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ABSTRACT

Sea spray exchanging momentum, heat, and moisture is one of the major uncertainties in modeling air–sea

surface heat fluxes under high wind speeds. As a result of several untested assumptions in existing models and

low fidelity in the measurements, questions regarding the appropriate method for modeling the effects of

spray on air–sea fluxes still exist. In this study, we implement idealized direct numerical simulations (DNS) via

an Eulerian–Lagrangian model to simulate spray droplets in turbulent flows. Then, we verify the bulk spray

models of Fairall et al. and Andreas et al. with the detailed physics from DNS. We find that the quality of the

underlying assumptions of bulk models is sensitive to the time scales governing spray microphysics and

lifetime. While both models assume that spray experiences a uniform and steady ambient condition, our

results show that this assumption only works well for droplets with long thermodynamic time scales and

relatively short lifetime.When the thermodynamic time scales are short, the models fail to predict the correct

temperature and radius change of spray (e.g., condensation), thus spray-mediated heat fluxes, which in turn

overestimates the total heat fluxes. Moreover, using our two-way coupled simulations, we find a negative

feedback induced by the spray evaporation thatmay bemissing in the bulkmodels, which could lead to further

overestimates of the total heat flux when the spray-mediated flux is treated as an add-on to the corresponding

interfacial flux. We further illustrate that the feedback effects are consistent under different flow Reynolds

numbers, which suggests that the findings are relevant at practical scales.

1. Introduction

Quantifying and parameterizing the complex physics

associated with spray droplets in the high-wind boundary

layer has been investigated for decades across various

scales, but the degree to which spray mediates air–sea

transfer remains in question despite its potential im-

pacts on meteorological forecasting (Wang et al. 2001;

Andreas and Emanuel 2001; Soloviev et al. 2014). As

noted by Kepert et al. (1999) and others, two funda-

mental issues need to be solved to fully quantify the

effects of spray: 1) the generation mechanisms of spray

(i.e., constraining the source function) and 2) the feed-

back mechanism by which spray droplets modify the

local turbulent environment. These issues persist due

to the inherent complexity of the system and diffi-

culties in direct observation. The current study fo-

cuses on the latter of the two challenges, in particular,

the thermodynamic feedback of spray on latent and

sensible heat fluxes.

When spray is present, the total (sensible and latent)

heat transported from the sea to the air consists of

two routes: interfacial fluxes and spray-mediated fluxes

(Andreas 1992). It is commonly assumed that these two

independent components can be summed to produce the

total heat flux, or that if one could estimate the interfacial

component, the overall spray effects could bemeasured via

the changeof the total. In practice, however, decoupling the

two routes, ormeasuring one in the absence of the other, is

not trivial and involves significant approximation. Rela-

tively few experimental or observational studies exist that

even attempt to measure the total heat fluxes in high

winds, and these are generally based on indirect measure-

ments (Wang and Street 1978; Richter and Stern 2014; Bell

et al. 2012), laboratory experiments (Komori et al. 2018;

Jeong et al. 2012), or direct eddy covariance measurements

(Drennan et al. 2007; Zhang et al. 2008). In these studies,

it is challenging to conclusively address the role that sea

spray plays, and it remains nearly impossible to distinguish

between the interfacial and spray-mediated routes, thus

neglecting to provide the necessary detail for assessing

whether the total heat flux can be decomposed in this way.Corresponding author: Tianze Peng, tianze.peng.16@nd.edu
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When developing models to account for the ef-

fects of spray, one must consider both the droplet

microphysics (Onishi et al. 2016) as well as the feed-

back effect of spray onto the surrounding flow. The

numerous numerical/theoretical spray models that

exist can be categorized into three major groups: bulk

algorithms, Eulerian multiphase approaches (or one-

dimensional models), and Lagrangian approaches.

Bulkmodels attempt to estimate the net air–sea fluxes

without resolving the corresponding vertical profiles in

the atmosphere or the details of spray’s dynamics and

thermodynamics (Andreas et al. 2015; Bao et al. 2011;

Fairall et al. 1994; Mestayer and Lefauconnier 1988).

Hence, bulk models are associated with two common

hypotheses: 1) contributions from individual sea-spray

droplets are independent and can directly add to the

interfacial heat fluxes and 2) the sensible and latent heat

released from sea spray can be determined from the

difference between the initial and final temperature

and size of the droplets, neglecting all intermediate

dynamics.

However, the question of whether these are reason-

able assumptions has not been addressed, which could

be the reason for continued discrepancies between

measurements and theory. For instance, while some

bulk spraymodels suggest a significant influence of spray

droplets on heat fluxes (Andreas et al. 2015), the results

from observations (DeCosmo et al. 1996; Drennan et al.

2007; Zhang et al. 2008) and certain experiments (Jeong

et al. 2012) indicate a lack of dependence of the heat and

moisture transfer coefficients CH and CE on wind speed.

Other experimental data, however, show that there may

be a significant increase in the transfer coefficients due

possibly to spray (Komori et al. 2018; Troitskaya et al.

2018a,b). These disagreements show the importance of

understanding the details of air-spray turbulent cou-

pling, and the difficulties associated with formulating

bulk models and making detailed measurements.

The other two modeling approaches (Eulerian mul-

tiphase and Lagrangian) have increased complexity,

and attempt to account for the vertical transport of the

droplets as they interact with the airflow. In 1DEulerian

models (Rastigejev and Suslov 2016; Bianco et al. 2011;

Lighthill 1999; Makin 1998), vertical transport of mo-

mentum, heat, and moisture at the air–sea interface

(ASI) are modeled via turbulence closure schemes.

Spray-mediated heat fluxes are quantified in a similar

manner as bulk models, and their influence on the ver-

tical profiles of moisture, temperature, and momentum

are treated as a horizontally homogeneous sink/source

to the continuum phase (air). Here, the coupling be-

tween phases is included, and in principle these models

can capture the effects of elevated spray sources on the

vertical profiles of air temperature and humidity. Again,

however, the assumptions behind calculating the spray

source/sinks on energy and moisture require careful in-

vestigation and are nearly impossible tomeasure directly.

Lagrangian spray models individually track spray

droplets as well as by stochastically (Mueller and Veron

2014a,b) or deterministically (Edson and Fairall 1994;

Edson et al. 1996; Peng and Richter 2017, hereinafter

PR17; Druzhinin et al. 2018) assigning background tur-

bulent fields of velocity, temperature, and humidity. The

goal of these methods is to better resolve the dynamics

of droplets during their lifetime and understand their

bulk behavior, albeit with increased computational cost.

A trade-off exists in deciding whether to treat the back-

ground flow in a simple manner (e.g., one-dimensional

Monin–Obukhov theory) or attempting to resolve the

turbulence explicitly, and in the former, assumptions

must again be made in treating the two-way coupling

of heat andmoisture between the spray and air phases.

To emphasize the physical transport and coupling

processes that sea-spray droplets experience at the

turbulent ASI, high-resolution Eulerian–Lagrangian sim-

ulations are used in this study to assess the assumptions

made in bulk models.

In our previous numerical study (PR17), via direct

numerical simulation (DNS), we investigated the sen-

sitivity of the modification of sensible and latent heat

flux on various spray parameters. In general we found

two broad categories of spray size with distinct influ-

ences on the total heat fluxes: small droplets (less than

roughly 50 mm in diameter) self-limit their amount of

enhancement of total heat flux; larger droplets, on the

other hand, have the potential to enhance the total heat

flux. The self-limiting of the smaller droplets is due to

cancellations between sensible and latent spray-mediated

fluxes, and its magnitude is relatively insensitive to its

concentration. However, the magnitude of the enhance-

ment by larger droplets depends on spray concentration.

We further found that these two scenarios could be

distinguished quantitatively by droplet response time

scales—for example, when droplets cannot achieve tem-

perature equilibrium with the surroundings given their

relatively short lifetime, they deposit both sensible and

latent heat.

