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ABSTRACT: Observations of salinity, temperature, and turbulent dissipation rate weremade in the topmeter of the ocean

using the ship-towed Surface Salinity Profiler as part of the second Salinity Processes in the Upper Ocean Regional Study

(SPURS-2) to assess the relationships between wind, rain, near-surface stratification, and turbulence. A wide range of wind

and rain conditionswere observed in the eastern tropical PacificOcean near 108N, 1258Win summer–autumn 2016 and 2017.

Wind was the primary driver of near-surface turbulence and the mixing of rain-formed fresh lenses, with lenses generally

persisting for hours when wind speeds were under 5m s21 and mixing away immediately at higher wind speeds. Rain

influenced near-surface turbulence primarily through stratification. Near-surface stratification caused by rainfall or diurnal

warming suppressed deeper turbulent dissipation rates when wind speeds were under 3m s21. In one case with 4–5m s21

winds, rain-induced stratification enhanced dissipation rates within the stratified layer. At wind speeds above 7–8m s21,

strong stratification was not observed in the upper meter during rain, indicating that rain lenses do not form at wind speeds

above 8m s21. Raindrop impacts enhanced turbulent dissipation rates at these high wind speeds in the absence of near-

surface stratification. Measurements of air–sea buoyancy flux, wind speed, and near-surface turbulence can be used

to predict the presence of stratified layers. These findings could be used to improve model parameterizations of air–sea

interactions and, ultimately, our understanding of the global water cycle.

KEYWORDS: Ocean; Turbulence; Atmosphere-ocean interaction; Rainfall; Surface layer; Salinity

1. Introduction

Small-scale turbulent processes are a crucial part of the

pathway by which freshwater from rainfall is incorporated

into the salinity structure of the ocean. A primary goal of the

second Salinity Processes in the Upper Ocean Regional Study

(SPURS-2) is to understand the processes that influence upper-

ocean salinity at a variety of spatial and temporal scales

(Lindstrom et al. 2019). The present work contributes to this

objective as an analysis of the relationships between rain, wind,

near-surface stratification, and turbulent mixing. The data

collected during the SPURS-2 field campaign are from a region

(108N, 1258W) within the eastern Pacific summer intertropical

convergence zone (ITCZ) that receives a large amount of

precipitation and has a relatively low sea surface salinity

(Figs. 1 and 2). An offset exists between the locations of

highest precipitation and lowest salinity (SPURS-2 Planning

Group 2015), highlighting the importance of near-surface

mixing and advection, in addition to precipitation, for de-

termining the salinity structure. Ocean salinities respond to

changes in the global climate and water cycle (Boyer et al.

2005; Durack et al. 2012; Durack 2015), so understanding the

processes that contribute to ocean salinity variability is critical.

Furthermore, rain is generally parameterized as a surface flux

(Fairall et al. 1996) in models where the resolution in the upper

layers may be too coarse to resolve very near surface stratifi-

cation, despite the importance of rain to the surface ocean

structure in regions such as the ITCZ. Our analysis evaluates

how rainfall influences the surface ocean, which will potentially

lead to an improved understanding of the processes that are

parameterized in models and the impacts of climate change on

the global water cycle.

The present study utilizes observations of salinity and tur-

bulent mixing at horizontal scales of one to tens of kilometers

in the upper 1m of the ocean to gain insight into the processes

that create low surface salinities in rainy tropical regions of

the ocean. In the eastern tropical Pacific, rain events are fre-

quent, have spatial scales on the order of one to hundreds of

kilometers, and are often accompanied by either wind bursts

or significant drops in wind speed (Yuter and Houze 2000;

Wijesekera et al. 2005; Cifelli et al. 2007, 2008). This is typical

of rain events over the tropical ocean (Nesbitt et al. 2006).

Because of its location in the ITCZ, the SPURS-2 site is an

ideal location to study the relationships between rain, wind,

and near-surface mixing.

2. Background, data, and methods

When rain falls on the ocean, the salinity decreases and low

density layers of relatively freshwater can form near the sur-

face (Katsaros and Buettner 1969; Price 1979; Tomczak 1995;

Wijesekera et al. 1999; Asher et al. 2014; Walesby et al. 2015;

Drushka et al. 2016; ten Doeschate et al. 2019; Reverdin et al.

2020). We refer to these fresh anomalies as fresh lenses. Fresh

lenses are generally short lived, persisting for minutes to sev-

eral hours until they are advected away or mixed by wind- and

wave-driven turbulence or nighttime convection (Brainerd

and Gregg 1997; Wijesekera et al. 1999; Drushka et al. 2016;

Reverdin et al. 2020). Salinity and temperature within rain-

formed fresh lenses are affected by rain rate, the duration of

Denotes content that is immediately available upon publica-

tion as open access.

