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Abstract

We examined the Cyclone Global Navigation Satellite System (CYGNSS) retrievals of surface winds and enthalpy fluxes in
African easterly waves that led to the formation of 31 Atlantic tropical cyclones from 2018-2021. Lag composites show a
cyclonic proto-vortex as early as 3 days prior to tropical cyclogenesis. The distribution of enthalpy fluxes within the proto-
vortex does not vary substantially prior to cyclogenesis, but subsequently, there is an increase in the upper extreme values. A
negative radial gradient of enthalpy fluxes becomes apparent as early as 2 days before cyclogenesis. These results—based on a
novel data blending satellite retrievals and global reanalysis—are consistent with recent studies that have found that tropical
cyclone spin-up is associated with a shift of peak convection towards the vortex-core and a radially inward increase of enthalpy
fluxes. They provide additional evidence for the importance of surface enthalpy fluxes and their radial structure for tropical

cyclogenesis.
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Surface Winds and Enthalpy Fluxes During Tropical
Cyclone Formation From Easterly Waves: A CYGNSS

view
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Key Points:

« CYGNSS winds clearly depict the climatological easterly wave stormtrack

A precursor vortex (proto-vortex) is seen in surface wind fields as early as 3 days
prior to the tropical cyclone formation.

« An inward increase of surface enthalpy fluxes within the proto-vortex is seen prior

to the tropical cyclone formation.

Corresponding author: Anantha Aiyyer, aaiyyer@ncsu.edu
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Abstract

We examined the Cyclone Global Navigation Satellite System (CYGNSS) retrievals of
surface winds and enthalpy fluxes in African easterly waves that led to the formation of
31 Atlantic tropical cyclones from 2018-2021. Lag composites show a cyclonic proto-vortex
as early as 3 days prior to tropical cyclogenesis. The distribution of enthalpy fluxes within
the proto-vortex does not vary substantially prior to cyclogenesis, but subsequently, there
is an increase in the upper extreme values. A negative radial gradient of enthalpy fluxes
becomes apparent as early as 2 days before cyclogenesis. These results—based on a novel
data blending satellite retrievals and global reanalysis—are consistent with recent stud-
ies that have found that tropical cyclone spin-up is associated with a shift of peak con-
vection towards the vortex-core and a radially inward increase of enthalpy fluxes. They
provide additional evidence for the importance of surface enthalpy fluxes and their ra-

dial structure for tropical cyclogenesis.

Plain Language Summary

We used data derived from the recently launched Cyclone Global Navigation Satel-
lite System (CYGNSS) to examine the surface winds and heat fluxes during the tran-
sition of easterly waves to tropical cyclones in the Atlantic. The CYGNSS winds show
a proto-vortex in place 3 days before the formation of the tropical cyclone. The heat fluxes
from the ocean to the air—which fuel the tropical cyclone—are enhanced near the core
of the developing vortex as compared to the outer regions. This is consistent with past
theoretical and observational studies, and likely contributes to the development of a deep
moist column of air that typically precedes tropical cyclogenesis. The novelty of this pa-
per lies in the use of a new data set and emphasis on the period leading up to tropical

cyclogenesis from easterly waves.

1 Introduction

Tropical cyclogenesis typically proceeds from organized precipitating convection
within deep saturated air columuns (e.g., Emanuel, 2018). In principle, tropical cyclones
can emerge spontaneously and no special precursors are necessary (e.g, Hakim, 2011; Wing
et al., 2020). That notwithstanding, in our current climate, tropical cyclones are observed
to form from mesoscale convection that is typically embedded within a preexisting larger-

scale disturbance (Schreck et al., 2012). What elements of spontaneous self-aggregation
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7

are active within preexisting synoptic-scale disturbances in a fully varying background
flow? That question remains a subject of active research. Documenting, in detail, the
characteristics of tropical cyclone precursors observed in nature is important in that re-
gard. Here we examine some surface characteristics of African easterly waves (AEWs)

during the time when they were developing into tropical cyclones.

