track and outer wind radii was more consistent. Thus, the finding here 
that inner-circumnavigation dropsondes predominantly improved track forecasts aligns with 
D23A, but the lack of impact on outer radii does not. A possible reason for the differences be-
tween results here and D23A is the limited sample size available for this work since the inner 
G-IV circumnavigation occurs relatively infrequently compared to the entirety of dropsonde 
sampling. Note that other studies (e.g., Zawislak et al. 2022; Sippel 2018) have found that 
adding reconnaissance data typically benefits intensity forecasts, but those results are hard 
to compare due to differences present (e.g., model version, data types, and samples).

Broadly speaking, the infrequency of G-IV inner circumnavigations and the concomitant 
small sample size achieved here is the main limitation of this study. One of the key findings 
of D23A was that a large sample was needed due to strong variability in impacts between TCs 
and even over entire seasons. Achieving such a large sample with the G-IV inner circumnavi-
gation pattern will take many years at the current rate the pattern is used. Thus, this study 
can only provide a preliminary assessment of the change.

Additional research funded by NOAA’s Hurricane and Ocean Testbed (HOT; formerly JHT) 
is more fully investigating the impact of G-IV sampling strategies on TC forecasts during 
the 2020–23 seasons (Ditchek 2023). The current study has only assessed the impact of 
dropsondes from the G-IV inner circumnavigation on TC forecasts, but as seen in Fig. 5, other 
reconnaissance data (e.g., HDOBs and TDR) are collected during inner G-IV circumnavigations.  
Thus, efforts are currently underway to quantify the impact of all reconnaissance data from 
the inner circumnavigation on TC forecasts. That impact will then be directly compared to 
the impact of environmental targeting (i.e., Torn 2022) and the impact of the G-IV overall. 
In doing so, guidance will be provided on potential optimizations for the current G-IV 
flight-track strategy.

A valuable part of this effort was having close, multipronged connections between TC 
research and operational TC prediction. As described earlier, NOAA’s HRD and NHC have 
a long history of close collaboration. A major contributor to this success has been that a 
number of current and past employees at NHC, including the fourth author, began their 
careers at HRD. Further contributing to this success is that the first author jointly leads 
the NHC-based HOT along with the Science and Operations Officer at NHC. Thus, while the  
conversations regarding the suggested pattern change started during the 2018 IHC, the 
close personal connections between HRD and NHC kept the conversation going. Similar 
connections between HRD and EMC also laid a foundation for this effort. For example, the 
first author participated in the SHOUT experiment first as an employee of EMC and then 
HRD. As described above, the evaluation of the impact of SHOUT dropsondes motivated 
conversation regarding how operational reconnaissance sampling might be changed.  
Finally, these same connections helped ensure that the FY18 Hurricane Supplemental funded 
both the procurement of additional dropsondes and the subsequent evaluation (i.e., D23A; 
Ditchek and Sippel 2023) of how best to use them. Thus, this study is a culmination of two 
parallel research and operational engagements, one between NHC and HRD to change the 
G-IV flight track and another one between HRD and EMC to fund the subsequent evaluation 
as part of the FY18 Hurricane Supplemental.
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In summary, the exploratory work that led to organic interactions at the IHC in March 2018 
represented only the initial stages of a renewed effort to optimize high-altitude sampling of 
TCs. The operational change that this paper focuses on was part of a less formal process, 
whereas the subsequent evaluation presented above as well as the in-progress HOT project are 
important formal iterations within the overall effort. This pattern of optimizing and improving 
observing systems to improve TC forecasts will likely be important for the foreseeable future 
as NOAA expands investments into TC reconnaissance. In particular, NOAA will replace the 
now-aging G-IV jet with two Gulfstream G550s in the near future. This advancement poses new 
opportunities to explore innovative observing strategies as models and DA systems evolve.
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