
1. Introduction
Although there have been considerable improvements in forecasting the track of tropical cyclones (TCs) over 
the past several decades, intensity forecasts remain challenging and improvements have lagged behind (Rogers 
et al., 2006). One challenge is that the understanding of air-sea exchange in high-wind regimes remains limited 
due to the logistical difficulty of taking measurements in these conditions. Further complications arise from a 
lack of knowledge on how the presence of sea spray affects the air-sea fluxes, and how this varies with wind speed 
(Veron, 2015). Improving parameterizations of air-sea fluxes in numerical models is of particular importance for 
reducing uncertainty in intensity forecasts (Sroka & Emanuel, 2021).

Key parameters in air-sea exchange are the surface drag coefficient (CD) and surface enthalpy flux coefficient 
(CK), which are known to factor into the maximum storm potential energy and the maximum tangential wind 
speed (Emanuel, 1995). In numerical weather prediction (NWP) models CD and CK (or the individual heat and 
moisture coefficients, CH and CE, often assumed to be equal to CK) are typically parameterized as functions of the 
10-m wind speed (U10). At high winds beyond roughly 30 ms −1, however, the behavior of these flux coefficients 
are highly uncertain (Richter et al., 2016), and almost certainly not solely a function of wind speed. One factor 
in particular that is central to our understanding of the transfer of heat and momentum at high wind speeds is the 
presence of spray droplets. Spray mediation of air-sea fluxes has been the subject of many previous investigations, 
including theoretical, observational, and numerical modeling approaches, and a comprehensive review on the 
subject can be found in Veron (2015) or Sroka and Emanuel (2021). Although many numerical modeling studies 
have investigated the impact of spray on air-sea fluxes, most of these studies have relied on bulk estimates in 
which the net effect of spray is parameterized rather than handled explicitly.

Here we investigate the impact of sea spray on the transfer coefficients for momentum, heat, and moisture, by 
performing simulations using a large-eddy simulation (LES) code coupled with a Lagrangian microphysical 
model. Paired simulations are performed with and without the presence of spray, across a range of wind speeds up 
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We show that CD is not affected by spray droplets at 10-m wind speeds up to 48 m s −1. CE and CH are modified 
during an initial transient adjustment stage, but quickly relax back to their unladen values due to surface layer 
saturation. This relaxation occurs faster for higher winds, because the increased spray concentration more 
rapidly saturates the surface layer.

Plain Language Summary A tropical cyclone ultimately gets its energy from the ocean, and 
understanding how this energy is transferred from the ocean to the air is important for accurate prediction. In 
the extreme winds inside of a hurricane, however, the ocean surface is torn into a huge number of sea spray 
droplets, and for decades researchers have speculated as to how these suspended droplets change the way 
that heat, moisture, and momentum are delivered to the atmosphere. Since making measurements in these 
conditions is so difficult, we use realistic, high-resolution simulations to mimic conditions with and without 
spray to better understand its role. In the highest winds, we find that spray limits its own impact on air-sea 
transfer by quickly increasing the humidity near the ocean surface.
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to U10 = 48 m s −1. Section 2 provides details about the model and the simulation setup used in our experiments. 
Results are presented in Section 3, and discussion and conclusions are given in Section 4.

2. Modeling Approach
2.1. Numerical Model and Setup

The model used here is the NTLP (National Center for Atmospheric Research Turbulence with Lagrangian 
Particles) model, which couples LES with Lagrangian droplets in a so-called Lagrangian cloud model (LCM) 
framework. The underlying LES code is based on the NCAR LES code (Moeng, 1984; Sullivan et al., 1994) 
and employs the Deardorff  (1980) subgrid model. This LES-LCM numerical framework has previously been 
used to examine cloud microphysics (MacMillan et al., 2022; Richter et al., 2021), and as well as the coupled 
effects of sea spray on air-sea exchange of heat and moisture (Peng & Richter, 2017, 2019, 2020). The LES-LCM 
code uses the “superdroplet” concept of Shima et al. (2009), in which a single numerical particle represents a 
cluster of droplets with the same location, velocity, temperature, composition, and mass. As detailed in Richter 
et al. (2021), the superdroplets are fully coupled to the background flow, and the Lagrangian equations for mass, 
momentum, and energy conservation are solved according to full Köhler microphysics for each superdroplet at 
every timestep based on the turbulent air properties experienced locally by each droplet.