Corresponding author: Suneil Iyer, iyersk@uw.edu

MAY 2021 I YER AND DRUSHKA 1705

DOI: 10.1175/JPO-D-20-0303.1

� 2021 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

Brought to you by IFREMER/BILIOTHEQUE LA | Unauthenticated | Downloaded 05/10/21 07:12 AM UTC

mailto:iyersk@uw.edu
https://domicile.ifremer.fr/,DanaInfo=www.ametsoc.org+PUBSReuseLicenses
https://domicile.ifremer.fr/,DanaInfo=www.ametsoc.org+PUBSReuseLicenses
https://domicile.ifremer.fr/,DanaInfo=www.ametsoc.org+PUBSReuseLicenses


the rain event, and wind speed (Wijesekera et al. 2003; Asher

et al. 2014; Drushka et al. 2016, 2019). The spatial scale of these

features, generally on the order of kilometers to tens of kilo-

meters, is the same size as rain cells (Soloviev and Lukas 1996;

Wijesekera et al. 1999). Several studies have observed rain-

formed fresh lenses in the near-surface ocean, but a smaller

number of concurrent observations of turbulence have been

made (Brainerd andGregg 1997; Smyth et al. 1997;Wijesekera

et al. 1999; Callaghan et al. 2014; Walesby et al. 2015; Drushka

et al. 2016; ten Doeschate et al. 2019). These observations have

beenmade over the lifetime of a few individual fresh lenses and

thus do not represent a wide range of wind and rain conditions.

It is intuitive that strong turbulence will cause fresh lenses to

mix away, and weak turbulence will allow them to persist.

Complicating matters, near-surface stratification has been

shown to enhance surface currents and turbulence (Wijesekera

et al. 1999; Sutherland et al. 2016). Stratification resulting from

freshwater input or diurnal warming has also been shown to

suppress turbulence beneath the stratified layer (Smyth et al.

1996, 1997; Walesby et al. 2015; Sutherland et al. 2016; Moulin

et al. 2018; Wijesekera et al. 2020), as turbulent kinetic energy

(TKE) dissipation rates («) have been observed to be reduced

by up to two orders of magnitude below stratified layers

(ten Doeschate et al. 2019). Several previous observations of

near-surface salinity anomalies have been made in the western

tropical Pacific during rain events associated with westerly

wind bursts. These observations indicate that fresh lenses can

be quickly advected or mixed downward because of high winds

(Brainerd and Gregg 1997; Wijesekera et al. 1999). An objec-

tive of the present study was to analyze observations of tur-

bulence across a wide variety of conditions, including the

low-wind rain events characteristic of the ITCZ.

Only a limited amount of research has focused on the top

meter of the ocean (Brainerd and Gregg 1993, 1997; Wijesekera

et al. 1999; Callaghan et al. 2014; Walesby et al. 2015; Sutherland

et al. 2016; Moulin et al. 2018; Reverdin et al. 2020). Due to dif-

ficulties in measuring in this depth range, few efforts have studied

rainfall-enhanced turbulence in the field, and to our knowledge

observations of turbulence within fresh lenses have not been

previously made shallower than 0.5 m. Laboratory experi-

ments, some of which have observed the top 0.5 m, show that

rain and wind can significantly enhance turbulence near

the surface (Katsaros and Buettner 1969; Green and Houk

1979; Ho et al. 2004; Zappa et al. 2009; Harrison et al. 2012;

Harrison and Veron 2017), with the impact of raindrops ele-

vating « by varying levels. For instance, in laboratory studies of

FIG. 1. SSP deployments during the 2016 SPURS-2 cruise. The purple lines indicate SSP

tracks shaded by the deployment date, and the background colors show August–September

2016mean satellite sea surface salinity measured with the SMAP satellite. The ‘‘x’’ denotes the

position of the SPURS-2 central mooring. Deployment 18, 2016, was made west of the domain at

around 9.58N, 140.58W. Labeled deployments are discussed in detail in the results. Inset: The black

box outlines the area shown in the main plot and colors show mean satellite sea surface salinity.
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rain on seawater, Harrison and Veron (2017) found that « was

only weakly dependent on rain rate while Zappa et al. (2009)

found that raindrops can enhance « by multiple orders of

magnitude in the top 10 cm. Experiments of rain on freshwater

(Harrison et al. 2012) and seawater (Zappa et al. 2009) found

that this effect was predominately confined to the top 0.3m.

Harrison et al. (2012) determined that rainfall enhanced tur-

bulence during low wind speeds when the ratio of the kinetic

energy fluxes of rain (KEFr) and wind (KEFw), defined as

b5
KEF

r

KEF
w

, (1)

was greater than 1 (Zappa et al. 2009; Harrison et al. 2012).

KEFr can be estimated as

KEF
r
5

1

2
r
d
w2R , (2)

where rd is the density of rainwater, w is the vertical velocity of

drops, and R is the rain rate (Ho et al. 1997, 2007; Harrison

et al. 2012). KEFw is defined as

KEF
w
5 r

a

�
t

r
w

�3/2

, (3)

where ra is the density of air, t is wind stress, and rw is the

density of seawater (Ho et al. 2000; Harrison et al. 2012).When

b . 1, rain contributes more to the air–sea kinetic energy flux

than wind and therefore rainfall is expected to influence tur-

bulence near the surface (Zappa et al. 2009; Harrison et al.

