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Abstract: In the last four years there has been significant changes in the tropical cyclone
community’s ability to analyze and diagnose tropical cyclones, which are impacting
research understanding and forecast operations. To highlight some of the recent
progress, three sub topics are briefly discussed in this report. These subtopics include
new and existing methods to estimate TC surface wind structure, next generation
geostationary satellites for TC monitoring, and new developments and science using
aircraft-based reconnaissance.

5.0 Introduction
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This special topic highlights a few developments in the areas of tropical cyclone analysis
and remote sensing that have occurred in the last four years.

New capabilities are being tested and demonstrated to increase our ability to estimate
surface wind speeds/vectors. Some of these data also have become available to
operational forecasters. New techniques include passive L-band (0.5 to 1.5 GHz) based
techniques, C-Band (4 to 8 GHz) Synthetic Aperture Radar (SAR), Geographical
Positioning System (GPS) reflectometry, and those developed using infrared (IR)
imagery. These new techniques nicely complement operational scatterometery and
microwave sounder-based methods that continue to improve. Some progress has also
been made combining the various estimates to provide improved initial assessments of
TC surface wind fields (e.g., TC Vitals). Members have also worked together to make
some of these data available with lower latency. The European Space Agency (ESA) and
National Aeronautics and Space Administration (NASA), and several research groups
have not only developed wind estimate algorithms, but have begun sharing wind speed
estimates with operational centres.

In the last four years, two “next generation” geostationary satellite systems have
become available (Himawari-8/9 and GOES-16/17), and several similar systems are
planned in the next four years. These new satellites provide higher frequency (spectral,
spatial, and temporal) observations and present both new opportunities and challenges
to forecasters. There are also new capabilities that come with these data, but there are
also capabilities that remain unaddressed.

At every IWTC there has been a recommendation of some sort to develop new aircraft
reconnaissance-based observational capabilities. Such observations have begun to occur
in the western North Pacific region with both low and upper-level aircraft. Observations
are being collected and used for operational decisions and in numerical weather
prediction models. It is also important to state that three IWTC-8 recommendations are
either directly or indirectly addressed in this topic.

5.1 New and Existing Methods to Estimate TC Surface
Wind Structure

This subtopic discusses improvements in the ability to estimate surface winds in the
hostile environment of TCs. Because most TCs occur over the ocean and are rarely well
observed by conventional observations, the methods discussed are based on satellite
data. This subtopic covers both methods based on newly available data and those that
are based older data and methods where capabilities have improved.
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5.1.1 Methods based on newly available data

In the last four years, several methods based on new (to the TC community) data and
new methods have become available. These include (1) the L-band passive microwave
data from Soil Moisture Active Passive (SMAP) and Soil Moisture Ocean Salinity (SMOS)
missions, which were initially designed for soil moisture research, (2) the SAR data,
which in the past was difficult to collect, and (3) GPS reflectometry. The time latency of
SMOS, SMAP and SAR data are also small enough that wind speeds and vectors should
be available to operational centres for evaluation in the next several years.

Passive L-Band data is only minimally affected by rain or frozen precipitation (Wentz,
2005; Reul et al., 2012). L-Band microwave emission from the wind roughened ocean
surface is caused by sea-foam (whitecaps) keeps increasing approximately linearly with
wind speed (Nordberg et al., 1971; Monahan and O’Muircheartaigh, 1980; Reul and
Chapron, 2003; Anguelova and Webster, 2006). This same signal is the basis for visible
estimation of surface wind speeds (Neumann, 1952). This signal also remains sensitive
to increasing wind even in wind speeds up to 70 ms™, and the methods used to estimate
high wind speeds using SMOS and SMAP data are similar (Reul et al., 2016; Fore et al.,
2016; Meissner et al., 2017 and references therein). For wind speeds below 15 ms™, the
performance of L-band radiometers to measure scalar wind speeds is not as good as that
of higher frequency radiometers or scatterometers due to larger radiometer noise and
lower sensitivity to weaker winds. However, at high wind speeds, particularly above 25
ms™!, L-band radiometers have a distinct advantage over most of these other instruments
because they are nearly insensitive to heavy precipitation, show no sign of saturation or
sensitivity loss, even in extreme winds. The two downsides to these estimates is their
roughly 40 km horizontal resolution and the width of their data swaths, which are
relatively narrow. Nonetheless, these sensors are able to provide some of the structural
aspects of the highest winds in TCs without aircraft reconnaissance; nicely
complementing other techniques that often struggle to estimate the highest wind speeds.