For this study the code has been modified to better mimic conditions in the hurricane boundary layer by imple-
menting the method of Bryan et al. (2017), which alters the horizontal velocity equations to account for advective 
and centrifugal forces that occur on scales larger than the domain size resulting from storm-scale dynamics. What 
results is a high-resolution, horizontally periodic “patch” of the hurricane boundary layer where the mean eyewall 
updraft is unimportant (the instantaneous vertical velocities in the LES are fully resolved, and the turbulence 
characteristics of a similar setup can be found in Bryan et al. (2017)). The method is based on three input param-
eters: radial distance from storm center (R), a reference gradient wind speed (V), and the radial decay rate of wind 
speed (∂V/∂R), and has been shown to produce realistic turbulent features (Bryan et al., 2017; Chen et al., 2021). 
Here we choose R = 40 km and ∂V/∂R = –1.2 × 10 −3 following the setup of Bryan et al. (2017) which assumes a 
power-law decay of V with radius (Mallen et al., 2005).

We have also implemented the Andreas (1998) sea spray generation function (SSGF) into the LES-LCM. This 
SSGF is based on a modified version of that in Smith et al. (1993), and the formulation covers droplets of size 
2 ≤ r ≤ 500 μm, where r is the droplet radius at formation. The droplet number flux is based on U10. An exam-
ple figure showing how the droplet number and volume concentration vary with U10 is seen in Figure 1. The 
spray composition can be adjusted, and here we assume typical seawater conditions with a salinity of 34 g kg −1. 
Spray particles are introduced at random locations in the horizontal x and y directions and at a random height 
below 8 m (to mimic a significant wave height of 8 m). The initial spray horizontal velocity is zero, so that the 
acceleration of the droplets must come at the expense of the air momentum (a frequently assumed mechanism 
for spray-mediated momentum fluxes). The vertical ejection velocity has a random value between 0 and 4 m s −1, 
chosen based on rough estimates from a range of laboratory measurements (see e.g., the summary in Lewis and 
Schwartz (2004)). We note that many studies have proposed updated SSGFs since Andreas (1998), particularly 
those which recognize the potential underestimation of large droplet production (Fairall et al., 2009; Ortiz-Suslow 
et al., 2016; Troitskaya et al., 2018). We use the Andreas (1998) SSGF primarily because it is well-known and 
easy to implement, while it is still very uncertain how laboratory measurements of large droplets near the wave 
surface should be extrapolated to the real hurricane boundary layer. This is not to claim that these large droplets 
are not present or would not necessarily have a strong impact on air-sea fluxes; however their availability at 
heights where droplets are initialized in the current LES framework remains uncertain. As we argue below, we 
do not anticipate the primary conclusions of this study to change if different SSGF functions are utilized, even if 
some of the quantitative details are altered.

We run several pairs of simulations across a range of reference wind speeds. At each wind speed, we perform one 
simulation in which spray is not included (hereafter “unladen” cases). All of the simulations use the same domain 
of 128 3 grid points, with 2 m horizontal grid spacing and uniform 1 m vertical grid spacing, and which are peri-
odic in the horizontal directions. A dynamic timestep is used which is adjusted based on the Courant-Friedrichs-
Lewy (CFL) condition, and each simulation is run for 2 hr. The second simulation in each pair is first run for 
30 min with no spray injection to allow the turbulence to spin up, and after 30 min, spray is injected based on 

 19448007, 2023, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
101862 by U

niversity O
f N

otre D
am

e, W
iley O

nline L
ibrary on [08/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

RICHTER AND WAINWRIGHT

10.1029/2022GL101862

3 of 10

the Andreas (1998) SSGF. Spray injection continues at the rate prescribed by the SSGF for the rest of the 2 hr 
simulation.