The current study connects idealized but physics-

resolving DNS simulations with bulk air–sea models

for spray’s influence on the total heat flux.We utilize the

high-resolution solutions of DNS in idealized, droplet-

laden open-channel flows in order to carefully investi-

gate the modeling framework and hypotheses present in

two common bulk spray models (Fairall et al. 1994;

Andreas et al. 2015). Thus, we try to answer the fol-

lowing scientific questions: Can the spray-mediated heat
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flux be directly added to the interfacial heat flux? How

significant is the feedback effect of spray droplets? How

can one specify effective atmospheric conditions in a

simplified bulk model?

2. MethodWhat is the main cause of tornadoes?

a. Overview

The primary aim of this study is to use DNS to di-

rectly test certain assumptions made in bulk estimates of

spray-mediated thermodynamic fluxes, and in particular

those of Fairall et al. (1994) and Andreas et al. (2015).

For the bulk models, we simplify the details (e.g., spray

generation), and focus instead on the fundamental hy-

potheses made for the total heat flux and spray micro-

physics that can be assessed by DNS.

For DNS, we use the same numerical scheme of

droplet-laden turbulent flows as our previous study

(PR17) that is adapted from Helgans and Richter

(2016). We treat turbulent air flows and spray droplets

separately. Hence there are two phases in the model: a

carrier phase (air) and a dispersed phase (droplets). For

the carrier phase, we use the DNS model to resolve

turbulence in an open-channel flow. For spray droplets,

we compute the dynamics and thermodynamics of each

droplet individually from Lagrangian perspective, and

treat them as point particles which respond to the local

fluid velocity, temperature, and humidity. In this sec-

tion, we will introduce both the bulk andDNSmodels as

well as the methodology for testing the bulk models

using DNS.

b. Bulk parameterizations for spray-mediated
heat fluxes

The fundamental concern we address in this study is

whether the heat flux can be expressed as the direct sum

of interfacial and spray-mediated components. To start,

we follow the two bulk models and define the total

heat flux HT that consists of the interfacial (subscript

‘‘int’’) and spray-mediated (subscript ‘‘sp’’) compo-

nents. Each term can be further decomposed into their

latent (subscript L) and sensible (subscript s) com-

ponents; that is,

H
T
5H

int
1H

sp
5H

L,sp
1H

L,int
1H

s,sp
1H

s,int
, (1)

and we list the descriptions for each term in Table 1.

Thus, the estimation process for the total flux re-

quires accurate quantification of all four compo-

nents in Eq. (1) at the air–sea interface. For example,

the sensible and latent interfacial heat fluxes can

be estimated based on gradient-wind transfer laws

of the (potential) temperature and specific humidity

(Andreas et al. 2015; Andreas and Emanuel 2001),

which is commonly used among bulk models. How-

ever, parameterizing the spray-mediated sensible and

latent heat fluxes varies across different bulk models

because of different assumptions associated with the

spray microphysics.

Specifically, the two common bulk models considered

in this study, that of Fairall et al. (1994) (this model will

be referred to hereinafter as F94) and that of Andreas

et al. (2015) (this model will be referred to hereinafter

as A15), estimate spray evaporation differently. F94

assumes that the temperature change will be the only

effect that contributes to the total spray-mediated heat

flux; that is,

HhF94i
sp 5Q

s
and (2)

H
hF94i
L,sp 5Q

L
, (3)

so that

HhF94i
s,sp 5Q

s
2Q

L
. (4)

Here in Eqs. (2)–(4), Qs and QL respectively represent

the nominal spray-mediated sensible and latent exchange

rates—that is, the rate of net exchange of sensible and

latent heat by the droplets between entering and leaving

the ocean.

TABLE 1. List of symbols for heat fluxes used in this study.

Variables Description

HT Total heat flux computed by DNS

Hs,sp Sensible spray-mediated heat flux computed

by DNS

HL,sp Latent spray-mediated heat flux computed

by DNS

Hs,int Sensible interfacial heat flux computed by DNS

HL,int Latent interfacial heat flux computed by DNS

QhA15i
s or QhF94i

s Bulk sensible spray-mediated heat exchanging

rate (the nominal flux) with themodel specified

by the superscript (e.g., A15 or F94)

Q
hA15i
L or Q

hF94i
L Bulk latent spray-mediated heat exchanging

rate (the nominal flux) with themodel specified

by the superscript (e.g., A15 or F94)

Qs Estimates of sensible spray-mediated heat

exchanging rate (the nominal flux) via Eq. (8)

with inputs from DNS

QL Estimates of latent spray-mediated heat

exchanging rate (the nominal flux) via

Eq. (9) with inputs from DNS

DHint The change of the total interfacial heat flux of

spray-laden DNS simulations from the

unladen simulations

DHT The change of the total heat flux of spray-laden

DNS simulations from the unladen simulations
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A15 assumes some degree of compensation due to

evaporative cooling; that is,

H
hA15i
L,sp 5aQ

L
and (5)

HhA15i
s,sp 5bQ

s
2 (a2 g)Q

L
, (6)

where the fitting coefficients a, b, and g are determined

by observational data given assumptions on Qs and QL.

However, A15 explicitly assumes an increase of sensi-

ble heat components induced by spray evaporation, so

0 , g , a represents the adjustment of interfacial heat

fluxes due to the cooling effect of spray evaporation.

Therefore, the total spray-mediated heat flux described

by A15 is

HhA15i
sp 5bQ

s
1 gQ

L
. (7)

In comparing Eq. (7) with Eq. (2), one notices the

equivalent coefficients (a, b, g) 5 (1, 1, 0) in the F94

model, whereas inA15 the three coefficients are given as

(a, b, g) 5 (2.46, 15.15, 1.77). Obviously, the difference

in the magnitude of coefficients in the two models could

eventually lead to very different influences of spray drop-

lets predicted by the bulk models.

One of the factors that contributes to the discrepancy

between the twomodels is the assumed form of the spray

sensible and latent heat exchange rates or the nominal

fluxes Qs and QL. Written in generic terms, these take

the form

Q
s
52c

p
m

p,0
DT

p
(F/A) and (8)

Q
L
52L

y
Dm

p
(F/A) , (9)

whereDTp andDmp are themean net difference of spray

temperature and radius, respectively, between the initial

and final condition when entering the water surface. The

F is a spray renewal rate at the surface (related to the

spray generation function), and A is the horizontal area

of interest. Therefore, both Qs and QL have units of

energy per area per time.

In F94, spray is assumed to enter the surface with a

temperature equal to the air temperature at the signifi-

cant wave height Ta after beginning with a temperature

equal to that of the sea surface Ts. Thus DTp 5 Ta 2 Ts,

which implies an instantaneous temperature adjustment

of the spray. On the other hand, A15 assumes that the

difference Ta 2 Ts is the maximum potential tempera-

ture difference and that DTp is limited by its resi-

dence time (tf in the original text of A15 and tL in this

paper) so that, for each size of spray, DTp 5 (Ta 2 Ts)

[12 exp(2tL/tT)], where tT is the thermal response time

of spray defined by Eq. (1.4) in Andreas (2005) as the

e-folding time of temperature evolution given steady

ambient condition.

Similarly for spray evaporation, for the spray’s mass

change Dmp, F94 assumes an instantaneous evapora-

tive adjustment to the conditions at the significant wave

height, whereas A15 considers the temporal evolution

due to an evaporation time scale tr [also defined as an

e-folding time in Andreas (2005)] that is much longer

than tT. Using the DNS, we can calculate directly the

quantitiesDTp andDmp, and therefore compare with the

assumed forms of A15 and F94.

c. Numerical scheme of direct numerical simulations

1) CARRIER PHASE SOLVED VIA DNS

To represent idealized shear-driven turbulence at the

ASI, we simulate turbulent open-channel flow driven

by a pressure gradient with various boundary conditions.

We further assume 1) incompressible flow, 2) neutral

stability for the carrier phase, 3) a flat surface at the

lower boundary, and 4) constant viscosity and thermal

diffusivity. Thus, this system is meant to focus on the

physics underlying turbulence-droplet coupling and is

not meant to replicate a real air–sea interface. With the

above simplifications, the following governing equations

describe the conservation of mass, momentum, tem-

perature, and humidity of the carrier phase.