McBride and Zehr (1981) found that developing easterly waves tended to have stronger
low-level relative vorticity and weaker environmental vertical wind shear compared to
non-developing ones. Subsequent studies have expanded the parameter space to include
thermal structure, the vigor of precipitating convection, environmental moisture and con-
vective cloud fraction (e.g., Hopsch et al., 2010; Komaromi, 2013; Davis et al., 2014). Leppert
et al. (2013) and Zawislak and Zipser (2014) suggested that, while the intensity of con-
vection is not a discriminator of tropical cyclogenesis, developing easterly waves were as-
sociated with a greater fractional area of intense convection as compared to non-developing
ones. Fritz et al. (2016) and Zawislak (2020) reported enhanced intensity and areal cov-
erage of precipitation prior to tropical cyclogenesis. On the other hand, Wang (2018) re-
ported large variability in the intensity, frequency, and area of deep convection during
tropical cyclogenesis. Interestingly, she found one consistent feature—during tropical cy-
clogenesis, intense convection tended to cluster within the center of the incipient vortex

while outside this core region, it remains unchanged or might even weaken.

The aforementioned studies have utilized a variety of data (e.g., global reanalysis,
dropsondes, satellite-derived cloud properties, and precipitation), but have tended to fo-
cus on tropospheric parameters. Scant attention has been devoted to the role of surface
enthalpy fluxes within the precursor waves prior to tropical cyclogenesis. Indeed, Murthy
and Boos (2018) noted that, in general, the role of surface enthalpy flux during the spin-
up of a tropical cyclone is still being debated. On the other hand, once a tropical cyclone
has formed, surface enthalpy fluxes have been shown to be critical for its subsequent in-
tensification (Emanuel, 2018). One particular instability mechanism —wind-induced sur-
face heat exchange (WISHE)—relies on positive feedback between surface winds and en-
thalpy fluxes and is activated once a mesoscale saturated column of air is established (Zhang
& Emanuel, 2016). Murthy and Boos (2018) attempted to address the role of surface en-
thalpy fluxes during the initial spin-up of a tropical cyclone (i.e., the tropical depression

stage) using idealized simulations. One of their key findings was that a negative radial
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gradient of surface enthalpy flux is necessary for the genesis of a tropical cyclone from

a precursor vortex.

The majority of past investigations of surface fluxes in tropical cyclones have re-
lied on numerical simulations. Relatively few have been able to exploit direct flux ob-
servations (e.g., Cione et al., 2000; Bell et al., 2012). As these measurements are typ-
ically sourced from buoys, field campaigns, and coastal observing stations, they lack the
spatial and temporal coverage that is needed for detailed diagnostics. Some studies have
used surface fluxes derived from remotely sensed data (e.g., Liu et al., 2011); but they
have tended to focus on the intensification of tropical cyclones. To our knowledge, no
prior study dealing with surface winds and enthalpy fluxes in AEWs undergoing trop-

ical cyclogenesis has been reported in the published literature.

In this paper, we document the composite structure of surface winds and enthalpy
(latent and sensible heat) fluxes associated with developing AEWs. We used data from
the recently launched NASA Cyclone Global Navigation Satellite System (CYGNSS) mis-

sion which consists of a constellation of low-earth orbiting satellites (Ruf et al., 2016).

2 Data

We used the following data covering July—October 2018-2021.

« CYGNSS surface winds — Level 3 Science Data Record (SDR), version 3.1 (Ruf
et al., 2016). We use the fully developed seas (FDS) wind speeds that are provided
hourly on a 0.2x0.2° grid within about 40° north and south of the equator. We
averaged the hourly data to create daily mean fields prior to subsequent process-
ing.

+ 10m winds and sea level pressure from the ERAS5 reanalysis (Hersbach et al., 2020).

« CYGNSS surface latent and sensible heat flux (Level 2 SDR 2.0) that are based
on the SDR 3.1 wind retrievals and ERA5 thermodynamic fields. Some additional
information regarding the CYGNSS data, including an example of CYGNSS winds
associated with a typical AEW, is included in the supporting information.