The lower boundary conditions employ roughness lengths which are set to achieve realistic values of the unladen 
CD, CH, and CE seen below. To achieve steady-state conditions within the simulation, fluxes of heat, moisture, and 

Figure 1. Top row: domain-averaged profiles of wind speed (a), temperature (b), water vapor mixing ratio (c), and relative humidity (d), at 30 min intervals throughout 
each particle-laden simulation (30, 60, 90, and 120 min). Different colors represent the different wind speeds (L20: gray, L40: red, L60: green, L80: blue), with the 
darkest color showing the earliest time of 30 min and the color becoming lighter over time (e.g., dark blue is case L80 at 30 min, lightest blue is L80 at 120 min). The 
middle row shows the difference in profiles between the unladen and particle-laden simulations at 60, 90, and 120 min. Colors and line styles are the same throughout. 
The lower panel (i) shows the domain-wide sea spray size distribution at the same times.
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momentum at the top boundary are set to equal the surface interfacial fluxes. The initial temperature and moisture 
profile used in the simulations is generated based on aggregated dropsonde data (see e.g., the TC-DROPS data-
base, Nguyen et al. (2019)). We selected all dropsonde profiles released at a radius of between 2 and 6 times the 
radius of maximum winds (RMW), to mimic the numerical setup of a hurricane patch outside the RMW from the 
method of Bryan et al. (2017). The RMW data used to filter the dropsondes is taken from the extended best track 
database (EBTRK; Demuth et al., 2006).

2.2. Surface Exchange Coefficients

The traditional method of parameterizing the surface fluxes in NWP models is through the use of transfer coeffi-
cients CD, CE, and CH, which are defined by the following expressions:

𝜏𝜏0 = 𝜌𝜌𝑎𝑎𝐶𝐶𝐷𝐷𝑈𝑈
2

10
. (1)

𝐻𝐻𝑆𝑆0 = 𝜌𝜌𝑎𝑎𝑐𝑐𝑝𝑝𝐶𝐶𝐻𝐻𝑈𝑈10(𝑇𝑇𝑠𝑠𝑠𝑠𝑐𝑐 − 𝑇𝑇10), (2)

𝐻𝐻𝐿𝐿0 = 𝜌𝜌𝑎𝑎𝐿𝐿𝑣𝑣𝐶𝐶𝐸𝐸𝑈𝑈10(𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑞𝑞10). (3)

Here, τ0, HS0, and HL0 are the total fluxes of momentum (τ(z)), sensible heat (HS(z)), and latent heat (HL(z)), where 
the “0” subscript refers to evaluating these fluxes at z = 0. The bulk flux relationships are typically defined with 
the 10-m reference wind speed (U10), temperature (T10), and water vapor mixing ratio (q10), and Tsfc and qsfc are  the 
sea surface temperature (SST) and surface water vapor mixing ratio qsfc (assuming saturation at the water surface), 
and surface currents are typically neglected. ρa and cp are the density and specific heat of air, and Lv is the latent 
heat of vapourization.

In this study, our goal is to resolve turbulence in the hurricane boundary layer, along with its full coupling with a 
realistic treatment of sea spray, in such a way as to directly compute and compare the flux coefficients with and 
without the presence of spray droplets. By making the common assumption that the fluxes can be broken down 
into their turbulent (“turb”) and spray-mediated (“sp”) components (Andreas et al., 2015; Fairall et al., 1994) and 
rearranging, the flux coefficients can be calculated via

𝐶𝐶𝐷𝐷 =
𝜏𝜏0,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝜏𝜏0,𝑠𝑠𝑠𝑠

𝜌𝜌𝑎𝑎𝑈𝑈
2

10

, (4)