For an incompressible flow, conservation of mass

yields a divergence-free velocity field,

›u
i

›x
i

5 0, (10)

where ui is the velocity of the air at location xi, and a

pressure Poisson equation is used to enforce Eq. (10).

Conservation of momentum is calculated by solving

›u
i

›t
1 u

j

›u
i

›x
j

52
1

r
a

›P

›x
i

1 n
a

›2u
i

›x
j
›x

j

, (11)

where P is the pressure, ra is the air density, and na is the

kinematic viscosity of air (see Table 2 for parameter

values).

The temperature T and specific humidity q (5ry/ra,

the ratio of vapor density to the constant dry-air density)

of the air are computed via an advection–diffusion

equation,

›f

›t
1u

j

›f

›x
j

5D
f

›2f

›x
j
›x

j

1
1

r
a

Sf , (12)

where f 5 T, q represents either temperature T or spe-

cific humidity q. For the diffusion term, Df represents
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constant thermal diffusivity a and vapor diffusivity Dy.

The thermal diffusivity is defined as a 5 kT/(racp,a),

where kT is the thermal conductivity of air, and cp,a is

the specific heat of air. These diffusivities are speci-

fied by the molecular Prandtl (Pr 5 a/na) and Schmidt

(Sc 5 Dy/na) numbers. The source termSf in Eq. (12)

represents the two-way coupling between the droplets

and air, Sh for temperature (due to heat exchange be-

tween the droplet and air) andSq for the specific humidity

(due to evaporation/condensation of the droplet). We

omit themomentum coupling between spray droplets and

turbulent flow for simplicity so that we can isolate and

emphasize the thermal coupling effects. Detailed ex-

pressions of Sh and Sq are documented in Helgans and

Richter (2016).

To solveEqs. (10)–(12) viaDNS,weuse apseudospectral

discretization in the periodic streamwise (x) and spanwise

(y) directions, and second-order finite differences are

applied in the wall-normal z direction. A low-storage

third-order Runge–Kutta method of integration in

time is performed for both phases. We set the friction

Reynolds number, Ret 5 utd/na, for various turbulence

intensities given by the applied pressure gradient, where

ut is the friction velocity and d is the domain height.

2) LAGRANGIAN DROPLETS

As discussed in PR17, we employ the Lagrangian

point particle approach to calculate the temporal evo-

lution of position, velocity, temperature, and radius of

droplets as the turbulent air carries them. We solve the

following Lagrangian equations for each droplet.

The evolution of a droplet’s position xp,i is computed

by

dx
p,i

dt
5 y

p,i
, (13)

where xp,i is independent from the grid used to solve

the carrier phase and yp,i is the velocity of an individual

droplet. We compute yp,i by assuming only two forms

of forcing applied on each droplet: hydrodynamic

drag (Stokes drag with a small droplet Reynolds num-

ber correction; Clift et al. 1978) and gravitational

settling gz:

dy
p,i

dt
5 (11 0:15Re0:687p )

1

t
p

(y
f ,i
2 y

p,i
)2 g

z
d
i3
. (14)

In Eq. (14), the particle Reynolds number is defined as

Rep 5 2rpjyf,i 2 yp,ij/na and is O(1) or smaller and

tp 5 4rpr
2
p/(18nara) is the Stokes relaxation time of

droplets, which is dependent on the droplet radius rp and

droplet density rp.

The thermodynamic evolution of droplets during

evaporation is computed simultaneously. Here, we fol-

low previous work (Andreas 1992; Andreas et al. 1995;

Pruppacher and Klett 1996; Mueller and Veron 2010)

for capturing the heat andmass transfer between a single

droplet and its immediate surroundings [see the full

description in Helgans and Richter (2016)].

For spray evaporation/condensation, the evolution of

droplet radius rp is driven by the local difference between

the specific humidity of air qf interpolated to the droplet

location and the specific humidity at the droplet surface

qp. This humidity difference drives gain (when qf . qp)

or loss (when qf , qp) of droplet mass and leads to an

equation governing rp:

dr
p

dt
5
1

9

Sh
p

Sc

r
p

r
a

r
p

t
p

r
a

r
w

(q
f
2 q

p
) , (15)

where rw and ra are the density of pure water and air,

respectively, and Shp 5 21 0:6Re1/2p Sc1/3 is the Sherwood

number (a dimensionless mass transfer coefficient). The

specific humidity at the droplet surface qp is a function of

the droplet temperature Tp, the surface curvature, and

the droplet salinity (Pruppacher and Klett 1996), and a

detailed expression can be found in PR17 or Helgans and

Richter (2016).

For the evolution of droplet temperature Tp, both

heat convection _Qconv and phase change _Qlatent result in a

change of Tp governed by

dT
p

dt
5

1

r
w
V

p
c
L

( _Q
conv

1 _Q
latent

)

5

"
2
1

3

Nu
p

Pr

c
p,a

c
L

r
p

r
w

1

t
p

(T
p
2T

a
)

#
1

 
3L

y

1

r
p
c
L

dr
p

dt

!
,

(16)

Here, Vp is the volume of the droplet, rp is the density

of the saline droplet, rw is the density of pure water,

TABLE 2. Simulation parameters used in DNS with their de-

scriptions and values.

Parameters Symbols Values

Schmidt number Sc 0.615

Prandtl number Pr 0.715

Density of air ra 1.1 kgm23

Density of water rw 1000 kgm23

Kinematic viscosity of air na 1.537 3 1025 m2 s21

Specific heat of air cp,a 1006 JK21 kg21

Specific heat of water vapor cp,y 1952 JK21 kg21

Specific heat of liquid water cw 4179 JK21 kg21

Thermal conductivity of air kT 0.024 JK21 m21 s21

Latent heat of evaporation Ly 2.44 3 106 J kg21

Molecular weight of water Mw 0.018 kgmol21

Molecular weight of salt Ms 0.0584 kgmol21
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cL is the specific heat of liquid water, and Ly is the latent

heat of evaporation. The particle Nusselt number, de-

scribing the rate of heat convection from the particle, is

given by the empirical expressionNup 5 21 0:6Re1/2p Pr1/3

(Ranz and Marshall 1952). See Table 2 for the values of

the material parameters.

d. Boundary and initial conditions

The current study, rather than replicating a real sys-

tem, aims to use DNS to test whether the parameteri-

zations of spray properly capture the complex physics.

Thus, we adopt the same initial and boundary conditions

of the simulations as in PR17. A no-slip bottom surface

and a no-stress top boundary are applied for the air

phase at bottom and top boundaries, along with periodic

boundary conditions on the sides. For the thermody-

namic boundary conditions, we specify six different

combinations of temperature and humidity in order to

represent a wide variety of thermodynamic gradients at

the interface. As most spray studies are motivated by

the tropical air–sea interface, among these boundary

conditions, the baseline case ‘‘M1’’ in Table 3 is set as: a

warm and humid lower surface (Tbot 5 301.15 K and

RHbot 5 100%) and a cooler and drier upper boundary

(Ttop5 298.15 K andRHtop5 90%). Figure 1 provides a

schematic of the numerical system.

The system is initialized with a fully developed,

horizontally homogeneous turbulent flow field with a

random distribution of spray droplets in the domain.