« Following Russell et al. (2017), to ascertain which Atlantic tropical cyclones de-
veloped from AEWSs, we use the storm reports prepared by the US National hur-
ricane center (NHC). We only considered those tropical cyclones that were specif-

ically attributed to a wave that emerged from the west coast of Africa
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3 Results
3.1 Climatalogical Surface Winds Over The Tropical Atlantic

We first show that the CYGNSS winds are capable of depicting the climatology mean
as well as the synoptic variability of surface winds over the tropical Atlantic. The mean
and variance of the daily averaged CYGNSS (FDS) winds for July—October 2018-2021,
along with the climatological (1980-2018) mean sea level pressure, is presented in Fig-
ure 1. The CYGNSS winds clearly show the presence of the Atlantic subtropical anti-
cyclone, consistent with the spatial structure seen in the ERAS sea level pressure con-
tours. The low-level jet over the Caribbean can also be seen. This jet has been suggested
to be important for the amplification of easterly waves crossing into the eastern Pacific
(Molinari et al., 1997). The mean winds are generally weaker within the main develop-
ment region MDR (marked by the rectangle). The low-level westerly monsoon flow can
be deduced from the enhanced wind speeds over the near-equatorial eastern Atlantic.

On the other hand, the African easterly jet (AEJ) which, on average is located around
12°N and peaks in the mid-troposphere, does not appear to extend down to the surface

as noted from the lack of any wind maximum off the coast of west Africa.

Figure 1b shows a zonally oriented region of enhanced wind variance within the MDR—
between 5°N—-15°N, and from the west coast of Africa to 60°W. This enhanced variance
occurs where the mean wind is weak (Fig. 1a). The atmospheric variability in the off-
equatorial tropical Atlantic is dominated by synoptic-scale waves during July—October
(e.g., Mekonnen et al., 2006). Thus, we infer that this region of enhanced variance de-
picts the surface signal of the AEW stormtrack in the CYGNSS winds. Albeit episodic,
tropical cyclones will also contribute to the daily wind variance as discussed by Schreck
et al. (2012). Just off the west coast of Africa, around 20°N, a small band of enhanced
variance can be noted. We associate this with the surface reflection of the northern AEW
stormtrack that exists poleward of the African easterly jet (e.g., Thorncroft & Pytharoulis,
2001; Diaz & Aiyyer, 2013). The northern AEW stormtrack appears to merge with the
southern AEW stormtrack between 20°W-30°W. The aforementioned features seen in
the variance of CYGNSS winds are consistent with AEW stormtracks seen in 850-hPa
synoptic-scale eddy kinetic energy derived from global reanalysis fields (e.g. Russell &
Alyyer, 2020). One additional feature is notable in Figure 1 — over the Caribbean, the

enhanced surface wind variance is shifted west of the peak surface winds. This down-
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stream shift of eddy activity relative to the low-level Caribbean jet is consistent with the
notion that easterly waves may form or amplify owing to the instability of the background

flow in this region (Molinari et al., 1997).

3.2 Composite Wind Structures During Tropical Cyclogenesis

We now consider the evolution of surface winds during the time of tropical cyclo-
genesis from AEWSs. A total of 31 tropical cyclones were identified by the NHC as orig-
inating from AEWs within the MDR during the study period. The genesis locations of
these storms are shown in Figure S2. To document the surface wind evolution, we cal-
culated storm-relative composite means as follows. We shifted the data grids such that
all storms shown in Figure S2 are co-located at a reference point (10°N; 40°W) on the
day of tropical cyclogenesis (Day-0). For lag-composites, we moved the date of the com-
posite forward and backward while retaining the same spatial shift. Although there may
be considerable storm-to-storm variability, such compositing techniques elucidate the fea-

tures that are most likely to occur in a synoptic phenomenon (Wang, 2018).

The composite CYGNSS (FDS) speeds and 10-m ERAS5 velocity vectors are shown
in the left panel of Figure 2. The right panel shows the same fields but as anomalies rel-
ative to a background mean that was calculated by averaging over 13 days centered on
Day-0 for each storm in the composite. For a vector in the composite field to be deemed
statistically significant (shown by bold arrows), either its zonal or the meridional com-
ponent must be significant. The statistical significance of each wind component was eval-
uated by comparing it against 1000 composites, each created by randomly drawing 31
dates over July—October, 2018-2021. A two-tailed significance was evaluated at the 95%
confidence level with the null hypothesis being that the composite average could have

resulted from a random draw.