2012; Harrison and Veron 2017).

The primary data used in this study were collected using a

ship-towed, surface-following Surface Salinity Profiler (SSP),

which was deployed 34 times for a total of 223 h during the

August–September 2016 and October–November 2017 SPURS-2

cruises. Drushka et al. (2019) give a detailed description of the

SSP, a modified stand-up paddleboard with an affixed 1.2-m-deep

keel. TheSSPwas towedat speedsof 1–2ms21 outsideof the ship’s

wake to measure undisturbed water. The SSP had conductivity,

temperature, and depth instruments (CTDs)mounted to its keel at

12-, 23-, 54-, and 110-cm depth along with intake hoses designed to

measure temperature and salinity in the top 5cm (hereinafter, re-

ferred to as surface measurements). Microstructure temperature

(mT) and conductivity (mC) sensors were mounted at 37-cm depth.

The platform followed the swell waves, as evidenced by minimal

variance in pressure observations from the CTDs (Drushka et al.

2019): sensor depths generally varied by only 63 cm. Iyer et al.

(2021) calculated « from themT observations using a spectral fitting

procedure and found that the SSP is an effective platform for

measuring « over large spatial areas. Applying the assumptions of

Osborn and Cox (1972) and Osborn (1980), « is related to the

dissipation of temperature variance (xT) by

«5
N2x

T

2GhdT/dzi2 , (4)

FIG. 2. As in Fig. 1, for the 2017 SPURS-2 cruise deployments. The background colors show

October–November 2017 mean sea surface salinity measured by SMAP.
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where N is buoyancy frequency, G is mixing efficiency, and

hdT/dzi is the vertical temperature gradient (here, computed

between 23- and 54-cm depth; angle brackets denote a 1-min

average). The TKE dissipation rate « was calculated by de-

termining the best-fit Batchelor (1959) spectrum to each ob-

served spectrum (representing 1-min time averages), assuming

consistency with the xT–« relation from Eq. (4). Spectral fitting

was done following the procedure of Ruddick et al. (2000). A

detailed discussion of the data, methods, processing steps, and

uncertainty in « estimates from mT data can be found in Iyer

et al. (2021).

The mT sensor malfunctioned in 2017, so « was derived

from mC observations for 16 SSP deployments in 2017 (44%

of the total data). To adapt the method of Iyer et al. (2021)

to conductivity spectra, we applied the theory presented

by Washburn et al. (1996) and Nash and Moum (1999).

Conductivity is a function of two correlated variables, tempera-

ture T and salinity S, so a conductivity gradient spectrum CC is

equal to the sumof a temperature gradient spectrumCT, a salinity

gradient spectrum CS, and the T–S cross spectrum CTS,

C
C
(k)5 a2C

S
(k)1 2abC

TS
(k)1b2C

T
(k) , (5)

which is expressed as a function of wavenumber k (Nash and

Moum 1999). The terms a and b relate T and S variations, re-

spectively, to conductivity variations. For seawater at approx-

imately 33 psu and 258C, we used a5 0.019 70 S m21 psu21 and

b 5 0.027 01 S m21 K21. The T and S are well correlated

(linear coefficients of determination usually exceeded 0.9),

which justifies the assumption that the cross spectrum can be

defined as

C
TS
(k)5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C

T
(k)C

S
(k)

q
. (6)

We assumed that both CT and CS follow the theoretical

Batchelor (1959) form. In the viscous–convective and viscous–

diffusive subranges, the form of the scalar (T or S; denoted as u)

Batchelor spectrum for isotropic turbulence is (Gibson and

Schwarz 1963)

C
u
(k)5

ffiffiffiffiffiffi
2q

p
x
u

2D
u
ku
b

f (a
u
) , (7)

where

f (a
u
)5a

u

"
exp(2a2

u/2)2a
u

ð‘
au

exp(2x2/2) dx

#
, (8)

au 5
ffiffiffiffiffiffi
2q

p
k/ku

b, q is the Batchelor subrange constant, and Du is

the diffusivity of heat or salt. We used q 5 3.9 (Grant et al.

1968), DT 5 1.49 3 1027m2 s21, and DS 5 1.50 3 1029m2 s21

(Gill 1982). The Batchelor cutoff wavenumber ku
b is defined as

ku
b 5

 
«

nD2
u

!1/4

(9)

with n 5 1 3 1026m2 s21, the kinematic viscosity of seawater

(Gill 1982). Following Washburn et al. (1996) and Nash and

Moum (1999), the right side of Eq. (5) was rewritten using

Eq. (7) in terms of xT and xS. The term xS can further be related

to xT knowing a local T–S relation (Gregg 1984, 1987):

x
S
5

�
dS

dT

�2

x
T
5m2x

T
. (10)

We estimatedm, the slope of the linear T–S curve, using T and

S data from the 23- and 54-cm CTDs assuming the relation

holds at the spatial scale of turbulent processes near the sea

surface. The entire right side of Eq. (5) can then be expressed

as a function of only xT and « by substituting Eq. (10) for xS.