The C-Band SAR systems are the only active microwave sensors able to observe ocean
surface night and day and through clouds at high resolution (50 m) with a wide, for this
horizontal resolution, coverage (400 km swath). This unique combination can be used to
characterize the inner core storm structures, such as, the eye-wall and radius of
maximum wind speed, and the rain band locations. Its high resolution also allows
measurements in coastal areas without any land contamination. SAR wind measurement
principle is thus very similar to scatterometers - it relies on the sensitivity of the
backscattered intensity from the ocean sea surface to the ocean surface wind speed and
direction. Consequently, most SAR sensors suffered from a decrease in sensitivity for
winds higher than 35 ms™. More recent SAR sensors (Radarsat-2, Sentenal-1), however,
have the capability to measure the signal both in co-polarization and cross-polarization
(antenna emits in V polarization and receives in H; or vice versa). This improvement
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provides higher sensitivity to the ocean surface wind speed for extreme winds enables to
improve the wind speed accuracy in TCs (Zhang et al., 2012; Horstmann et al., 2015;
Hwang et al., 2015). Currently, the impact of rain on measurements of extreme wind is
still uncertain and a research topic, but this does not negate the main advantage of these
new SAR missions - to infer local information about the TC structure. Finally, thanks to
the space component of Copernicus (the European Union's Earth Observation
Programme), two SARs (Sentinel-1A and Sentinel-1B) are operational and Sentinel-1C
and -1D are planned; ensuring continuity of this data until the end of 2030. As with
SMAP and SMOS, the SAR data latencies are being reduced and there are hopes of
automating wind speed estimates for TC applications.

Examples of SMAP and Sentinel-1 SAR are shown in Figure 1, where ocean surface wind
speed retrievals are compared in Lionrock (2016/08/27). The SAR retrievals follow the
algorithm from Mouche et al. (2017) that combines both co- and cross- polarizations to
measure ocean surface wind vector at 3-km resolution over TCs and the SMAP algorithm
is documented in Meissner et al. (2017).
3 km WV (CMODSn) + VH (H14E) S1-A Swath
2016/08/27 from 20:49:54 to 20:54:54
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SMAP Swath
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Fig. 1. Wind speed (m s!) as obtained (a) with SAR using the two polarization channels
at 3-km resolution, (b) at 40-km resolution with the SMAP radiometer wind speed from
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the RSS algorithm (Meissner et al., 2017). From Mouche et al. (2017).

Global Navigation Satellite System-Reflectometry (GNSS-R) is a remote sensing
technique that uses navigation signals—specifically, those that reflect from a surface—
opportunistically for science applications (Zavorotny et al., 2014). The Cyclone Global
Navigation Satellite System (CYGNSS) is the first science-driven GNSS-R satellite
mission. It employs a constellation of eight microsatellites, each with a 4-channel GNSS-
R radar receiver capable of measuring GPS Level 1 signals scattered from the surface
(Ruf et al., 2016a,b, 2018). CYGNSS provides frequent observations of near-surface
ocean wind speed in all precipitating conditions without signal saturation, even in very
high wind speeds. The CYGNSS observations of wind speed, appear as single lines that
track across the ocean surface corresponding to the GPS reflections between two orbiting
satellites (i.e., one CYGNSS and one GPS) during a relatively short period of time.

Using these data, Morris and Ruf (2017a,b) developed methods that objectively estimate
TC intensity, wind radii, radius of maximum wind speed, and integrated kinetic energy
from simulated CYGNSS Level-2 wind speed estimates. Morris and Ruf’s parametric
model algorithm, based on Emanuel and Rotunno (2011), smartly interpolates across
tracks of CYGNSS observations through a storm, leading to objective estimates of TC
metrics. Figure 2 shows a preliminary example of a CYGNSS storm overpass, with the
resulting parametric model retrieval. The methods developed in Morris and Ruf (2017b)
are currently being applied to on-orbit data. CYGNSS datasets are available about one
week following the observations. We expect more GPS-R satellite capabilities will be
developed in the next four years, possibly impacting operational interests.
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Fig. 2. A CYGNSS overpass of Hurricane Florence on 11 September 2018. Left: In color,
CYGNSS YSLF (Young Seas Limited Fetch) wind speed (knots). A dashed-cross line
denotes the best track center location, with the red dots denoting the interpolated center
position at the CYGNSS coverage time for this plot. Middle: CYGNSS YSLF wind speed,
again in knots, but projected in storm centric coordinates, with the closest-in-time best
track wind radii estimates visualized for comparison. Right: An example of a CYGNSS
parametric model retrieval in the SE quadrant.
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5.1.2 Methods based on previously existing data

In this section we review current methods available to estimate surface wind structure.
These include, scatterometry, microwave sounder, and IR applications. We ask readers
to examine the sub-topic report for a more comprehensive discussion of these methods.