𝐶𝐶𝐻𝐻 =
𝐻𝐻𝑆𝑆0,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 +𝐻𝐻𝑆𝑆0,𝑠𝑠𝑠𝑠

𝜌𝜌𝑎𝑎𝑐𝑐𝑠𝑠𝑈𝑈10(𝑇𝑇𝑠𝑠𝑠𝑠𝑐𝑐 − 𝑇𝑇10)
, (5)

𝐶𝐶𝐸𝐸 =
𝐻𝐻𝐿𝐿0,int +𝐻𝐻𝐿𝐿0,𝑠𝑠𝑠𝑠

𝜌𝜌𝑎𝑎𝐿𝐿𝑣𝑣𝑈𝑈10(𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑞𝑞10)
, (6)

As detailed in the idealized study of Peng and Richter (2019), so-called bulk spray models, which aim to parame-
terize the spray-mediated components of the fluxes, must make certain assumptions regarding the various poten-
tial couplings. The simplest approximation is to assume that the surface spray components τ0,sp, HS0,sp, and HL0,sp 
are simply additive, in that the surface turbulent (also referred to as “interfacial”) fluxes and the 10-m refer-
ence conditions are unchanged with the addition of spray. In reality, however, the heat, moisture, and momen-
tum carried by the spray can (and does) change both the 10-m reference conditions, as well as the interfacial 
fluxes  carried by the turbulent motions in the air. Some bulk spray models, such as those by Bao et al. (2011) 
and Barr et al. (2023), attempt to incorporate these various couplings, but in the present case these couplings are 
naturally included.

We perform a straightforward series of LES-LCM simulations, where four wind speeds are run with and without 
spray. They are driven by reference wind speeds of 𝐴𝐴 𝐴𝐴 = [20, 40, 60, 80]  m s −1, which correspond to 10-m wind 
speeds of 𝐴𝐴 𝐴𝐴10 = [12, 24, 36, 48]  m s −1. Throughout, a prefix “U” refers to the unladen simulation at a particular 
wind speed, while “L” refers to the spray-laden simulation (e.g., U20 is the unladen, V = 20 m s −1 case). In each 
fully coupled simulation we directly calculate the turbulent and spray-mediated components of momentum, sensi-
ble, and latent heat fluxes, as well as their impact on the 10-m reference conditions, in order to observe the impact 
of spray on the effective flux coefficients in Equations 4–6.
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3. Results
Domain-averaged profiles from each of the laden simulations are shown at several time steps in the upper row 
of Figure 1. As time evolves (dark to light shading depicts 30-min intervals), the effects of spray at each wind 
speed (denoted by color) are observed. The middle row of Figure 1 shows the difference in the wind, temperature, 
moisture, and relative humidity (RH) profiles between the laden and unladen cases at 60, 90, and 120 min (again 
denoted with line transparency).

No clear systemic difference is visible in the wind profiles between the laden and unladen cases (Figures 1a 
and 1e; note that the wind profiles are still slightly evolving at the time of injection). However, the spray injection 
does alter the temperature, moisture and RH profiles significantly. The presence of sea spray reduces the temper-
ature (Figures 1b and 1f) and increases the mixing ratio (Figures 1c and 1g), thus increasing the RH (Figures 1d 
and 1h). This is consistent with the conceptual picture of Fairall et al. (1994) and the one-dimensional modeling 
of Rastigejev and Suslov (2019). The differences in the thermodynamic profiles due to the presence of spray 
cases generally increases over time as spray injection continues (Figures 1f–1h) at all wind speeds, with the 
exception of the temperature profile for case L80, where the largest temperature difference occurs at 60 min and 
decreases thereafter (Figures 1b and 1f). In general larger differences in the thermodynamic profiles are seen at 
higher wind speeds, owing to the larger production of spray.