Finally, «was computed using the same procedure as described

by Iyer et al. (2021) for temperature spectra: the Osborn and

Cox (1972) assumptions were applied, and iterative spectral

fitting was used to determine xT and «.

The mC-derived « (denoted as «C) estimates were validated

with « observations frommT (denoted as «T) in 2016, when both

sensors were functional. During 2016, the median and mean

differences between «C and «T were factors of 2.29 and

2.51, respectively («T was higher). This difference was below

one order of magnitude 97% of the time (Fig. 3a), which was

generally much lower than the uncertainty bounds (typically

one to two orders of magnitude; Iyer et al. 2021). The «C and «T
values bin averaged in 1m s21 wind speed bins were consistent

within 95% confidence intervals in all but two wind speed bins

(Fig. 3b). A possible cause of the discrepancy between «C and

«T is the assumption of a perfect positive correlation betweenT

and S in calculations of theoretical conductivity spectra. If this

correlation were not perfect, the second term on the right side

of Eq. (5) would be smaller and therefore theoretical con-

ductivity spectra would be shifted downward for given values

of xT and «. As a result, fitting observed conductivity spectra to

these theoretical spectra would result in lower values of «. The

discrepancy between «C and «T was largest when salinity strati-

ficationwas weak;T and Swere very well correlatedwithin fresh

lenses. As a result, the vast majority of data with weak stratifi-

cation is above the 1:1 line on Fig. 3a, while data with stronger

stratification generally have a smaller bias between «C and «T.

In addition to the SSP data, this study uses meteorological

measurements including rain rate and wind speed corrected to

10-m height, which were made from ship-based sensors (Clayson

et al. 2019). Air–sea heat, moisture, and momentum fluxes were

observed using direct covariance techniques (Clayson et al.

2019). These data are available on a 1-min time stamp.

3. Results

A wide range of atmospheric conditions were observed, in-

cluding low-wind rain events (wind speeds , 3m s21) which

occur frequently in the eastern tropical Pacific (Yuter and

Houze 2000; Wijesekera et al. 2005). We present a series of

case studies of rain events to assess the drivers of turbulence

that influence fresh lens evolution.

a. Spatial and temporal variability of salinity, temperature,

and TKE dissipation rate during individual rain events

An intense rain event associated with very low wind speeds

and exceptionally large vertical S and T gradients in the upper
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meter occurred on 11 September 2016 (Deployment 13; Fig. 4).

When the SSP was deployed around 1240 local time (LT), rain

was falling at 10mmh21 (Fig. 4a) and a rain-formed fresh

anomaly was present in the top 54 cm (Fig. 4b). At the begin-

ning of the deployment, the rain rate and vertical S and T

gradients in the top 23 cm steadily increased while the wind

speeds decreased from 3 to 4m s21 to under 1m s21. Just after

1300 LT, T and S in the top 23 cm increased for a short period

of time, possibly due to wind-drivenmixing caused by the small

spike in wind speed around 1300 LT. At approximately 1320

LT, the maximum S and T stratification in the top 54 cm was

observed, with little T or S anomaly at or below 54 cm. At this

time, the differences in S and T between the surface and 54 cm

(S54cm 2 S0cm and T54cm 2 T0cm; hereinafter, subscripts will

denote measurement depth) were 10.5 psu and 28C, respec-
tively (Figs. 4b,c). This stratification maximum occurred when

wind speeds were under 1m s21. Wind speed and « were pos-

itively correlated during this deployment (Figs. 4a,d). The

TKE dissipation rate « was initially over 1025m2 s23, but de-

creased to under 1027m2 s23 around 1300 LT when salinity

stratification increased in the top 54 cm (Fig. 4d). From 1320

until 1350 LT, wind speeds increased to over 8m s21 while the

rain rate was high, varying between 20 and 50mmh21. Despite

the strong rain, S increased in the upper 23 cm, while S54cm
decreased (Fig. 4b). These changes suggest wind-driven mixing

of fresher surface water with saltier water below 54 cm. This is

confirmed by a large increase in «, from 1027m2 s23 at 1320 LT

to 1023 m2 s23 at 1410 LT (Fig. 4d). During the second half

of the SSP deployment, wind speeds were well over 5 m s21

and « values were high, roughly varying between 1023 and

1024 m2 s23. The small amount of freshwater that fell during

this period mixed downward almost immediately and did

not form a prominent near-surface lens (Fig. 4b).

Figure 5 shows a prolonged rain event, during which rain

occurred in both low and high wind conditions, that was ob-

served on 17 September 2016 (Deployment 18). This deploy-

ment was made much farther west than the other deployments

(around 9.58N, 140.58W), but was still within the ITCZ (Fig. 1).