Figure 2 shows that there is a close correspondence between the structure of the
CYGNSS retrievals and ERAS near-surface winds. An incipient surface vortex (marked
by the filled square) is beginning to appear on Day-4, and becomes more coherent on Day-
3. The proto-vortex associated with the composite AEW moves westward and contin-
ues to amplify. In part, this increased coherence is expected simply as a result of the com-
positing method as we get closer to Day-0. Nevertheless, it shows that a surface-based

vortex with closed circulation is in place 3-4 days prior to the tropical depression stage.
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This is consistent with the notion of a proto-vortex embedded within a synoptic scale
wave pouch that is often visualized in a wave-following reference frame (e.g., Dunker-
ton et al., 2009). Interestingly, the composite surface vortex is visible here even in the

earth-relative frame.

The leading and trailing anticyclonic anomalies straddling the main vortex can also
be seen, particularly in the anomaly fields. Despite the minimal data filtering employed
here—in the form of removing the 13-day mean flow—these features clearly highlight the
AEW wavepacket in the surface wind fields, consistent with those seen in 2-10 day fil-

tered fields at 850 hPa (e.g., Diaz & Aiyyer, 2013).

4 Surface Enthalpy fluxes within AEWSs

Figure 3 illustrates the distribution of latent and sensible heat fluxes as a function
of time relative to tropical cyclogenesis using data from all 31 AEWSs considered in this
study. For each day, we extracted all available flux values for each wave within a radial
distance of 700 km from the center of the tracked composite vortex (see fig. 2). The ex-
tent of this region is roughly half the canonical AEW wavelength (e.g., Diaz & Aiyyer,
2015) and represents the cyclonic circulation of the wave. The overall qualitative inter-
pretation of our subsequent findings is not sensitive to the dimension of this bounding

region as long as it encompasses the bulk of the AEW trough.

Figure 3a shows an expansion of the upper extremes of the Latent heat flux dis-
tribution over time. The 99*" and 95" percentile values increase by 36% and 11%, re-
spectively, from Day-3 to Day +3. These increases occur subsequent to tropical cyclo-
genesis. On the other hand, the mean and median values barely change. They increase
only by 5% and 3% respectively. On average, the sensible heat fluxes (3b) are about 10
times smaller than the latent heat fluxes. From Day-3 to Day+3, the 99" and 95" per-
centile values of the sensible heat fluxes increase by 16% and 8%, respectively. Intrigu-
ingly, the mean and median of these fluxes decrease by roughly 10% and 22% respectively.
From Fig. 3, it can be noted that this decrease occurs mostly after the tropical depres-

sion has formed.

The increase in the upper extremes of both sensible and latent fluxes is unsurpris-
ing since peak surface wind speeds increase after the genesis of the tropical cyclone. How-

ever, the key result from Fig. 3 is that the mean surface enthalpy fluxes do not change
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substantially during the 3 days prior to tropical cyclogenesis. Rather, the bulk of the change
occurs after the formation of the tropical depression, and likely reflects its subsequent
intensification into a tropical cyclone. Thus, the intensity of surface enthalpy fluxes within
the AEW may not be a particularly good predictor of imminent cyclogenesis. On the
other hand, the robust expansion of the upper extremes (> 90" percentile) of their dis-
tributions suggests that localized sharp increases in surface fluxes accompany tropical

cyclogenesis and further intensification.

We now examine whether there is a discernible change in the radial structure of
the surface enthalpy fluxes in the developing vortex within the AEW. For each day rel-
ative to cyclogenesis, we binned all available fluxes (for all 31 AEWSs) based on the dis-
tance from the center of the vortex tracked in Fig. 2. We show the results for 50 km bin
width in Fig. 4. The interpretation was qualitatively similar when we used other rea-
sonable values for the bin width ranging from 20-70 km. Fig. 4 illustrates the result of
the binning in two ways, representing simple measures of azimuthally averaged fluxes
as a function of distance (radius) from the vortex center. The bars show the mean flux
and its 95% confidence interval for each bin, and the orange line shows the non-parametric
locally weighted scatterplot smoothing (LOWESS) regression curve. The LOWESS curve

was calculated using all data points prior to binning them.