Scatterometry has become a standard for estimating gales. Currently there are three

operational scatterometers, SCATSat (India), ASCAT-A (EUMETSAT), and ASCAT-B. The
former is a Ku-band (13.515 GHz) and ASCATs are C-band (5.255 GHz). These data are
available in real-time from Royal Netherlands Meteorological Institute (KNMI) and others.

Microwave sounders have been updated in the last four years and legacy algorithms, now
the Hurricane Intensity and Structure Algorithm (HISA) based on microwave sounder
derived temperature and moisture profiles has been created to estimate TC intensity
(max winds and minimum sea level pressure) as well as the radial extent of 34-, 50- and
64-knot winds or “wind radii” (Chirokova et al., 2017; Demuth et al., 2004, 2006;
Bessho et al., 2006). Microwave Integrate Retrieval System (MIRS) - based 3-D profiles
of temperature, moisture and cloud liquid water called the Microwave Integrated
Retrieval System (MIRS) (Boukabara et al., 2013).

In the last four years, a couple of methods to estimate gales via information provided by
IR imagery have been developed. These include the method documented in Dolling et al.
(2016), that makes use of the deviation angle variance (DAV) technique (DAV-T; Pifieros
et al., 2008) combined with sea surface temperature, TC age, and current intensity, to
estimate wind radii. Similarly, Knaff et al. (2016) uses IR based estimates of TC size
(Knaff et al., 2014), TC motion and current intensity to estimate wind radii. This latter is
method is used at Joint Typhoon Warning Center (JTWC), where operational Dvorak
intensity/center fixes provide inputs, and in the latest version of the Advanced Dvorak
Technique (Velden and Olander, 2018).

Finally, to help forecasters put all this TC structure information together, JWTCuses a
recently developed objective wind radii best tracking (OBTK) procedures. OBTK combines
several estimates of current surface wind structure including forecaster-estimated,
satellite-based-automated-objective estimates, and six-hour model-forecasts. OBTK
estimates of gales have mean absolute errors of roughly 15% when compared to ASCAT
wind radii (Sampson et al. 2017, 2018). OBTK calculations are performed on the
Automated Tropical Cyclone Forecasting (ATCF; Sampson and Schrader, 2000). ATCF is
also used at NHC and The Central Pacific Hurricane Center. More information can be
found the sub-topic 7.2 report (Meissner et al., 2018).
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5.2 New generation geostationary satellites for TC
monitoring

In the last four years, several next generation satellites were launched by member states
and have become operational. These include the Japanese Himawari-8, and Himawari-9
(spare), the United States of America’s GOES-16 (GOES-EAST) and GOES-17 (GOES-
WEST replacement). There are also several next generation geostationary satellites that
will become operational in the next four years including China’s FY-2, Korea’s
GeoKOMPSAT-2A, and EUMETSAT's MTG, which have similarly improved imager features.
These functions and specifications are notably improved from those of the imagers on the
previous satellites. Some of the satellites also have or will have optical lightning mappers
and hyperspectral infrared sounders. These four years have also allowed researchers and
forecasters to use and exploit these new capabilities. Below we briefly discuss how these
data have been used to aid decision making, advance applications, and improve TC
analysis and forecast guidance. More details can be found in the subtopic 7.2 report
(Bessho et al., 2018).

5.2.1 Improved decision making

With the new capabilities of these next generation geostationary satellites, namely
improved temporal sampling, spectral resolution (i.e., number of channels), spatial
resolution, and navigation, these satellites lend themselves to improved decision making.

Center fixing is improved primarily by the higher temporal and spatial resolutions, but
also aided by the different visible and near-IR channels. Center determination is further
aided by special rapid scan operations and improved navigation. Reducing errors in
location lead to improved assessment of geneses/formation potential, intensity and
structure, and Numerical Weather Prediction (NWP) initialization. Continuous TC genesis
assessment is also aided as important features like subtle changes in outflow boundaries,
are more easily tracked. Therefore, while the methods have not changed dramatically,
the available information has improved in quantity and quality, in some cases
dramatically.