Rainfall varied between 1 and 10mmh21, with a few bursts of

10–30mmh21 rain, for a time period of roughly ten hours

(Fig. 5a) when wind speeds varied between 3 and 6m s21

(Fig. 5a). During this time, T and S in the top meter were

weakly stratified (vertical gradients on the order of 0.1 psu m21

and 0.18C m21; Figs. 5b,c). From 0630 until 1400 LT, « usually

varied between 1026 and 1025m2 s23, with higher values cor-

responding to periods of higher wind and heavier rain (e.g.,

around 0900 LT in Figs. 5a,d). These turbulence levels were

large enough to generate some mixing of freshwater, but not

large enough to mix freshwater away as soon as it fell, as

evidenced by the weak stratification during light rain and

slightly stronger stratification during heavier rain. A large

fresh anomaly (0.5–1 psum21 vertical S gradient) was observed

in the topmeter between 1200 and 1600 LT, although there was

not an increase in rain rate or large drop in wind speed around

1200 LT (Fig. 5). A possible explanation for this feature is that

heavier rain may have formed the lens before the ship traveled

over that area, and winds were low enough that the resulting

fresh lens persisted long enough to be captured by the SSP,

similar to the observations made by Thompson et al. (2019a).

Despite the steady wind speeds, « had a broad peak from 1300

until 1400 LT of approximately 1025m2 s23. This increase may

have been due to the trapping of momentum and resulting

enhancement of turbulence in the fresh layer, consistent with

Walesby et al. (2015) who observed an enhancement of « of

over one order ofmagnitude within a 5–10m thick near-surface

fresh layer. Following the small increase in turbulence, « sub-

sequently decreased to ,1026m2 s23 around 1400 LT, likely

because of a decrease in wind speed to,2m s21. From 1415 to

1630 LT, wind speeds increased from ,2 to .7m s21. This

increase in wind speed was accompanied by an increase in

« and a decrease in S and T stratification. We conclude that the

increase in wind speed toward the end of the deployment en-

hanced turbulence in the top meter and mixed the fresh lens

into the water column.

FIG. 3. (a) Binned scatterplot of 1-min «C vs «T during 2016 SSP deployments when both mT and mC data were

available (totalN5 3373), (b) binned log10«T (black) and log10«C (brown) vs wind speed for 2016 SSP deployments.

Wind speed bin width is 1m s21, and data points plotted in the center of each bin represent an average of observed

1-min estimates within a wind bin (minimum of 10). Error bars denote 95% confidence intervals (standard error) of

the mean value within each bin.
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A short and intense rain event associated with a squall line

was observed during SSP Deployment 15 on 9 November 2017

(Fig. 6). Very light precipitation fell for the first several hours

of the deployment, and « was over 1023m2 s23 (Fig. 6d).

Vertical gradients in T and S were near zero during this time

period. There were significant spatial T and S variations, likely

due to fronts or other features that were encountered as the

ship moved southwest in a straight line over a 50-km distance

(Fig. 2). Heavier rainfall started just after 1900 LT, reached a

maximum rain rate of over 10mmh21 around 1930 LT, and

weakened to under 2mmh21 before 2000 LT (Fig. 6a). During

the peak in rainfall around 1915 LT, sustained wind speeds

were around 10m s21. Average verticalT and S gradients in the

top 110 cm were only 0.0278C m21 and 0.073 psu m21 imme-

diately following the rain event (Figs. 6b,c). The high sustained

wind speeds generated near-surface mixing, as can be seen

from the high « values, which mixed freshwater downward.

As a result, only weak stratification developed in the top

meter following rain; instead, the fresh lens extended deeper

(Figs. 6b,d). For the most part, « decreased steadily throughout

the deployment from 1022 to 1024m2 s23 and did not correlate

with wind speed, in contrast to the observed low-wind rain

events (Figs. 4 and 5). The high observed « may have been a

result of the enhancement of turbulence beneath breaking

waves, as wind speeds were.5m s21 throughout most of the

deployment: whitecapping from breaking waves is often

observed above wind speeds of 4–5 m s21 and increases

greatly with increasing wind speeds (Callaghan et al. 2008;

Schwendeman and Thomson 2015). Because wave data were

not available, we cannot definitively confirm that wave break-

ing enhanced «. Much of the « data in the first 3 h of the time

series were rejected because « values were unreasonable

(.1021m2 s23), possibly due to contamination of the mea-

surements by bubbles (Iyer et al. 2021): during active wave-

breaking, bubbles can significantly affect mC observations in

the top few meters (Soloviev and Lukas 2003). A decrease

in « of two orders of magnitude, and a sharp decrease in salinity

in the upper meter, was observed for 15min immediately fol-

lowing the rain event despite a 5m s21 increase in wind. The

decrease in « may have been the result of stratification in-

hibiting the downward transfer of momentum for this short

period of time.