Figure 1i shows the sea spray size distribution at 60, 90, and 120 min into each simulation. The distributions 
shown in Figure 1i are number concentrations calculated across the entire domain, despite the fact that the size 
distributions change rapidly with height, particularly for the large droplets. We can see from Figure 1i that the 
particle concentration increases with increasing wind speed, as expected, with the exception of large (r ≳ 30 μm) 
droplets. For a given wind speed (and thus a given SSGF strength), the large droplets quickly establish an equi-
librium, in that their large gravitational settling rapidly approaches their production rate, holding their number 
constant. It is these “re-entrant” droplets which are known to carry most of the spray-mediated heat and moisture 
fluxes (Andreas & Emanuel, 2001), precisely because they are rapidly refreshed as time evolves. As the wind 
speed increases, the likelihood of producing large droplets increases according to the formulation of the SSGF, 
and therefore more are seen in Figure 1i as the wind speed increases. The minimum particle size introduced by the 
SSGF is the same in each simulation, and differences seen in lowest particle radius are due to particle interactions 
with the flow, with lower minimum spray radii seen for lower RH values.

3.1. Impact of Sea Spray on Drag Coefficient (CD)

We first investigate the impact of sea spray on the bulk drag coefficient CD. As is evident from Figure 1e, the 
presence of sea spray does not cause a systematic change in the wind profile even though the spray droplets are 
fully coupled in momentum. Figures 2a and 2b further show that both τ and U10 remain independently unchanged 
with time for all wind speeds and spray concentrations, leading to CD values which fluctuate within only a couple 
of percent different than the unladen CD value (which itself is dictated by the LES wall model roughness at the 
lower surface)—see Figures 2c and 2d. It might be expected that at the highest wind speeds, since so many spray 
droplets are being injected, the droplets' momentum could accelerate the wind speed (or otherwise reduce the 
drag coefficient via acting as a source of density stratification) but we do not see any evidence for this, in contrast 
with a number of models (Barenblatt et al., 2005). As such, it follows that the drag coefficient will not be altered 
by the presence of spray droplets, and this is what we see in Figure 2c.

3.2. Impact of Sea Spray on Heat and Moisture Transfer Coefficients (CH and CE)

We next examine the impact of sea spray on CH and CE. The total (i.e., interfacial plus spray) surface sensible 
and latent heat fluxes HS0 and HL0 are shown in Figures 2e and 2i, and highlight the impact that spray has on 
fluxes through the surface layer. While more details can be found elsewhere (Andreas & Emanuel, 2001; Fairall 
et al., 1994), recall that in the simplest terms a droplet in a uniform, unsaturated atmosphere quickly transfers its 
sensible heat to the surroundings as it cools to essentially the wet bulb temperature. Beyond this, droplets evap-
orate, but do so at roughly constant enthalpy, since the evaporation is exchanging sensible for latent heat. In the 
present LES, the ambient conditions seen by a droplet can change due both to two-way coupling with the spray 
and turbulent motions, and the droplet lifetimes are a function of size and turbulent transport.
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The introduction of spray starting at 30 min causes a temporary reduction in HS0, even a reversal in sign for the 
highest wind speeds, followed by an increase above the unladen sensible heat flux. This adjustment process is 
most noticeable for cases L60 and L80, and at these speeds the increase in spray concentration accelerates the 
adjustment process. Likewise, at 30 min the spray causes an increase in HL0 above the unladen value, followed by 
a leveling-off below at times exceeding roughly 1 hr.

At the same time, and unlike the wind profile which was relatively unchanged between the laden and unladen 
cases, Figure 1 shows that the spray-laden cases are cooler and moister than their unladen counterparts, with 
larger impacts of spray seen as the wind speed (and thus spray concentration) increases. This is apparent in the 
time series of SST − T10 and qsfc − q10 shown in Figures 2f and 2j, which are the primary components of the 
denominators of Equations 5 and 6 and indicate the substantial changes to the air-sea temperature and humidity 
differences due to the presence of spray. Spray causes the temperature difference to increase due to the decrease in 
10-m temperature, while at the same time spray lowers the sea-air humidity difference by moistening the surface 
layer.