Routine subjective Dvorak analyses are either being replaced or supplemented by
objective techniques (Olander and Velden, 2018; Kishimoto et al., 2013). The increased
resolutions have, in some cases, increased the intensity estimates, as the eye is viewed
as being warmer. JMA is now using spatial average of eye temperature instead of the
warmest eye pixel to adjust for the higher eye temperatures. However, the increased
temporal resolution is greatly beneficial, generally resulting in better scene identification,
improved center location, and more frequent observations, especially in the Southern
Hemisphere. The more frequent observations also lend themselves to temporal
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averaging, which acts to reduce noise and increase accuracy.

Multiple visible, near-IR, and water vapor channels have also improved analyses. The
co-viewing of visible and near-IR channels helps discriminate the phase and thickness of
cloud features, allowing improved interpretation and, in particular, better discrimination
of low-level clouds, as shown in Fig. 3. Similarly, the multiple water vapor channels
provide a poor man’s water vapor sounder, allowing for the local tracking of dryer air
masses, when animated, and vital information about how water vapor is
distributed/stratified vertically.

Fig. 3. Comparison of VIS (left) and NIR (right) imagery of Typhoon Yutu (2018) as
viewed by Himawari-8. Notice how the eyewall region appears much darker in the NIR
(A) and that the low-level (non-frozen) clouds appear much brighter in the NIR image at
the low to high cloud transition point (B).

5.2.2 Advanced Applications

The newer generation of geostationary satellites, Meteosat Second Generation, GOES-
16/17, and Himawari 8/9 has led to wider use of Red Green Blue (RGB) image
combinations to display satellite imagery. RGB combinations have been created to aid
the tracking of temperature and water vapor in the atmosphere, cloud top microphysics
and water phase, provide cloud top pressures/heights and better detect surface features.
Advanced workstations can overlay model output/analyses and conventional data on top
of this imagery to further increase information content. These RGB combinations are in
use at most RSMCs, though there does not seem to be a consensus set of products or
usage. While strictly not an RGB, the Saharan Air Layer product, with GOES-16 and 12-
Mm imagery, can now be produced again.
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Navigation, spatiotemporal, and spectral resolution have all increased with the next
generation geostationary satellites. Each of these plays a role in improving Atmospheric
Motion Vectors (AMVs). The availability of multiple water vapor channels helps with
tracking of mid-level cloud motions, the higher precision near infrared and infrared
channels are being used to track low-level features at night and provide better height
assignments. The high-resolution visible imagery is also being used to track fine-scale
features during daylight hours. These higher quality AMVs are being used in research
and operations. Operationally, JMA is using near-surface AMVs to provide surface wind
estimates and help with tracking and estimates of gales (Fig. 4), while NHC is just
starting to utilize these new capabilities. Research has also been investigating the
relationships between cyclonic outflowing winds and TC intensity, showing that the latter
is highly correlated to the maximum tangential wind of upper tropospheric AMVs (Oyama
et al., 2018). The higher quality AMVs are also making their way into models via data
assimilation (section 7.2.3). New methods, like optical flow algorithms are also being
tested for AMV estimation.

Himawa—8 VS 2017-08-01 00:00UTC -] Himawa—8 VS 2017-08-01 00:00UTC

» »

Fig. 4. The surface AMVs (colored arrows) retrieved from Himawari-8 imagery of Full-
Disk (left) and target area (right) at 00:00 UTC 1 August 2017 for Typhoon Noru.
Background is a Band 3 (0.64 pym) Visible image. The color of arrows indicates the wind
speed (kt).

GOES-16 and GOES-17 also have incorporated a new instrument: The Geostationary
Lightning Mapper (GLM). The GLM allows forecasters to continuously monitor total
lightning (cloud-to-ground + intracloud) in TCs beyond the range of current ground-
based lightning detection networks with a high detection efficiency (Goodman et al.,
2013). Prior research using ground-based networks (mostly cloud-to-ground) showed
that lightning can help improve intensity forecasts (DeMaria et al., 2012). Stevenson et
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al. (2018) also showed intense lightning activity is often associated with deep active
convection, which favors TC intensification when located within the radius of maximum
wind. The GLMs are relatively new and NHC forecasters have only recently gained access
to GLM data from GOES-16 on their operational workstations. Given the prior work with
ground-based lightning, the GLM is expected to help TC forecasters, and be used by the
research community.