A period of diurnal warming, interspersed with several rain

events, was observed during SSP Deployment 4 on 24 October

2017 (Fig. 7). Temperature T increased by 0.58C in the top

23 cm from 0930 to 1300 LT (Fig. 7c), as a result of morning

FIG. 4. (a) Rain rate and wind speedmeasured at the ship, (b) salinity, and (c) temperature at

five depths measured by the SSP, (c) 0–110-cm temperature, and (d) «37cm during SSP

Deployment 13, 11 Sep 2016. The shaded gray area denotes the uncertainty in estimates of «37cm
as explained by Iyer et al. (2021). The bottom x axis shows local time. The top axis shows

horizontal SSP transect distance. The black vertical lines denote the times where the SSP

crossed over the same geographic location (1309 and 1457 LT); the track is shown in Fig. 10.
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solar heating. When this diurnal warm layer was present, « was

around 1027m2 s23, roughly two orders of magnitude lower

than the average « observed during the remainder of the de-

ployment (Fig. 7d). A brief rain event at 1100 LT was associ-

ated with a peak rain rate of nearly 20mmh21 and a decrease

in wind speed to 2m s21. This was the only instance of rain

falling on a strong diurnal warm layer in the SSP data. The rain

event formed a thin (,23 cm thick) fresh lens around 1100 LT.

Despite weak winds, the rain event coincided with the de-

struction of stratification from diurnal warming and a signifi-

cant increase in « (Figs. 7c,d). Increased turbulence may partly

have resulted from increased cloud cover and decreased solar

radiation destabilizing the near-surface layer prior to the

strong rainfall, leading to weaker density stratification com-

pared to the preceding and following periods of diurnal

warming. In addition, during the period of stronger rainfall,

cool rainwater input destroyed the remaining T stratification,

so surface stratification was not sufficiently strong to trap

momentum and suppress turbulence at 37 cm. Variable winds

associated with the rain event before the ship passed through,

and the direct impact of raindrops on the sea surface may have

also contributed to the enhanced turbulence levels at 1100 LT.

Wind speeds were variable between 3 and 5m s21 for the first

6 h of the deployment until about 1530 LT (Fig. 7a). The large

and intense rain event observed just before 1600 LT was as-

sociated with rain rates of over 50mmh21 and a wind speed

maximum of 8m s21. The high winds likely caused « to increase

after 1600 LT to over 1025m2 s23 through wind-driven mixing

and probably wave breaking (Figs. 7a,d): wave breaking was

often visually observed at wind speeds above 6–7m s21.

Because of the high turbulence levels, the rain-formed fresh

lens was mixed away quickly and little stratification remained

in the top meter immediately after the large rain event ended.

b. Synthesis of measurements

The case studies show a range of behavior of turbulence

and stratification in response to different rain and wind con-

ditions. To gain insight into the drivers of near-surface « during

rain events, we compared observations of «, binned by wind

speed, to expected values of « for a theoretical law of the wall

boundary layer. Within a ‘‘law of the wall’’ layer, « scales in-

versely with depth (Dillon et al. 1981; Soloviev et al. 1988) and

depends only on wind stress and depth (here depth is taken as

37 cm, the average depth of the microstructure probes). We

also made comparisons with the wind- and wave breaking-

dependent observational scalings suggested by Terray et al.

(1996) and Esters et al. (2018). Because direct wave measure-

ments are not available at the ship and SSP’s location, we

generally describe waves in the region using data from the

SPURS-2 central mooring and the observational scalings.

Specifically, we used the samewave parameters as Iyer et al. (2021)

to calculate the Esters et al. (2018) and Terray et al. (1996)

FIG. 5. As in Fig. 4, for SSP Deployment 18, 17 Sep 2016. Wind speed and «37cm data are also

shown in Fig. 5 of Iyer et al. (2021). Surface temperature data were not available for this

deployment.
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scalings:Hswas assumed to be between 0 and 3.0m (consistent

with SPURS-2 central mooring wave observations; wave data

available from NOAA NDBC Station 43010, owned and

maintained by WHOI). Effective wave speed and wave ages

suggested by Esters et al. (2018) and Terray et al. (1996) were

used for each respective scaling (shown in Fig. 8 and sub-

sequent figures). These choices, wave observations during

SPURS-2, and potential inconsistencies between SSP ob-

servations and the scalings are discussed in greater detail by

Iyer et al. (2021).