Noting that the flux coefficients depend on a combination of both the total fluxes HS0 and HL0 as well as the 
air-sea differences SST − T10 and qsfc − q10 (each of which is influenced by the presence of spray) we plot the 
corresponding time series of CH and CE in Figures 2g and 2k. It is immediately clear that these quantities vary 
in time, and we divide each response into two regimes: an initial transient adjustment to the initiation of spray 
injection whose duration varies with wind speed, and a plateau period where CH and CE slowly level-off to a 
near-stationary value (nearly to saturation for the highest wind speeds).

The first regime is somewhat unphysical, in that the spun-up surface layer must rapidly adjust to the sudden 
injection of spray droplets—a situation that does not have an obvious environmental analog, except perhaps for 

Figure 2. Top row: components of bulk CD calculation (see Equation 4), τ (a), U10 (b), equivalent bulk CD (c), and percentage change in CD between the laden and 
unladen cases (d). Middle row: components of bulk CH (see Equation 5), HS0 (e), Tsfc − T10 (f), and equivalent bulk CH (g), and percentage change in CH between the 
laden and unladen cases (h). Bottom row: components of bulk CE (see Equation 6), HL0 (i), qsfc − q10 (j), equivalent bulk CE (k), and percentage change in CE between 
the laden and unladen cases (l). For all plots the color representing each wind speed is as in Figure 1, and the darker color represents the unladen case while the lighter 
color represents the spray-laden case (e.g., case U60 is shown in dark green and case L60 in light green). On the right hand column the darker colors are used to 
represent the percentage change in the bulk transfer coefficients, and a 5-min moving average is applied to the data to reduce the impact of noise.

 19448007, 2023, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
101862 by U

niversity O
f N

otre D
am

e, W
iley O

nline L
ibrary on [08/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

RICHTER AND WAINWRIGHT

10.1029/2022GL101862

7 of 10

a sudden enhancement in spray production due to, say, wind–wave alignment. During this time, at the highest 
wind speeds, the fluxes HS0 and HL0 experience a shock whose magnitude increases with wind speed but whose 
duration decreases. There is a corresponding sharp decrease in CH and increase in CE during this time, exceeding 
even an 80% change in the flux coefficients at the highest two wind speeds (Figures 2h and 2l). The negative 
values of CH indicate a brief period where the total flux of sensible heat is downwards due to rapidly evaporating 
spray, despite a positive difference SST − T10—again, such a sudden jump in spray-mediated fluxes is highly 
unlikely in the environment.

In the second regime, however, the thermodynamic flux coefficients for the highest wind speeds (L60 and L80), 
after quickly adjusting to the injection of spray, actually approach their unladen values. Such a relaxation was 
also seen in the conceptually similar model framework of Onishi et al.  (2016). It is only the L40 case which 
seems to maintain a CH value which is substantially different than when spray is not present. In the high-wind 
cases, Figures 2e, 2f, 2i, and 2j show clearly that the recovery of CH and CE to their unladen values is not due to 
the absence of spray effects—indeed the total fluxes and the air-sea disequilibrium are greatly modified by the 
spray feedback. Instead, this recovery of CH and CE occurs as two things happen: the surface layer approaches full 
saturation (see Figure 1d), and when the changes to the fluxes HS0 and HL0 are offset by corresponding changes 
in the air-sea differences SST − T10 and qsfc − q10. At these wind speeds, the feedback effects of spray are so 
strong that they rapidly result in a quasi-equilibrium where the approach to the unladen coefficients implies 
a turbulence-limited transport of spray-modified heat and moisture through the surface layer. For case L40, 
Figure 1d shows that the surface layer never reaches saturation due to the spray fluxes never being able to over-
come the upwards transport of moisture; it is this case whose CE and CH maintain their (modest) difference with 
the unladen values.