5.2.3 Data Assimilation Efforts

With the tremendous investment in geostationary satellites, much effort has been spent
trying to assimilate AMVs and radiances in hurricane models. Results from such studies
are optimistically showing generally that AMVs and radiance data assimilation helps the
initial state estimate and can lead to improved forecasts. Given the lack of other data
where TCs form, such activities have enormous potential returns, but data assimilation in
the hurricane scene remains a difficult task as TCs are extreme phenomena with heavy
rainfall, highly curved inflowing and outflowing winds, and dense cloud cover. In the TC
environment, both new/improved data treatment techniques and more sophisticated
NWP methods are required to have the most successful data assimilation and forecast
improvement outcomes. We ask the reader to review the report Bessho et al. (2018) for
more information.

5.2.4 Coming capabilities of future geostationary satellites

The capabilities of emerging and near-future geostationary meteorological satellites are
quite promising. China’s FY-4 series (the first satellite was launched in 2017) includes a
hyperspectral IR sounder and a lightning mapper. The payloads of the Meteosat Third
Generation satellites also plan to include a hyperspectral sounder. The U.S. GOES-R
series will continue with the launches of GOES-T and -U. However, GOES-T and -U will
be delayed as the cooling system needs to be upgraded. These satellites will carry the
GOES-16/17 legacy instruments which include the high-resolution imager (i.e., the
Advanced Baseline imager) and lightning mapper (i.e., GLM). Korea plans to launch its
new Kompsat series -2A and -2B, with much improved imagers and a hyperspectral
sounder on -2B. India will also launch Insat-3DS that will continue the successful Insat-3
series. Finally, JMA is designing the Himawari-8/9 replacement and expect to begin
manufacturing in 2023 with operations set to begin in 2029.

Of these future capabilities, hyperspectral sounders may be a topic at the next IWTC, as
they provide superior precision and higher temporal frequencies and may be able to
better depict the rapidly changing conditions associated with TC environments. Eye
soundings may also be possible in TCs with cloud-free eye structures.

5.10



5.3 New developments and science using aircraft-based
reconnaissance

It has been a recurrent recommendation of past IWTCs to call for an extension of regular
and coordinated aircraft reconnaissance missions in other TC basins than those covered
by the long-standing U.S. program. We are happy to report that in recent years there
has been significant progress toward this goal in the western North Pacific. In the last
four years, new airborne observational technology has also emerged, and refined
strategies for designing optimal aircraft flight patterns meant to maximize the impact of
these observations on NWP-based forecasts of track and intensity have been tested.
Below we provide an overview of the current status of airborne observing technologies
and strategies, highlight some applications of these aircraft-based observations to
improve analysis of TC intensity and structure, and discuss what efforts are planned in
the future. All details will be found in the subtopic 7.3 report (Wong et al., 2018).

5.3.1 TC aircraft reconnaissance and field campaigns

The U.S. TC scientific community, and in particular the National Oceanic and Atmospheric
Administration (NOAA), continues to improve and update its airborne capabilities
designed to make in-situ observation of TCs. To this end, hew observation platforms or
instruments have been recently tested.

New platforms include large and small Unmanned Aerial Vehicles (UAVs) such as NASA's
Global Hawk and unmanned aerial systems (UASs) like the Coyote (Cione et al., 2016).
The Global Hawk, an unmanned aircraft for high-altitude, long-duration Earth science
missions, has been used in several TC field campaigns. The Coyote, on the other hand, is
a small remotely-piloted device launched from dropsonde tube on the WP-3D aircraft that
is able to fly and make observations at very low altitudes, where manned aircraft cannot
fly. Such capability allows the Coyote to be used for a real-time assessment of near-
surface/boundary layer winds and minimum sea level pressure. Coyote UASs were
successfully deployed in Hurricanes Edouard (2014) and Maria (2017). Further
development of the Coyote technology is ongoing. Those efforts will add additional
instrumentation, and extend the flight duration (now being only 1 to 2 h).

Among the full array of instruments and devices deployed or operated on U.S. weather
reconnaissance aircraft are floats and profilers for oceanic sampling, Tail Doppler radar,
for 3-D winds and rain rate, the SFMR (Stepped Frequency Microwave Radiometer), for
surface wind speed and rain rate, and the dropsondes. One of the more exciting
observational capabilities is the addition of the Wide-swath Scanning Radar Altimeter
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(WSRA), which can provide near-real-time reporting of ocean directional wave spectra,
significant wave height, rain rate, and the mean square slope of the ocean surface. It is
also noteworthy that older NCAR/Vaisala RD-94 dropsondes are now being replaced by
the newer/better designed NCAR/Vaisala RD-41 dropsondes.