Figure 8 shows bin-averaged « for four different rain and

stratification conditions. In almost all conditions, there was a

statistically significant increase in « with increasing wind

speed, and « was generally consistent with the scalings of

Terray et al. (1996) and Esters et al. (2018). However, for a

given wind speed, « was spread over a large range of values

for different rain and stratification conditions. This suggests a

complex interplay between wind, waves, rain, stratification,

and mixing. These relationships will be investigated in the

following section.

c. The influence of rain and stratification on TKE
dissipation rate

To unravel the effects of rain and stratification on turbu-

lence, « data were subdivided based on near-surface vertical S

and T gradients, rain rate, and b. We defined conditions of

stratification based on T54cm 2 T12cm (denoted as dT) and

S54cm 2 S12cm (denoted as dS). The 12–54-cm depth range was

chosen to capture stratification at depths around or above the

37-cm depth of the microstructure sensors. The b value was

calculated from Eqs. (1)–(3) assuming that w 5 9m s21 for all

cases. The vast majority (95%) of tropical raindrops have di-

ameters greater than 0.6mm (Thompson et al. 2015), and

therefore would be associated with terminal velocities of ap-

proximately 9 6 0.25m s21 (Lhermitte 1988; Ho et al. 2004).

We defined four mutually exclusive sets of conditions. Low

stratification without significant rainfall (Fig. 8, black; 90.3%

of data) was defined as having dS, 0.005 psu,20.058 , dT,
0.058C, and b , 1. S stratification (Fig. 8, pink; 5.5% of data),

which occurred during and after rainfall while fresh lenses

persisted, was defined as having dS. 0.05 psu. Diurnal warming-

generated stratification (Fig. 8, orange; 2.9% of data) was defined

as daytime (local time between 0600 and 1800 LT) data when the

rain rate was under 1mmh21, dS, 0.05 psu, and dT,20.058C.
Low stratification with significant rainfall (Fig. 8, blue; 1.3% of

data) was defined as having b. 1, a rain rate of over 10mmh21,

dS , 0.05 psu, and 20.058 , dT , 0.058C.
Figure 8 provides insight into the effect of stratification

on « during different wind speed regimes. At wind speeds ,
2m s21, « was over one order of magnitude lower when rain-

induced S stratification was present (pink line) compared to

conditions of low stratification and b , 1 (black line), likely

because stratification above 37 cm suppresses « at 37 cm

(hereinafter, referred to as «37cm) when wind speeds are low.

Stratified layers generated by diurnal warming and rain have

been associated with suppressed turbulence at depths between

FIG. 6. As in Fig. 4, for SSP Deployment 15, 9 Nov 2017.
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1 and 10m, and it has been hypothesized that stratification

inhibits the downward transfer of turbulent energy (Brainerd

and Gregg 1993; Smyth et al. 1997; Moulin et al. 2018; ten

Doeschate et al. 2019; Wijesekera et al. 2020). To our knowl-

edge, this is the first evidence from field observations that even

very thin (,0.5m) stratified near-surface layers can suppress

turbulence at deeper levels. Harrison and Veron (2017)

observed a similar effect at shallow depths in a laboratory ex-

periment. The effect of rain-generated stratified layers sup-

pressing turbulence at low wind speeds is illustrated by several

individual cases. For instance, Fig. 9b shows a fresh lens that

was associated with significant stratification above 37 cm. The

«37cm was roughly equal to the law of the wall values during this

period (Fig. 9d). Once wind speeds increased and caused the

near-surface stratification to mix away (at around 1850 LT),

«37cm increased to the levels predicted by the Esters et al.

(2018) and Terray et al. (1996) scalings.

When wind speeds were above 3ms21, «37cm was not sup-

pressed during rain-induced stratification (Fig. 8). When stratifi-

cation was present at wind speeds between 4 and 5m s21, «37cm
was slightly elevated, although this increase was not statisti-

cally significant. Elevated «37cm at moderate winds (4–5m s21)

may occur because winds generate enough mixing that fresh-

water penetrates deeper than 37 cm. Therefore, we observed

enhanced (rather than suppressed) turbulence because the

microstructure sensors were within (and not below) the strat-

ified surface layer. Salinity S stratification was not observed at

wind speeds over 8m s21 (pink line in Fig. 8) because at higher

wind speeds, freshwater from rain was immediately trans-

ported downward due to wind-driven mixing.

The blue line in Fig. 8 shows «37cm for cases with low strat-

ification, b. 1, and rain rate above 10mm h21–in other words,

conditions with high winds when salinity stratification was

mixed away immediately during strong rain (e.g., 1930 LT in

Fig. 6). These conditions occurred only when wind speeds

were above 5m s21 because at lower wind speeds, rain rates of

10mmh21 generated greater amounts of stratification. In these

cases, «37cm was enhanced compared to nonraining and un-

stratified conditions. This suggests that rain enhances turbulence

at wind speeds of 5–10m s21 when b . 1. In contrast, Harrison

et al. (2012) found from laboratory experiments of rainfall over

freshwater that as winds increase above 3.5m s21, the direct

effects of rain on turbulence deeper than the top few centimeters

become minimized. Our results differ from those of Harrison

et al. (2012) because their freshwater experiments did not ac-

count for salinity stratification following rain; we found that

significant salinity stratification (which was present only at wind

speeds under 5m s21) masked the direct impact of rain on «37cm.