We maintain a constant number of spray droplets in

the domain by replacing them with the same amount

of droplets that hit the lower surface. Each droplet

reintroduced to the flow has a random location along the

lower surface with random initial velocities perpendic-

ular to the surface to mimic the randomness of the spray

injection in the real system. The initial velocities follow a

uniform distribution whose maximum gives the dinj de-

fined in Table 4 as themaximum height that droplets can

reach without turbulence (see details in PR17). There-

fore, due to inertia and settling effect, spray’s mean

profiles of streamwise velocity and concentration vary

on spray size (see Fig. 2 in PR17 for example). As

the turbulence develops, we obtain a statistically steady

droplet production flux, which gives a steadymeanF (e.g.,

F ranges from 83 103 s21 to 53 106 s21 for various spray

sizes when Ret 5 300), and we get steady mean number

concentrations above dinj ranging from 3.176 3 107m23

for 20-mm droplets to 152.6m23 for 200-mm droplets.

e. Simulation setup

The goal in the current study is to understand the

thermodynamic response of both spray and the air from

the perspective of the finest scales and to connect to the

parameterizations in bulk spray models. Among all

simulations, we maintain a consistent ratio between the

droplets and the Kolmogorov scale (the smallest scale of

turbulent motions), and we test three different values

of Ret to ensure that our conclusions are robust with

turbulence levels: 300, 700, and 1500.

Previous studies (Mueller and Veron 2014a; Richter

and Sullivan 2014) indicate that the dynamics and

thermodynamics of spray are related to its size and its

ability to change size and temperature. Since the bulk

models assume that contributions from each size are

independent, we implement monodispersed spray dis-

tributions with radii ranging from 20 to 200 mm to in-

vestigate how to better parameterize behavior that

varies with size.Wemaintain a constant number of spray

droplets that is determined by the initial mass fraction

Fm (5mw/ma), defined as the ratio of the water mass to

the mass of the air, for each simulation.

Therefore, we target at two types of statistics from

DNS as results. First, we investigate the temporal mean

of the vertical heat fluxes, and second, we calculate

statistics of spray droplets (e.g., residence time, temper-

ature change, etc.). To have temporally converged sta-

tistics, we run the simulation for a time of at least 30d/ut,

and we then verify that all statistics are converged to

within 1%.We list the details of the simulation settings of

DNS for each of the three Ret in Table 4.

TABLE 3. Boundary conditions (BC) of DNS simulations. Parameters Tbot and Ttop represent the temperature at the bottom and top

boundaries, RHbot and RHtop represent relative humidity at the two boundaries, rp,0 represents the initial spray size, Fm (5mw/ma)

represents the spray mass ratio to the air, and Ret represents friction Reynolds number of the domain.

BC groups Tbot (K) Ttop (K) RHbot RHtop rp,0 (mm) Fm Ret

M1 301.15 298.15 100% 90% 20, 25, 45, 75, 125, and 200 1%, 5%, and 10% 300

M2 301.15 301.15 100% 90% 25, 75, and 200 5% 300

M3 301.15 298.15 100% 100% 25, 75, and 200 5% 300

M4 301.15 296.15 100% 90% 25, 75, and 200 5% 300

M5 301.15 298.15 100% 80% 25, 75, and 200 5% 300

M6 298.15 301.15 100% 90% 25, 75, and 200 5% 300

R1 301.15 298.15 100% 90% 25, 75, and 200 1% 700

R2 301.15 298.15 100% 90% 25, 75, and 200 1% 1500
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f. Assessing bulk models via DNS

In our DNS model, the open-channel turbulent flow

provides a uniform total vertical heat flux. This constant

vertical heat flux is consistent with what bulk models

commonly assume and allows for us to compare the two

types of models for the thermodynamic coupling between

phases and the role of droplet microphysical processes.

We compute each component of heat flux found in

Eq. (1) explicitly via Eqs. (10)–(16) in DNS. Therefore,

we can attempt to reconstruct the DNS-obtained fluxes

via the bulk model formulations and provide physical

interpretations behind the fitting coefficients. In addi-

tion, for the bulk estimation of spray-mediated fluxes,

all variables in Eqs. (8) and (9) are known or can be

measured from the Lagrangian solutions of DNS.

We first examine the howwell F94 and A15 predict the

spray-mediated heat fluxes given by Eqs. (2)–(7). Second,

we test the magnitude of spray’s feedback term (g term)

to predict the total heat flux given only an interfacial heat

flux without spray droplets and the mean difference of

spray’s temperature DTp and radius Drp. Third, we will

discuss the approximation of DTp and Drp as well as

spray’s overall influence on the total heat flux HT.

3. Results and discussion

a. Predicting spray-mediated heat fluxes

We start the assessment with the spray-mediated

heat fluxes. First, we follow the expressions of F94 via

FIG. 1. An overview of theDNSmodel: (a) a 3D schematic of the computational domain used

in DNS, where d is the height of the domain and other parameters are documented in Table 4,

and (b) a schematic showing spray time scales in an x–z cross section of the domain with

an instantaneous contour of simulated air temperature (cf. ‘‘M1’’ in Table 3 for boundary

conditions). Three time scales listed near dashed lines are the residence time tL, temperature

response time tT, and radius response time tr.

TABLE 4. Grid setup under different Ret. The Nx, Ny, and Nz

represent grid numbers in the x, y, and z directions, respectively; gz
is the gravity scaled for the DNS, d is the dimensional height of the

domain, and dinj is the maximum height that droplets with initial

velocity can reach.

Ret Nx Ny Nz gz (m s22) d (m) dinj (mm)

300 128 256 128 0.8027 0.04 5.000

700 256 512 256 1.0302 0.08 4.286

1500 512 1024 512 1.1398 0.16 4.008
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Eqs. (2)–(4), which in A15’s notation use a 5 b 51 and

g 5 0 according to Eqs. (5)–(7). Thus for F94, the latent

spray-mediated heat flux is approximated by the nomi-

nal fluxQL, and the sensible spray-mediated heat flux is

expressed as the difference between the total and the

latent fluxes, Qs 2QL. To test the estimates given by

Eqs. (3) and (4), we plot in Fig. 2 the DNS-computed

spray fluxes Hs,sp and HL,sp against Qs 2QL and QL,

respectively, where based on Eqs. (8) and (9) we cal-

culate Qs and QL from droplet statistics DTp and Dmp

known from the DNS. Spray radii in the plot range from

20 to 200 mm, and we include all three Reynolds num-

bers and boundary conditions. We normalize the heat

fluxes by the product of friction velocity ut and total

enthalpy difference (Dh 5 hbot 2 htop) between the top

and bottom boundaries.

Figure 2 shows that spray behaves differently as a

function of droplet size. For example, in Fig. 2b for the

latent heat flux HL,sp, 200-mm droplets provide a posi-

tive contribution of latent heat to the system (HL,sp. 0)

although the amount is small. As radius decreases, the

magnitude of HL,sp increases, and spray actually ex-

tracts latent heat from the air when the bottom surface

exhibits a warmer and more humid condition. However,

both panels in Fig. 2 show that F94 has drawbacks of

predicting heat fluxes of smaller droplets (25mmor less),

in particular for the sensible spray-mediated heat flux

Hs,sp, where deviations are observed for the smaller

droplets (shown by asterisks and dots). Specifically,

points beneath the reference line in Fig. 2a indicate

an overprediction of spray-mediated sensible heat flux

calculated by the F94 model for small droplets. Mean-

while, Fig. 2b suggests a slight underprediction of latent

spray-mediated heat flux via the F94 model for small

droplets, although this effect is smaller. Nevertheless,

the different directions of deviations indicate an internal

reallocation of sensible and latent spray-mediated heat

flux due to spray evaporation/condensation, which is re-

lated to the cancellation and feedback effects documented

in PR17. Thus, if the deviations for smaller droplets are

due solely to the internal reallocation of sensible and la-

tent heat fluxes, we would expect F94 to predict the total

spray-mediated heat fluxmore accurately than its sensible/

latent components.

Therefore, Fig. 3 plots the total spray-mediated heat

flux as calculated by the DNS (Hsp; vertical axis) and

the F94 model [Eq. (2); horizontal axis]. As seen in the

figure, F94 indeed does predict the total spray-mediated

heat flux fairly accurately, which confirms that the de-

viations in Fig. 2 are due to reallocation of sensible and

FIG. 2. Estimated spray-mediated heat fluxes vsDNS-computed results: (a) spray-mediated

sensible heat flux (Hs,sp vs Qs) and (b) spray-mediated latent heat flux (HL,sp vs QL).