One of the new instruments, the Doppler Wind LIDAR (DWL), detects and tracks the
relative movement of aerosols via laser light and provides wind vectors in regions where
there is a lack of precipitation scatterers. As such, the DWL provides a complement to
wind measurements obtained with the tail Doppler RADAR, which is reliant upon
precipitation scattering. Such capability can prove valuable in situations with pronounced
precipitation asymmetries, such as TCs in vertical wind shear (Zhang et al., 2018) and/or
for improved boundary layer wind observations.

Concurrent with these steady technology improvements, innovative strategies are being
tested to take the most advantage of the whole set of aircraft-based observations. A new
targeting strategy for the aircraft flight planning discussed in Torn (2014) was tested
during reconnaissance flights associated with Hurricane Michael (2018) and Central
Pacific Major Hurricane Lane (2018), before being implemented operationally for the first
time in Hurricane Florence. The strategy relies on the computation of numerical model
uncertainty fields based on ensemble model output (from the EC model). The flight
tracks are then designed to sample coherent regions where there is the maximum
uncertainty. It still remains to be demonstrated if this strategy systematically reduces
model uncertainty and thus improves forecasts.

The philosophy and motivations of the NOAA’s airborne sampling program for TCs is
contained within the NOAA Intensity Forecasting Experiment (IFEX; Rogers et al., 2006,
2013) which aims at tackling the challenge of intensity forecasting, particularly for rapid
intensity change events. Through IFEX, significant advances have been made in the real-
time display of aircraft data for NHC forecasters. Analyses of reflectivity and winds from
the tail Doppler radar are now available within approximately 20 minutes following the
completion of the aircraft’s pass through the TC center. These observations can also be
accessed online like the example shown in Fig. 5.

In 2018, and for the first time, real-time Doppler radar analysis data has been ingested
into the software that NHC forecasters use to visualize TC structure as they prepare their
forecasts. This data can now be co-viewed and combined with other data sources, e.g.,
from GOES-16, to provide forecasters an unprecedented look at the TC inner-core and to
assess features such as deep convection, vortex tilt, radius of maximum wind or the
presence of secondary eyewalls (Fig. 6).
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Fig. 5. Real-time tail Doppler radar analyses from Hurricane Florence (2018). (a)
Reflectivity (shaded, dBZ) and winds (barbs, kt) at 2 km altitude sampled during 1512-
1840 UTC 10 Sept.; (b) As in (a), but for wind speed (shaded, kt), streamlines at 2 km
(black) and at 5 km (grey) altitude, and radar-derived diagnostics in text. Black x’s in (b)
denote locations where the peak vertical velocity in the 4-16 km layer is > 1 ms™.
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Fig 6. Image in Advanced Weather Interactive Processing System (AWIPS)-II showing 3-
km winds (barbs, kt), layer maximum reflectivity (shaded, dBZ), 34- (blue) and 64- (red)
kt wind contours at 3 km and 1709 UTC 20 August, and GOES-16 infrared image and
locations of GOES-16 measured cloud-to-ground lightning strikes (white “plus” and
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“minus” signs) at 1700 UTC in Hurricane Lane (2018) (courtesy Stephanie Stevenson,
NHC).

A pioneering program for aircraft-based Typhoon surveillance missions in the western
North Pacific was the Dropwindsonde Observations for Typhoon Surveillance near the
Taiwan Region (DOTSTAR) program. Starting in 2003, DOTSTAR has investigated 63
typhoons in 2017 (conducting 79 flights and releasing 1291 dropsondes). The targeted
observations conducted by DOTSTAR have resulted in a robust (10 to 20%) improvement
in model forecasts of typhoon tracks in both the National Center for Environmental
Prediction’s (NCEP) Global Forecast System and European Center for Medium Range
Weather Forecasts’ (ECMWF) Integrated Forecast System (Chou et al., 2011) and has
shed light on typhoon dynamics. DOTSTAR was an active partner of the Tropical cyclone-
Pacific Asian Research Campaign for Improvement of Intensity estimations/forecasts (T-
PARC) field campaign conducted in collaboration with Japan and the United States of
America, and more recently (2017-2018) in the T-PARC-II campaign. The T-PARC
project, funded by Japan for the 2016-2020 period, aims to improve estimations and
forecasts of TC intensity as well as storm track forecasts. For T-PARC-1I, a new
dropsonde and multi-channel receiver has been developed with very light weight and
without the parachute. A newer version of this light weight dropsonde that uses more
environment-friendly materials is currently under development.