To see this process more clearly, Figure 3 shows vertical profiles of the fraction of the total fluxes HS(z) and HL(z) 
carried by spray. For case L20 in the leftmost column, the spray production is sufficiently low that only a very 
small fraction of the total heat and moisture fluxes are due to spray. For case L40 (second column), we already 
see a negative, spray-mediated sensible heat flux that accounts for over 20% of the total flux near the surface and 
which rapidly decreases in magnitude with height. The spray-mediated fraction of the latent heat remains below 
5%. Most notably, however, is that the shape of both profiles remains fairly robust in time, consistent with the 
stationarity of the flux coefficients see in Figure 2, and is related to the inability of spray to completely saturate 
the surface layer. Case L60 initially sees an even larger fraction of the total flux carried by the spray, but this 
decays over time, leveling off to a more vertically homogeneous profile which is around 10% for sensible and 
3% for latent heat. Finally, case L80 has such a rapid adjustment that the total spray fraction, even at 60 min, has 
already decreased to a stationary value, where again spray only accounts for 10% of the sensible heat flux and 
less than 5% of the latent.

Figure 3. Top row: the fraction of the total sensible heat flux due to spray, HS,sp/(|HS,sp| + |HS,turb|). Bottom row: the fraction of the total latent heat flux due to spray, 
HL,sp/(|HL,sp| + |HL,turb|). Columns left to right represent cases L20, L40, L60, and L80 (same color scheme as in previous figures). In all panels lines show temporal 
progression through each simulation, with the darkest line at 30 min (just as spray injection begins), and increasingly lighter lines representing fluxes 60, 90, and 
120 min.
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4. Discussion and Conclusions
Here we have used a combined LES and Lagrangian cloud model to investigate the impact of spray on the equivalent 
bulk transfer coefficients for momentum, heat and moisture in TC conditions. The model releases spray droplets based 
on 10-m wind speed following the Andreas (1998) SSGF, and we test four U10 values of 12, 24, 36, and 48 m s −1. At 
each wind speed we run paired simulations: one unladen case and one where spray injection begins at 30 min and 
continues throughout the 2 hr simulation. We compare the unladen and laden simulations to examine how the spray 
affects the fluxes of heat, moisture, and momentum through the surface layer, including the impact on the bulk trans-
fer coefficients CD, CH, and CE. For all wind speeds, negligible spray effects were seen on momentum transfer or CD.

What these simulations show for sensible and latent heat, however, is that only under certain circumstances can 
spray significantly modify the flux coefficients. Somewhat paradoxically, high-wind conditions that produce 
copious amounts of spray quickly saturate the surface layer and bring the reference temperature and humidity 
(i.e., T10 and q10) back into balance with the fluxes. In these turbulence-limited conditions, the flux coefficients 
are nearly equal to their unladen value, since the spray can quickly replace any moisture that has been transported 
upwards. In the present simulations, it requires an unrealistic shock due to the abrupt initiation of spray injection 
to observe changes to CH and CE whose magnitude approach some of the more extreme values reported in the 
literature (Andreas et al., 2015; Komori et al., 2018), and even these are short-lived. As the spray moistens  the 
layer—a process which occurs faster with more spray production—the flux coefficients relax back to their 
unladen, turbulence-dominated values. At the highest wind speeds, the fraction of the latent and sensible heat 
fluxes are 10% or less, and only exceed this when external processes (e.g., large scale horizontal advection) exist 
to efficiently remove moisture from the surface layer. This would suggest that the regions of a TC with the high-
est winds might not be the areas with the strongest spray influence—a phenomenon discussed recently by Barr 
et al. (2023). We note, however, that one of the underlying assumptions behind the LES framework employed 
here is that we are neglecting mean vertical advection in the domain (i.e., the domain is outside of the eyewall). 
If a mean updraft, or any other mechanism for that matter, could efficiently remove the moisture deposited by 
spray and prevent full saturation of the surface layer, then it is plausible that the flux coefficients could be more 
permanently modified.