The product of the friction velocity ut and the vertical enthalpy difference of the domain

Dh is used to normalize heat fluxes.
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latent heat fluxes. In addition, the clustering around the

reference lines in Fig. 3 confirms the assumption by F94

that the total heat exchanged with spray is reflected in

its temperature change (via Qs). This is because the

changes of droplet radius and temperature are separate

processes occurring at disparate response time scales—

see, for example, Fig. 1 in Andreas and Emanuel (2001).

In the above discussion, we verify that the F94 model

works well at predicting total and latent spray-mediated

heat fluxes when applying the known statistics of spray

microphysics directly retrieved from DNS. Similar

conclusions can be drawn for the A15 model. Based on

Fig. 2, we can confirm that the coefficient a for latent

flux HL,sp in the A15 model [Eqs. (5) and (6)] is indeed

O(1). However, the value of b based on the DNS for the

spray-mediated sensible heat flux is not as large as what

the A15 model predicts. According to A15, b 5 15.15,

whereas the DNS results suggest that b ’ 1, as

evidenced by symbols clustering near the reference line

in Fig. 2a. Furthermore, to predict the spray-mediated

Hs,sp, we find that the feedback coefficient g is negligible

if we assume that a 5 1. Therefore, the implied values

a5 b5 1 in the F94 model are a good approximation of

the total spray-mediated heat flux given a correct esti-

mate of spray microphysics (i.e., Dmp and DTp), and the

A15 model may overestimate the sensible heat flux

by an order of magnitude due to the large value of b.

The question of whether a nonzero g is required to de-

scribe interplay between spray-mediated and interfacial

fluxes is considered next.

b. The feedback effect of spray evaporation

The above analysis demonstrates that one can obtain

reasonably accurate predictions for the total spray-

mediated flux Hsp with an accurate prediction of QL

and Qs. However, it remains to be verified whether the

spray-mediated fluxes can simply be added to the spray-

free interfacial fluxes to yield the total heat flux. In the

F94 model, the total heat flux isHT 5Hint 1Hsp, which

makes no attempt to account for any reductions in

the interfacial flux due to the presence of the spray-

mediated component. In contrast, the A15 model

considers a feedback effect between the two, which is

associated with the latent heat released from the spray

by the g parameter in Eq. (6). The parameter g takes

into account the fact that latent spray-mediated heat flux

from the droplet phase can modify the corresponding

interfacial flux, presumably bymoistening the near-surface

air and increasing the temperature gradient by evaporative

cooling (e.g., when g . 0). Since we calculate each term

in Eq. (1) explicitly in DNS, we shift our focus to the to-

tal heat flux HT and discuss whether the bulk models

provide a reasonable estimate for the total heat flux

as well.

We first evaluate whether one can add the spray-

mediated heat fluxes to the interfacial heat fluxes esti-

mated from spray-free conditions as F94 suggests. To

test this assumption, we compute an unladen case (with

subscripts 0) from DNS in which the total heat flux

consists solely of the interfacial fluxHint,0. Then, we add

Hint,0 to the bulk estimate of the total spray-mediated

fluxHsp by F94 via Eqs. (2) and (8) for the corresponding

spray-laden cases, and we plug them into Eq. (1); that is,

HT 5Hint,0 1Qs.

Figure 4 shows that the DNS-calculatedHT versus the

estimates given by the F94model do not always agree. In

particular, the estimates for smaller droplets (rp, 25mm)

can deviate by up to 120% from the corresponding

DNS-calculated values, although the predictions of F94

are more acceptable for larger droplets (rp . 75 mm)

especially with warmer bottom surface. Thus, according

to Fig. 4, how well F94 predicts the HT depends on the

droplet size.

Along the lines of A15, we assume the error in Fig. 4 is

due to the feedback effect between spray and interfacial

fluxes. We test this assumption by defining the change of

interfacial fluxDHint from the unladen case after loading

spray droplets:

DH
int

5H
T
2 (H

sp
1H

int,0
). (17)

FIG. 3. DNS-computed spray-mediated total heat flux Hsp vs

nominal sensible heat flux Qs, showing that spray-mediated heat

fluxes are reflected in its internal energy change. Heat fluxes are

normalized by the product of ut and Dh. Various simulations with

different Ret,Fm, and size are denoted by color and marker in the

legends. See Table 3 for simulation settings.
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If the feedback is negligible, the DHint should be ap-

proximately zero. Otherwise, DHint in Eq. (17) quan-

tifies the net feedback between spray and interfacial

heat fluxes that is missing in bulk models.

In Fig. 5, we plot DHint versus the DNS-calculated

spray-mediated latent heat flux HL,sp. Interestingly,

comparing the net feedback DHint with HL,sp in Fig. 5,

we find that DHint is inversely proportional toHL,sp. The

negative linear trend in Fig. 5 is in contrast to the feed-

back effect assumed by A15, which indicates a negative

feedback effect induced by spray. Hence the interfacial

heat flux will adjust itself to attenuate the influence from

spray evaporation rather than being enhanced by spray

droplets. We can describe this linear relationship as

DH
int

5gH
L,sp

, (18)

where the coefficient is determined as g 520.7349 with

R2 5 0.9895 by linear regression.

Because we have shown that the bulk estimates of

spray-mediated latent heat flux QL agree reasonably

well with the DNS-calculated HL,sp in Fig. 2b, we arrive

at an approximation for the total heat flux:

H
T
’H

int,0
1Q

s
1 gQ

L
, (19)

where g520.7349,Hint,0 is the unladen total interfacial

heat flux, andQs is the approximation of the total spray-

mediated heat flux Hsp shown in Fig. 3.

With the correction of the negative feedback term

fromDNS results, we plot the two sides of Eq. (19) using

bulk estimates of spray-mediated heat fluxes in Fig. 6.

It is obvious that the errors are significantly reduced to a

range around 5% compared to Fig. 4, especially for

smaller droplets. Therefore, the negative feedback term

(g , 0) in Eq. (19) suggests that both F94 and A15

models can overestimate the influence of spray on the

total heat flux when there is a substantial amount of

latent heat flux released by spray, although the F94

model works when the spray-mediated latent flux QL is

small. Moreover, the A15 model can further overesti-

mate it by imposing a positive feedback term (g . 0).

We briefly summarize the main comparisons of the bulk

algorithms with DNS in Table 5.

Based on Eq. (19), one can see that the quality of

estimating Qs and QL determines the accuracy of the

final prediction ofHT, andQs andQL are calculated via

spray’s microphysics (i.e., DTp and Drp). In the above

discussion, we directly apply DTp and Drp from our DNS

model to the bulk algorithms, so the next step is to ex-

amine the assumptions behind how bulk models quan-

tify Qs and QL.

c. Spray evaporation in turbulent air and its
temporal dependence

In bulk models, the evaporation for all spray droplets

occurs with an assumed constant ambient condition

(e.g., the 10-m temperature and RH) that is usually

drier and cooler than the lower part of the ASI, as we

have shown in section 2b. In this section, we use the

Lagrangian statistics of spray droplets in the DNS to

investigate the characteristics of spray evaporation, spe-

cifically to test the behavior of DTp and Drp and compare

with solutions given by constant ambient conditions as

per bulk models.

FIG. 4. DNS-computed total heat flux HT vs the estimated

total heat flux (Hsp 1 Hint,0) by adding the DNS-computed

spray-mediated flux with the corresponding unladen total in-

terfacial heat flux. The heat fluxes are normalized by utDh.
Colors of the symbols and marker styles in the legends match

Fig. 3.

FIG. 5. Modification of total interfacial heat flux Hint vs

nominal latent heat flux QL, showing that evaporation of

spray induces a modification of the total interfacial heat flux.