Two key observations from Fig. 4 can be made. First, up to three days before the
formation of the tropical depression, the sensible heat flux is nearly radially uniform. A
similar picture was seen on Day-4 and earlier (not shown). On the other hand, there is
already a clear inward increase (i.e., negative radial gradient) in the sensible heat flux
by Day-3. Second, closer to cyclogenesis (Day-2 and Day-1), a negative radial gradient
of latent heat fluxes is also evident. As expected, due to the way the flux data are ag-
gregated based on the composite vortex center, the strength of this negative radial gra-
dient is most striking on the reference day (Day 0). But despite the differences in the
subsequent tracks and motion of the developing tropical cyclone, this negative radial gra-
dient is also present on Day+1 and Day+2. Wang (2018) showed that, during the time
leading up to cyclogenesis, intense convection appears to move towards the center of the
proto-vortex. She also found that, in the outer parts of the proto-vortex, the intensity
of convection is unchanged or even reduced. This concentration of convection is likely
supported by increasing values of surface enthalpy fluxes in the core of the vortex as seen

in Fig. 4, and is consistent with the modeling work of Murthy and Boos (2018).



236 Some features seen in Fig. 4 need additional scrutiny. That the negative radial gra-

237 dient is seen earlier for the sensible heat flux is an intriguing result. It also appears that
238 the area-mean sensible heat flux is diminished by Day+2 as compared to earlier days.

239 The reason for these observations is unclear from our analysis and calls for high-resolution
240 numerical simulations with interactive air-sea coupling.

241 5 Discussion

212 The establishment of a saturated column of air is a critical step toward cycloge-

23 nesis because evaporation-driven downdrafts are reduced and the environment becomes

244 conducive for deep convection, setting the stage for the WISHE process (Emanuel, 2018).

25 Molinari et al. (2004) described two stages of hurricane development: A pre-WISHE stage,

246 wherein the radial profile of near-surface equivalent potential temperature (6.), a mea-
247 sure of moist entropy, was nearly radially uniform; and a WISHE stage with a single dom-
218 inant surface vortex with a moist core and marked inward increase (i.e., a negative gra-

249 dient) of 6., consistent with the steady-state model of Smith (2003). As noted by Murthy
250 and Boos (2018), axisymmetric models of tropical cyclogenesis require a negative gra-

251 dient of column relative humidity (e.g., Emanuel, 1997; Frisius, 2006; Smith, 2003). On

252 the basis of their idealized numerical simulations, Murthy and Boos (2018) argued that

253 an inward increase in surface enthalpy fluxes is one possible pathway to get a persistent

254 saturated core within a precursor vortex. This motivated us to examine the evolution

255 of surface latent heat fluxes within AEWs leading to tropical cyclogenesis. We summa-

256 rize our results for two periods:

257 « Prior to tropical depression formation: The CYGNSS-derived surface latent heat

258 fluxes within the composite precursor vortex increase only modestly during the

250 period leading to the depression stage of tropical cyclogenesis (Fig. 3). Since we

260 did not compare developing and non-developing AEWSs, we cannot ascertain whether
261 these developing waves were associated with some minimal threshold of surface

262 fluxes that would maintain the precursor vortex or AEW. However, it appears -

263 at least from the aggregate view — that a rapid increase in the average surface la-

264 tent heat fluxes is not a necessary step for cyclogenesis; rather it occurs after the

265 depression has formed. Surface enthalpy fluxes are nearly radially uniform up to

266 3 days prior to the formation of the composite tropical depression. Following Molinari
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et al. (2004), this would correspond to the pre-WISHE stage of tropical cyclone
development.
Interestingly, during the two days leading to cyclogenesis, a clear negative radial
gradient of surface enthalpy fluxes is established. This suggests a spatial reorga-
nization of surface fluxes — and by extension, intense moist convection — that fa-
vors a shift towards the core of the developing vortex. This is consistent with the
findings of Wang (2018). This radially inward increase of surface enthalpy flux likely
sets the stage for tropical cyclogenesis, and is consistent with the model simula-
tions of tropical cyclone spin-up from a proto-vortex described by Murthy and Boos
(2018).