We also suggest that the results here may help explain the continued discrepancies reported in the literature. Many 
spray models (Andreas et al., 2015; Bao et al., 2011; Mueller & Veron, 2014) predict a dramatic increase in the 
enthalpy flux coefficient CK (usually assumed to be equal to CH and CE), but observational estimates often disa-
gree. The only existing direct measurements from within a hurricane suggest that CE and CH do not have a strong 
wind speed dependence up to roughly 30 m s −1 (Drennan et al., 2007). Despite high uncertainty, this seems to 
agree with other indirect estimates from within TCs out to much stronger wind speeds (Bell et al., 2012; Richter 
& Sullivan, 2014), and agrees with some laboratory experiments as well (Jeong et al., 2012). Other laboratory 
measurements, however, indicate a strong increase in the thermodynamic flux coefficients (Komori et al., 2018), 
yet in each of these the role of spray remains unclear. The current results emphasize the importance of the ambi-
ent environmental conditions (particularly the humidity), and models which fix the background temperature and 
humidity (Andreas, 2011) would likely overestimate the spray contribution to the fluxes. Laboratory studies like-
wise might inadvertently fix the ambient conditions by continuously bringing in relatively dry, surrounding air. 
Meanwhile the few observational estimates from within TCs, aside from being inherently uncertain, are averaged 
across multiple conditions in time or space and could therefore remove any localized enhancements due to spray.

Finally, the premise that the entire effect of spray can be observed from (or accounted for) in the flux coefficients, 
is faulty, and the results presented above highlight the need for spray models which account not only for the 
thermodynamic response of droplets, but also their proper coupling with the background temperature and humid-
ity fields. While several past models neglect this two-way coupling, others do include it and see some similar 
qualitative trends to those reported above, although with some large quantitative differences owing to modeling 
assumptions. These include one of the original attempts at spray-turbulence coupling (Rouault et al., 1991), the 
bulk model of Bao et al. (2011), the Lagrangian stochastic model of Mueller and Veron (2014), the use of a cloud 
physics model to represent spray by Onishi et al. (2016), and the recent model of Barr et al. (2023). In each of 
these, the interfacial and spray-mediated fluxes of sensible and latent heat are solved simultaneously in a way that 
accounts for individual droplet microphysics and the response of the local environment, which we conclude is 
crucial for properly representing spray. Simply changing the flux coefficients CH and/or CE in a mesoscale model 
is insufficient.
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We close by noting that the present simulations focus on a single SSGF and a single initial condition. As noted 
above, it is well-known that SSGFs at high winds are very uncertain, especially for the large droplets that contrib-
ute to spray-mediated fluxes (Ortiz-Suslow et al., 2016; Troitskaya et al., 2018). It is straightforward to alter the 
functional form of the SSGF in the present framework, although we do not anticipate any changes to our overall 
conclusions. The recent laboratory studies highlighting a stronger production of large droplets than previously 
considered would only act to accelerate the saturation process seen in the present LES simulations; that is, if more 
large droplets were included in the simulations, the relaxation of CE and CH would still occur, perhaps even more 
quickly, and our conclusion that spray cannot be captured simply by a modification to CH or CE would remain. 
The impact of neglecting other environmental processes not included here are less clear, including surface waves 
and storm-scale flow (i.e., not only considering a “patch” of the hurricane boundary layer). These remain the 
target of ongoing research.

Data Availability Statement
The dropsonde data used to generate the initial profile is available to downloaded from the NOAA Hurricane 
Research Division website at https://www.aoml.noaa.gov/hrd/data_sub/dropsonde.html, or is available via the 
TC-DROPS database (Nguyen et  al.,  2019). The radius of maximum wind data used to filter the dropsonde 
profiles for use in the model initial profile are taken from the Tropical Cyclone Extended Best Track database, 
available online at https://rammb2.cira.colostate.edu/research/tropical-cyclones/tc_extended_best_track_data-
set/. The NTLP large-eddy simulation and Lagrangian cloud model code is available at https://github.com/Rich-
terLab/NTLP/tree/SuperDroplet. The data plotted in this manuscript, along with plotting scripts, are available at 
https://doi.org/10.7274/sf268340371.
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