Hong Kong, China, has also joined the global regional aircraft reconnaissance effort. In
collaboration with the Government Flying Service (GFS), Hong Kong Observatory (HKO)
commenced reconnaissance flights for TCs over the northern part of South China Sea in
2011, providing high-resolution wind, temperature and relative humidity data along the
flight paths (Chan et al., 2011). The flight-level observations were used to analyze the
TC position, intensity and structure in a near-real-time manner. These observations also
contributed positively to TC forecast track improvements in the next 2-3 days, as well as
improved analysis and forecast of TC structure in a mesoscale NWP model (Wong et al.,
2013). In 2016, a dropsonde measurement system was installed on board a new jet GFS
aircraft. Since the first mission, about 20 flights have been conducted. The near-real-
time dropsonde observations were disseminated using the GTS. HKO has also contributed
to the TC surveillance flight data acquisition in various international and regional
projects, including T-PARCII and the Experiment on Typhoon Intensity Change in Coastal
Areas (EXOTICCA), among others. An example of how these dropsonde data from
different field projects can be combined is shown in Fig. 7, where DOTSTAR and HKO's
dropsondes are combined in an analysis.

EXOTICCA started in 2014 being coordinated by the Shanghai Typhoon Institute of China
Meteorological Administration (STI/CMA) and HKO. The major objectives of EXOTICCA
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are to conduct: (a) field campaigns on the intensity and structure characteristics of the
target offshore and landfalling TCs using integrated and novel observation techniques;
and (b) demonstration research on the utilization of the synergized field observation data
with the aim of deepening the understanding of the mechanism of structure and intensity
changes, to improve the relevant capability of operational analysis, NWP model forecasts,
reliable storm surge and flooding and associated risk assessment (Lei et al., 2017).

o L~
‘

Fig. 7. Near-surface winds[knots] sampled within the circulation of Typhoon Mangkhut
on 15 September 2018 by dropsonde missions conducted by HKO (northwest quadrant)
and DOTSTAR (northeast quadrant) together with other surface wind observations.

Several new observation platforms have been implemented by STI/CMA during the
observational field campaign experiments, including low-altitude/lower boundary layer
(400-600m) UAV observations of winds and temperatures. In order to obtain in-situ
observations of the TC structure, particularly the vertical profiles of wind, temperature,
pressure and moisture of the inner-core or in different quadrants of the storm at same
time, a “rocket-dropsonde” system was also developed by STI/CMA. This system uses a
rocket platform to release dropsondes over targeted areas. The positions of dropsondes
are determined by the Beidou satellite, which also transmits the dropsonde observations
to the ground operation centre. This rocket-dropsonde system was used to investigate
Severe Typhoon Mujigae in October 2015. The rocket was launched from Hainan Island,
about 330 km west-southwest to the center of Mujigae and four dropsondes were
released in the periphery of Mujigae’s inner-core. Nearly simultaneously, HKO conducted
a surveillance flight, passing through the centre of Mujigae a little earlier. This
collaborative operation provided a valuable opportunity to validate the airborne
observations of the typhoon from different platforms or techniques and to analyze the
inner-core structure of Mujigae (Fig. 8).
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UV sonde profile of Mujigae
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Fig. 8. The schematic of rocket-dropsonde (top left) and vertical profiles of wind speed
[ms™] collected around ST Mujigae by STI/CMA on 3 October 2015. Comparison of wind
profile of rocket-dropsonde versus those collected by the HKO reconnaissance flight (top
right), and estimated surface winds along the HKO reconnaissance flight's path (bottom
right).

5.3.2 Applications of aircraft-based observations

5.3.2.1 Collecting observations that span the TC life-cycle in a variety of
environments for model initialization, sensitivity studies and evaluation

Many of the IFEX missions have targeted TCs in the early stages of their life-cycle, as this
has the potential to capture many important features in a TC's intensity evolution,
including genesis and rapid intensification. The data collected in these missions are used
to improve TC intensity forecasting in several ways. First, data is transmitted in real-
time to the NOAA Environmental Modeling Center (EMC), where it is assimilated into the
operational regional Hurricane Weather Research and Forecasting (HWRF) model. Earlier
efforts were successful in developing the capability of transmitting airborne Doppler radar
data in real-time to EMC. Those efforts showed some success in reducing forecast error
when those data were assimilated into the Weather Research and Forecasting (WRF)
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model. There are many recent studies that show that forecast errors can be reduced by
assimilating/using aircraft data, including flight-level observations, dropsonde
observations, and airborne Doppler RADAR-based wind estimates (Zhang and Weng,
2015; Aberson et al., 2015; Weng and Zhang, 2016; Tong et al., 2018). Similarly,
dropsondes from the Global Hawk UAV have also been shown to improve TC analyses
and forecasts (Christophersen et al., 2017, 2018a,b).