» Post tropical depression formation: There is a widening of the surface enthalpy
flux distribution towards higher values within the developing vortex (Fig. 3). The
upper extreme of the latent heat flux distribution increases substantially a day af-
ter the depression has formed. As noted by (Wang, 2018), the migration of con-
vection towards the core of the developing vortex is the key feature of tropical cy-
clogenesis. Importantly, and related to the migration of deep convection, a clear
inward increase of surface enthalpy fluxes becomes a persistent feature (Fig. 4).
Following the arguments of Murthy and Boos (2018) and Molinari et al. (2004),
the rapid increase in the latent heat fluxes and the presence of a negative radial
gradient of the fluxes in the intensifying vortex indicates that the WISHE mech-

anism is now fully active.

There are a few caveats to consider in relation to the data and method used here.
The surface enthalpy fluxes are dependent on the fidelity of ERA5’s surface thermody-
namic fields and incur the attendant errors and biases. Additionally, we did not track
the precursor AEWSs, and instead used lag-composites to visualize the evolution of the
fields. An alternative method would be to track the waves, which introduces other un-
certainties stemming from multiple vorticity centers, splits, and mergers. We favor our
current method for the ease of reproducibility. The coherence of the composite fields at
different times (Fig. 2) gives us confidence that the wave-to-wave variability in tracks

does not alter our conclusions.
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6 Conclusions

The CYGNSS retrievals capture the mean spatial structure of surface winds over
the tropical Atlantic and the synoptic-scale AEW stormtrack. Lag-composites of CYGNSS
and ERA5 data show a clear signal of an AEW wavepacket and an attendant, low-level
cyclonic vortex as early as 3 days prior to the tropical cyclogenesis. The distribution of
surface enthalpy fluxes within the proto-vortex does not change substantially prior to
the tropical depression formation. Subsequently, the distribution widens, indicating am-
plified fluxes. Up to 3 days before the depression stage, the surface latent fluxes within
the precursor vortex are nearly radially uniform. Subsequently, from Day-2 onward, a
clear negative radial gradient of both latent and sensible heat fluxes is established. These
results are consistent with a recent modeling study that found that an inward increase
of surface enthalpy fluxes is important for the spin-up of tropical cyclones (Murthy &

Boos, 2018).

7 Open Research

The CYGNSS wind and surface enthalpy fluxes are available at, respectively, https://
doi.org/10.5067/CYGNS-L3X31 and https://doi.org/10.5067/CYGNS-L2H20. The ERA5
fields are available at https://cds.climate.copernicus.eu. The IBTRACS database

of tropical cyclone tracks is archived at https://doi.org/10.25921/82ty-9e16.
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(b) CYGNSS Wind Average and ERAS MSLP Climatology July-October

(a) CYGNSS Wind Variance and ERAS MSLP Climatology July-Cctober

Figure 1. Shaded fields showing (a) Variance (m?s~2) ; and (b) mean (ms™") of daily av-
eraged CYGNSS FDS wind speed over July-October 2018-2021. The contours on both panels
show the long-term (1980-2018) climatology of mean sea level pressure from ERA5. The magenta

rectangle marks the main development region considered in this paper.
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Figure 2. Storm centered lag composite mean (left panels) and anomalies (Right panels) of
CYGNSS FDS wind speeds (shaded) and ERA5 10m wind vectors. The star symbol marks the
center of the composite storm at the first recorded depression stage corresponding to Day 0. The
black square shows the incipient vortex within the composite AEW, and the hurricane symbol

marks the location of the composite tropical storm after it has formed.
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(a) Latent Heat Flux
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Figure 3. Distribution of (a) latent; and (b) sensible heat fluxes (Wm™2) within a radial
distance of 700 km from the composite vortex center (see Fig. 2) at different days relative to
tropical cyclogenesis. The blue solid line marks the mean of the distributions. The rest of the
solid lines depict, from bottom to top, the following percentiles of the distribution: Ps, P1o,Ps0

(median), P90, P95, and P99.
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Figure 4. Latent (top panels) and sensible (bottom panels) heat fluxes (Wm™2) as a function
of distance (km) from the vortex center at different days relative to tropical cyclogenesis. The
fluxes were binned at 50 km radial increments. The bars show the mean flux for each bin and its

95% confidence interval. The orange line shows the non parametric LOWESS regression fit that

was calculated using un-binned data
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