Colors of symbols and marker styles in the legends match

Fig. 3.
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1) INFLUENCE OF SPRAY TIME SCALES

We have illustrated three time scales involved in spray

evaporation in turbulent air in Fig. 1: the residence time

tL, and the thermodynamic evolution time scales, tT for

temperature and tr for radius. In this section, we will

discuss how these time scales are associated with the

relationship between the net differences DTp and Drp
with tL. In Fig. 7, we plot the joint probability density

function (JPDF) of these quantities for droplets with

rp 5 25, 75, and 200 mm for Ret 5 1500. Since all spray

droplets in the DNS are initialized with same tempera-

ture and radius, the JPDFs in Fig. 7 are equivalent to the

distributions of the reentrance temperature and radius,

which varies on spray initial size.

As seen in Fig. 7, the maximum of the residence

time tL (shown in vertical axes) decreases as the initial

droplet size increases. This phenomenon is because both

the settling velocity and inertial effects increase with rp.

We also find two qualitatively distinct types of distri-

bution of spray temperature and radius change with tL
observed in Fig. 7. The first is a strong correlation be-

tween DTp or Drp and tL (e.g., Figs. 7b,d,e,f); that is, the

longer the residence time is, the greater is themagnitude

in the change of spray temperature or radius. This re-

lationship is similar in principle to what A15 assumes.

The second type of distribution features a high-density

area at small values of tL and a much weaker correlation

between DTp and tL (e.g., Fig. 7a), while Fig. 7c appears

to be a transition between the two. This is similar in

principle to F94’s assumption that spray immediately

adjusts to the ambient air temperature, and it is ob-

served that the high-density area is independent of res-

idence time (parallel to the vertical axis). Therefore,

only assuming one temporal relationship for spray tem-

perature change does not appear to cover all scenar-

ios for various spray sizes, and the various time scales

associated with a droplet’s thermodynamic evolution

and lifetime should be carefully considered when pa-

rameterizing their radius and temperature change for

use in bulk models.

How DTp and Drp are associated with tL depends on

their time scales tT and tr. Andreas (2005) defines tT as

the time required for changing to a factor of 1 2 e21 of

the initial temperature. Thus, tT is proportional to r2p
since it is based on the exposed surface area for heat

transfer. Based onEqs. (15) and (16), one can notice that

temperature and radius change are strongly correlated

with time within tT or tr respectively (Andreas 1992;

Veron 2015). For example, given the top boundary con-

dition of M1 in Table 3, tT for 25-mm droplets is 7.3 ms,

and tT is 47 ms for 200 mm. The response time for radius

tr is defined either by the e-folding time (used in the A15

model) or a linear decay rate (e.g., Lewis and Schwartz

2004) and is also proportional to r2p. Thus, Fig. 7a shows an

increased probability density concentrated at a specific

temperature for all tL, suggesting that the near-surface

environment would play a dominant role governing the

reentrance temperature regardless of the residence time.

In this scenario, tL is not a good indicator for DTp.

Because tr is greater than tT by three orders of mag-

nitude (Andreas 2005; Veron 2015), radius change with

the ambient air is a much slower process than temper-

ature adjustment. Thus, we expect radius to present a

strong correlation for a wide range of tL because tr . tL
for most droplets. For this reason, we select the shorter

time scale tT to nondimensionalize tL and define a non-

dimensional time scale as

~t
L
5 t

L
/t

T
. (20)

By definition, if ~tL # O(1), the limiting time scale for

the evaporation is the residence time tL, and spray

cannot finish the initial temperature adjustment and is

less likely to experience a wide range of temperature

and humidity, so DTp should retain a strong correlation

with tL. However, when ~tL . O(1), the limiting time

scale is tT and spray tends to establish a new equilibrium

with the ambient air.

TABLE 5. Coefficients of heat transfer of bulk models and

DNS results, given HL,sp 5aQs, Hs,sp 5bQs 2 (a2g)Qs, and

HT 5Hint 1bQs 1 gQL.

F94 A15 DNS

a 1 2.46 1

b 1 15.15 1

g 0 1.77 20.71

FIG. 6. DNS-computed HT vs the estimated total heat flux by

Eq. (19) with a negative feedback term from the spray-mediated

QL. Colors of symbols and marker styles in the legends match

Fig. 3.
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Thus, if ~tL . O(1), using its initial conditions would

lead errors in estimating the spray’s returning tem-

perature based on its residence time given a station-

ary ambient condition, because spray will ‘‘forget’’

its initial state. For example, when F94 assumes that

spray instantaneously adjusts to the air temperature

at the representative location (the 10-m condition),

we would expect a peak of DTp which is always clus-

tered at negative values due to evaporative cooling.

Figure 7a shows, however, that DTp in the high-density

regions of the JPDFs for small droplets (especially for

25 mm) is positive; that is, the spray is warmed due

to condensation effect near surface. Therefore, given

a different time scale balance, a model should distin-

guish the parameterizations of spray evaporation

based on ~tL.

As rp increases, the ratio ~tL decreases rapidly because

tT increases as r2p (as noted above) while tL decreases

as a result of an increased settling velocity and higher

inertia. This suggests a sharp border between the high-

and low-correlation scenarios, possibly simplifying proper

modeling strategies.

2) THE AMBIENT CONDITIONS OF SPRAY

EVAPORATION

While the JPDFs in Fig. 7 show two distinct types of

relationship between tL andDTp orDrp, bulk models still

require specifications of the representative ambient con-

ditions to predict the reentrance radius and temperature

accurately.

To further quantify the relationship between spray

evaporation against its residence time, in Figs. 8 and 9

FIG. 7. JPDFs of tL and (left) droplet temperature change DTp and (right) radius change Drp
at Ret 5 1500. Three radii are presented: (a),(b) 25; (c),(d) 75; and (e),(f) 200 mm. Color bars

represent the density of the JPDFs in log scale.
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we plot the conditional mean (the expected value) of

temperature and radius change given a residence time,

E(DTpjtL) and E(DrpjtL), for varying Ret and rp. We

then compare the result with solutions whichwould have

been retrieved from bulk models assuming a constant

background ambient temperature and humidity (usually

cooler and drier than the bottom surface). The idealized

radius and temperature change with constant ambient

background are given as curves ‘‘C1’’–‘‘C4’’ in the figures

for different ambient conditions, with shading to repre-

sent conditions in between. Thus, in Figs. 8 and 9, if DTp

andDrp given the residence time arewell predicted by the

bulk models, we would see them follow the solutions of

spray evaporation given stationary ambient conditions.

In some scenarios, the statistical behavior of spray

droplets in DNS agrees with what bulk models assume.

For example, as seen in Fig. 8b, the evolution of radius

change Drp with lifetime is linear for almost all Ret,

which is qualitatively expected when assuming constant

background conditions. This would indicate that the

turbulent fluctuations felt by the droplets in the DNS in

this scenario are substantially filtered out as ~tL , O(1).

In other words, it is feasible find a possible single am-

bient condition that the droplets have experienced to

characterize spray’s radius change. Similarly, we also

notice that the temporal evolution of DTp in Fig. 8a is in

the range of possible steady-state solutions for spray

droplets, at least for 75-mm droplets since ~tL is O(1)

(curves lie within the gray shaded area).

On the other hand, droplets with ~tL . O(1) have a

different story (e.g., ~tL 5 10.52 for 25-mm droplets), as

seen in Fig. 9. The ambient conditions used for esti-

mating the change in radius (C3 and C4) cannot apply to

its temperature (C1 and C2), although the conditional

mean DTpmostly follows some other stationary ambient

conditions. In Fig. 9a, the condition C1 is the wet-bulb

temperature at the bottom boundary, and C2 is the con-

dition very close to the bottom boundary (RH 5 98%).

Neither of these causes spray to adjust to a cooler

and drier ambient condition (resulting in negative DTp)

as F94 or A15 would expect. Instead, Fig. 9a shows a

positive mean DTp, indicating that condensation oc-

curs on these droplets (also shown in Figs. 2 and 3). This

phenomenon is because of the immediate response of

the droplet to the local ambient conditions before im-

pacting the lower surface. Even though some spraymay

have spent most of its lifetime away from the bottom

surface, its reentrance temperature is predominately

determined by the local condition due to the small tT
(i.e., ~tL . 1). Therefore, the selection of ambient con-

dition for assuming a constant background needs to

incorporate the limiting time scale.