Another way aircraft data improves TC intensity forecasting is by facilitating model
evaluation, which can lead to improvements in the representation of physical processes
in the model (Zhang et al., 2013a,b). The impact of using observations to improve the
representation of vertical eddy diffusivity was shown in Gopalakrishnan et al. (2013) and
Zhang et al. (2015, 2017). Using this improved eddy diffusivity results in a shallower
and stronger TC boundary layer inflow layer, more consistent with observations, as well
as differences in other boundary layer properties such as stability, convergence, and
angular momentum advection. These changes have been shown to produce better
forecasts of rapid intensification (Zhang et al., 2017), as well as providing a better
representation of TC size (Bu et al., 2017). Zhang et al. (2018) used aircraft
observations to reduce the horizontal mixing length in HWRF forecasts of Hurricane Earl
and found that many structural aspects were improved, including storm size, boundary
layer heights, warm-core height, and eyewall slope. Biases in both storm intensity and
storm size were significantly reduced with the modified horizontal mixing length.

It is also important to mention that these manned aircraft, UAV and UAS based data are
critical for development of satellite-based techniques. For instance, there are few
conventional observations of extreme winds from which SMOS, SMAP, SAR and GPS-R
methods can be validated against. So aircraft-based data remain critical for nearly every
aspect of TC research, development and forecasting.

The third IFEX goal is primarily concerned with hypothesis-driven research aimed at better
understanding intensity change processes within the TC inner core and its environment.
Much of the recent work has focused on the TC response to vertical shear and the structure
and distribution of precipitation and its relationship to TC intensity change. The
understanding gained from these observationally-based studies is being used to guide the
development of forecasting tools and model improvements that hold the potential to
improve TC intensity forecasts. For more details on this topic refer to topic 5.3 report,
Wong et al. (2018).
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5.4 Recommendations

10.

11.

12.

Support the growing number of research and operational programs that are
providing accurate validation data for satellite-derived surface wind
speeds/vectors outside the Atlantic TC basin. Including validation of new
observational capabilities (how good?) and the real-time sharing and exchange of
aircraft/UAV -based observational data. (for WMO)

Support efforts to make current and future research and development satellite
data and products available in real-time or near real-time to permit operational
applications after successful cal/val. (for WMO)

We recommend further investigation of the use of GNSS-R data for determining
TC size, strength and structure. (for Researchers)

Encourage the use and evaluation of wind fields from L-band radiometers (SMOS
and SMAP) for determining intensity and 34-, 50, and 64 kt radii in TC. (for
Forecasters and Researchers)

Encourage the use and evaluation of SAR-derived ocean surface wind speeds.
These complement other techniques, but provide invaluable inner-core wind
structure information. (for Forecasters and Researchers)

Encourage the global community to collaborate on the optimal mix of legacy
satellite sensors along with those coming from small satellites and CubeSats. (for
WMO)

To encourage and support for another International Workshop on Satellite
Analysis of Tropical Cyclones (IWSATC) in the near future; expanding the role to
better reach underdeveloped TC-prone countries. (for WMO)

To support/continue to support the development of new aircraft observation
platforms such as dropsondes, UAS/UAV, RADAR/LIDAR instruments on board the
flight vehicles and provide quality observations with high resolution in both space
and time (for WMO, and researchers)

To support technique development and applying aircraft observations in analysis
of TC intensity, wind distribution, boundary layer structures during the whole TC
lifecycle (to researchers)

Support enhanced nowcasting and/or forecasting techniques of TC intensity, rapid
intensity change and associated high-impact weather using combinations of the
aircraft reconnaissance-based data, satellite-based data, other meteorological
observations (for WMO, Forecasters and Researchers)

Support the application of new aircraft observational data for data assimilation
activities in NWP models, for improving model physics in those models, and for
improved validations of model output and physical processes (for Researchers)
Document (and/or through training opportunities) how aircraft (new and old) can
be used by RSMC/TCWC forecasters to improve their analysis of TC intensity and
surface wind structure, and leading to more accurate, effective assessment or
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communication of uncertainty of potential impacts to the users and general public
(to WMO and Forecasters)

13. To support / organize coordinated field campaigns of various aircraft observation
missions and experiments for gathering observation datasets of the whole TC
lifecycle and intensity evolution (to WMO)
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