To summarize, our DNS results suggest that the bal-

ance of residence time and other time scales modifies

the selection of representative ambient conditions when

mean gradients of air temperature and humidity are

present above the ASI. We observe drawbacks in both

F94 and A15 in this regard, especially in predicting the

FIG. 8. Conditional mean of (a) DTp (K) and (b) Drp (mm) given tL (s) for 75-mm

spray droplets. Shaded areas represent possible solutions of stationary evaporation (gray for

DTp and green for Drp) with limits from two assumed constant ambient conditions: C1 is

RH 5 97% and Ta 5 27.88C, and C2 is RH 5 95.5% and Ta 5 27.48C. Also included

are predictions using Eq. (21) for specifying representative ambient conditions: P1 is

RH 5 98.48% and Ta 5 27.358C, and P2 is RH 5 96.19% and Ta 5 26.858C.
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reentrance temperature. However, the results do not

necessarily exclude the possibility of assuming station-

ary ambient conditions within bulk models. What is

needed is amore accurate specification of these assumed

conditions (i.e., not simply the 10-m temperature and

humidity).

Nevertheless, the question of how to specify this

condition remains unanswered in real systems, and there

are several necessary parameters of fluid and spray

to consider. For example, as tL increases, droplets with

longer residence time experience slightly lower humid-

ity as they are transported to a drier environment during

their lifetime. Also, as Ret increases in our simulations,

the gradient of background temperature and humidity

changes. Thus, the change in Drp with tL behaves as

though an assumed background ambient condition were

becoming more humid. For example in Figs. 8b and 9b,

Drp for Ret 5 300 is nearer the C2 (or C4) line at 95%

RH while Ret 5 1500 is nearer the C1 (or C4) line

at 97%.

3) A TENTATIVE ESTIMATE OF THE EQUIVALENT

AMBIENT CONDITION

Here we propose a simple, tentative estimate for these

effective ambient conditions based on our DNS results.

For heavy droplets (e.g., large spume droplets), spray’s

evaporation is usually limited by the residence time

[~tL ,O(1)], so both radius and temperature retain their

correlation to the initial condition. Thus, we would

assume the equivalent ambient conditions sit beneath

the so-called spray layer z 2 (0, dspray), defined as the

maximum height that spray can reach (usually where

spray concentrations are assumed to be uniform with

height). In our DNS model, when spray exhibits iner-

tial motions, dspray 5 dinj is the maximum height that

spray could reach without turbulent transport (shown in

Table 4).

As ~tL increases for smaller spray droplets, dspray
grows as droplets are transported more easily by tur-

bulence across, and it eventually reaches dspray 5 d;

that is, spray is distributed evenly across the domain

(or perhaps the surface layer in real systems). Mean-

while, the surface conditions become more dominant

as tT decreases. Therefore, the assumed location to

extract the equivalent ambient condition needs to be a

function of the limiting time scales, tT or tr. Other-

wise, it would lead to inaccurate predictions of DTp

and Drp.
To improve this issue, we assume that spray droplets

travel with amean vertical settling velocityws, leading to

the following expression for the height zevap at which to

extract the mean ambient conditions:

z
evap,f

5 0:5min(d
spray

,w
s
t
f
), (21)

where dspray is the height of the spray layer (when ~tL � 1,

it is assumed to be the height of the domain of inter-

est), and tf represents time scales for f 5 rp or Tp.

FIG. 9. Conditional mean (expectation) and predictions of (a) DTp (K) and (b) Drp (mm)

given tL (s) for 25-mm spray droplets. The predictions (dashed lines) with equivalent ambient

conditions are given by Eq. (21). The ambient conditions used for temperature are different

from radius: C1 and P1 are the quasi-equilibrium evaporation temperature of the spray at

RH 5 100% and Ta 5 288C, C2 is RH 5 98% and Ta 5 288C, C3 is RH 5 98% and

Ta 5 27.88C, C4 is RH 5 95% and Ta 5 27.48C, and P2 is RH 5 95.74% and Ta 5 26.358C.
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Then, the constant ambient conditions for air tem-

perature and relative humidity to be used in the bulk

models would be Ta(zevap,f) and RHa(zevap,f), respectively.

For instance, we plot solutions based on the ambient

condition predicted by Eq. (21) in Figs. 8 and 9 (‘‘P1’’ for

DTp and ‘‘P2’’ for Drp in both figures), where we assume

zevap,T 5 0 and zevap,r 5 0.5d for 25-mm droplets and

zevap,T 5 0.25dinj and zevap,r 5 0.3d for 75-mm droplets.

Although this estimation is only based on the hypothesis

of the one-way coupling, we find that Eq. (21) overall

provides a reasonable ambient condition for both cases

and can significantly improve the error for DTp (hence

Qs) for the smaller spray with ~tL . O(1) than the con-

ventional assumption.

d. The importance of spray time scales on estimating
spray feedback

Different treatments of spray heat flux in bulk models

cause significant differences in predicting the influence

of the spray and thus the total heat flux. For example,

when applying both F94 and the model of Andreas and

Decosmo (1999) (a predecessor of the A15 model with

same framework) to hurricane models (Wang et al.

2001), it is reported that the F94 model results in an

increase by 8% of the intensity of the tropical cyclone,

while A15 gives an increase by 25% and generates a

physically unrealistic near-core environment. Previous

discussions suggest that spray time scales are the key to

accurately quantify the spray-mediated fluxes. Thus, in

this section, we revisit the bulk estimations of total heat

fluxHT and discuss the influence of spray time scales on

estimating spray feedback.

We have shown in PR17 that two types of cancellation

were identified in a turbulent system with evaporating

spray droplets: one between spray-mediated sensible

and latent heat fluxes, and the other between spray-

mediated and turbulent (i.e., interfacial) heat fluxes.

These cancellation effects prevent the spray droplets

from enhancing the total heat flux without constraint.

However, in their bulk models, F94 does not include an

explicit form of the feedback effect on the interfacial

heat flux, whereas A15 predicts this feedback effect as

positive by stating that g . 0 as a result of the assump-

tion that spray cools the surface air. We have mentioned

that both formulations would overestimate the influence

of spray droplets.

Because spray evaporation induces a change in the

total heat fluxHT, we define the change of total heat flux

DHT as the difference between the spray-laden and

unladen cases: DHT 5 HT 2 HT,0. With bulk estimates,

we can connect DHT with the net change of spray’s tem-

perature and radius directly. Combining this with Eqs. (3)

and (4), one gets

DH
T
’Q

s
1 gQ

L
, (22)

with g , 0, which relates DHT to the nominal spray-

mediated heat fluxes, Qs and QL. Since Qs and QL are

defined as proportional to DTp and Dr3p, DHT can be

approximated as a linear function ofDTp andDr
3
p given a

specific spray generation rate F. Therefore in principle

one can predict the change of total heat flux based on the

temperature and radius of the reentering spray. Based

on the previous discussion on DTp and Drp, we have two
major scenarios for spray feedback effects.

The first scenario occurs for spray with rp . 50 mm

when spray evaporation is limited by its residence time

(e.g., spume drops); that is, ~tL � 1, where we expect

Qs .QL . 0 as the radius change is small (cf. Fig. 8), and

thus DHT . 0. Note in Fig. 3 that we confirm thatQs is a

good estimate for the total spray-mediated heat fluxHsp,

so we expect Qs .QL. Therefore, spray in this regime

enhances HT, and the enhancement grows with the

generation rate.

In Fig. 10, we plot the relative modification of total

heat flux (DHT/HT,0) for different Ret and Fm with re-

spect to droplet size rp. We observe a low sensitivity of

DHT to Ret but a fairly high sensitivity to Fm, and the

enhancements of DHT by 75- and 200-mm droplets in

Fig. 10 demonstrate the potential of the enhancement of

HT by spray with ~tL � 1, especially under high spray-

generation rateF. In addition,2gQL is very small because

Drp is small, so the interfacial feedback is insignificant in

FIG. 10. Modification of HT of different initial spray radii rp
relative to the no-spray scenario for each Ret with the same

boundary conditions as indicated in Table 3. Here, M1 has Ret 5 300,

R1 has Ret 5 700, and R2 has Ret 5 1500; markers specify the spray

mass fraction.

JUNE 2019 PENG AND R ICHTER 1417



this scenario. Thus, the framework that F94 presents

(with no negative feedback term) can physically repre-

sent HT for spray with ~tL � 1.

The second scenario occurs when the residence time

no longer limits spray’s temperature adjustment; that is,
~tL . 1. Figure 9 indicates thatQL ,Qs , 0 at the bottom

surface; that is, small droplets condense near the surface

(cf. Fig. 7), which is not considered in most bulk and 1D

models. In addition, the combination of Qs and QL

makes DHT/HT,0 # 0(0.01) as one can see in Fig. 10. We

also observe that as the mass fraction increases by a

factor of 10 (solid lines vs diamonds in Fig. 10), 25-mm

droplets show an overall insensitivity to Fm. Based on

Eqs. (9) and (8), the insensitivity on mass fraction indi-

cates that Qs and QL would be less dependent on the

spray generation rate in real systems. Since there is a

weak dependence on Ret for DHT in Fig. 10, we argue

that the dominant influence on QL and Qs for 25-mm-

or-smaller droplets is the local boundary condition when

spray reenters the bottom surface. Therefore, the dis-

crepancy of the spray modification on the total heat flux

betweenDNS and bulkmodels comes from the direction

of the latent heat flux at the bottom surface.

Although the condensation effect that is determined

by the boundary condition sounds counterintuitive, the

fact that small droplets can condense (QL , 0 and thus

HL,sp, 0) near the bottom surface does not conflict with

their potential to evaporate hence increase the local

humidity and decrease evaporation away from the sur-

face. In fact, the two phenomena are consistent if one

can interpret the time scales of spray properly per their

corresponding ambient conditions, although we only

focus on the bulk models at the bottom surface in the

current study.

For the lower part of the domain (z 2 [0, 0.125d]), we

plot in Fig. 11 the averaged spray-mediated sensible and

latent heat fluxes computed by DNS: Hs,sp and HL,sp.

The DNS heat fluxes are normalized by the product of

friction velocity ut and total enthalpy difference Dh
(5hbot 2 htop) between the top and bottom boundaries,

respectively. The positive spray-mediated latent heat

fluxHL,sp in Fig. 11 represents an upward latent heat flux

from spray evaporation. For the sensible heat fluxHs,sp,

we find that spray with rp,O(50mm) has a sensible heat

flux Hs,sp with opposite sign to the latent flux, which

indicates that the evaporative cooling effect cancels out

the latent heat flux released from the spray. This leads

to a smaller estimation of Qs than the estimate without

considering cancellation and thus yields the limited en-

hancement in Fig. 10. Spray with rp . O(50 mm) has

positiveHs,sp and cannot cancelHL,sp, which results in a

larger value of Qs and thus has a net positive contribu-

tion to the total heat flux that is discussed in sect. 3c.

Whether the spray exhibits this cancellation of spray-

mediated fluxes depends on its time scales. The quick

adjustment to the fluctuating temperature and humid-

ity by spray allows the spray to reach the equilibrium

temperature at a highly localized position (e.g., PR17).

Here, as we can see from Fig. 11, cancellation occurs

when ~tL .O(1) when spray is away from surface. At the

bottom surface, the cancellation effect still occurs as we

have seen in Fig. 2 since Hs,sp and HL,sp have different

signs. Therefore, from both perspectives, the cancella-

tion effect or the condensation at the surface, show that

bulk model can overestimate the spray-mediated heat

fluxes.

To summarize, time scales of spray play an impor-

tant role in predicting the total heat flux besides spray-

mediated heat fluxes based on Eq. (22), which needs be

incorporated in bulk models. As a result, the bulk esti-

mation could have better parameterizations of DTp and

Drp, and the influence of spray, in particular given its

different dependence on ~tL, can be better understood.

4. Conclusions

In this study, we investigate how total heat flux responds

to sea-spray via high-resolution Eulerian–Lagrangian

simulations, where we use DNS to represent turbulent

airflow in the lower atmospheric boundary layer at the

air–sea interface with neutral stability. We apply the

principles from air–sea bulk models that estimate total

FIG. 11. Spray-mediated sensible (Hs,sp) and latent (HL,sp) fluxes

averaged in the spray layer z 2 [0, dinj]. The heat fluxes are nor-

malized by utDh. Colors specify the sensible or latent components,

and line and marker styles are as in Fig. 10.
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heat transfer from the water surface and compare to our

DNS results. Under our current idealized settings, we

find spray might not necessarily enhance the total heat

flux in turbulent flow with constant vertical heat flux.

Also, the current study suggests the importance of spray

time scales on parameterization of spray-mediated heat

fluxes. We find a nonmonotonic relationship between

spray’s enhancement to the total heat flux and its residence

time so that models like F94 and A15 can overestimate

the influence of spray droplets for several reasons.

First, previous understanding of the feedback mech-

anisms of spray is not complete. Our DNS results sug-

gest that the total heat flux cannot always be expressed

as the sum of an interfacial and a spray mediated com-

ponent directly, especially for droplets with small size

(e.g., rp # 25 mm). We find an additional negative

feedback mechanism for total interfacial heat flux that

is proportional to the spray-mediated heat flux at the

surface [negative g term in Eq. (17)]. This negative

feedback effect limits the overall influence of spray re-

garding the total heat flux from the water surface, which

is not included in either F94 or A15. In particular, the

A15 model argues that spray-mediated latent heat flux

would insert positive feedback to the total heat flux,

which is not observed in our DNS results (see Table 5

for a comparison). Therefore, we would suggest further

implementation on the negative feedback effects and

investigations on its tuning coefficient for bulkmodels in

practical use.

Second, inaccurate estimates of spray evaporation

could also cause bulk models to fail to capture the can-

cellation effect between spray sensible and latent heat

flux for smaller droplets. The failure is due to the dif-

ferent time scales involved in droplet evaporation when

evaluating the spray evaporation via assumed-stationary

ambient solutions, particularly when the droplet

experiences a wide range of environmental conditions

during its lifetime.

We find that the balance between the residence time

and temperature response time of spray ~tL is a good

indicator for determining whether a stationary ambient

condition can be assumed for the droplet. When the

residence time is longer than temperature time scales,
~tL . O(1), the reentrance temperature and radius of

spray lose their correlation with the initial condition,

and are determined by the local condition at the water

surface. Therefore, the assumption that spray reenters

the water surface with substantially decreased temper-

ature (e.g., ones determined by 10-m conditions) would

not apply and would introduce further overestimations

to the spray-mediated sensible heat flux.

When the residence time is shorter than the correlation

time scales of evaporation—that is, ~tL , O(1)—spray

retains a correlation with its initial condition. Therefore,

DTp and Drp follow the solutions with an assumed-

stationary ambient condition like bulk models. As a

consequence, spray in this regime has the potential to

enhance the total heat flux, and the enhancement will be

magnified by higher generation rates. However, the

equivalent ambient condition is not uniform but is a

function of spray time scales and is related to ~tL. Since

the spray temperature response time tT ’ 1023tr, fur-

ther assumptions are required for bulk models to ap-

proximate the equivalent ambient for reentrance

temperature and radius, and we propose an estimate of

the equivalent ambient condition in Eq. (21) based on

our DNS results.

Although our idealized study contains many simplifi-

cations regarding the surface processes (especially those

associated with waves, such as wave breaking, droplet

formation, etc.) and atmospheric variability, this study

provides clear evidence that the spray effects are de-

pendent on their thermodynamic time scales, and high-

lights physical processes (e.g., feedback) that are not

properly accounted for in bulkmodels. Therefore, given a

reasonable assumption for residence times across all sizes

of spray, one could potentially improve the prediction of

the total heat flux via bulk models without further com-

plicating the model itself.
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