Our findings are generally consistent with the effect of stratifi-

cation discussed by the saltwater laboratory study of Harrison

and Veron (2017), who considered only the top 10 cm.

d. The influence of diurnal warming on TKE

dissipation rate

Several diurnal warming events were observed during the

SSP deployments (e.g., Fig. 7). Observed «37cm values during

FIG. 7. As in Fig. 4, for SSP Deployment 4, 24 Oct 2017.
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near-surface diurnal warming were roughly two orders of

magnitude lower than conditions of low stratification and

well below the Terray et al. (1996) and Esters et al. (2018)

scalings and the law of the wall (orange line in Fig. 8). The

suppression of turbulence within diurnal warm layers is con-

sistent with previous observations: Moulin et al. (2018) ob-

served suppressed turbulent dissipation rates of up to two

orders of magnitude following sunrise in the tropical ocean.

Our definition of diurnal warming, requiring dT , 20.058C,
only captures events with significant amounts ofT stratification

above the 37 cm microstructure sensor, and excludes condi-

tions of rain-induced T stratification. We infer that the low

«37cm during diurnal warming conditions is a result of stratifi-

cation above this depth that inhibits the downward transfer of

turbulent energy. This is the same mechanism that causes

suppressed turbulence below rain-formed fresh lenses.

It is intuitive to expect similar levels of turbulence sup-

pression whether stratification is caused by S or T. However,

we observed significantly lower «37cm in conditions of diurnal

warming than in S-stratified conditions caused by rain. We

hypothesize that this is due to two mechanisms: the time scale

of stratified layer persistence and raindrop impacts. During

SSP deployments, T-stratified layers persisted for 54min on

average, compared to 23min for S-stratified layers (defining

persistence time as when stratification existed before and after

30min of unstratified conditions). We note that these values

are constrained by the times and lengths of SSP deployments.

Previous studies have shown that diurnal warm layers are

associated with daily cycles of mixed layer « of one to two

orders of magnitude (Sutherland et al. 2016; Moulin et al.

2018; Pujiana et al. 2018; Wijesekera et al. 2020), whereas we

observed that fresh lenses often lasted for only a short period

of time and sometimes did not significantly influence «37cm
(e.g., before 1100 LT in Fig. 5). Because of this, S stratification

may not have as significant of an effect on «37cm compared to

T stratification. We also hypothesize that «37cm is elevated in

S-stratified conditions due to raindrop impacts. Section 3c

shows that the effect of stratification suppressing «37cm is

dominant over the enhancement of «37cm from raindrop im-

pacts at low wind speeds, but it is possible that raindrop im-

pacts influence «37cm in fresh lenses not confined to the very

surface (e.g., after 1200 LT in Fig. 5). Specifically, at low

wind speeds in Fig. 8, the pink line (S stratification, usually

during rain) is below the black line (no stratification) be-

cause stratification inhibits turbulence, but above the or-

ange line (diurnal warming) because of the long persistence

of diurnal warm layers and effect of raindrop impacts on

«37cm. The small sample size of diurnal warming events (only

2.9% of data) and uncertainty due to the methods used to

calculate «37cm (discussed by Iyer et al. 2021) may also have

FIG. 8. Binned log10« vs wind speed for all SSP deployments, where «37cm data have been

subdivided by stratification and rain conditions. Bins and error bars specifications are the same

as Fig. 3b. Conditions with littleT or S stratification and b, 1 are shown in black, conditions of

salinity stratification are shown in pink, conditions of diurnal warming are shown in orange, and

conditions of strong rainfall without stratification are shown in blue. The criteria for catego-

rizing these data are discussed in section 3c; each category is mutually exclusive. Wave-

dependent scalings, assuming significant wave heights between 0 and 3.0m, as suggested by

Terray et al. (1996) and Esters et al. (2018), are shown by the purple and light blue shadings,

respectively. The step change in the Esters et al. (2018) scaling results from assuming a linear,

piecewisewave age (Wang andHuang 2004). The theoretical law of thewall log10«37cm is shown

by the gray line (lower bound of the shaded region).
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contributed to the differences between «37cm in S- and

T-stratified conditions.

4. Discussion

Because wind is a strong driver of turbulence near the sur-

face, wind speed was positively correlated with «37cm (Fig. 8).

Rain was also shown to influence «37cm through two opposing

mechanisms. First, when winds are too weak to break down

stratification following rain, «37cm is suppressed. Second, rain-

drop impacts directly enhance «37cm, consistent with laboratory

studies (Zappa et al. 2009; Harrison et al. 2012; Harrison and

Veron 2017). At low wind speeds under 3m s21, the sup-

pressing effect of stratification dominates over the enhancing

effect of raindrops (Fig. 8). Despite this, raindrop impacts still

contribute to turbulence above the depth of the microstructure

sensors. Previous research also demonstrates that raindrop

impacts enhance gas exchange at the air–sea interface (Ho

et al. 2000, 2004, 2007; Zappa et al. 2009; Harrison et al. 2012;

Harrison and Veron 2017).

Rain-formed fresh lenses can immediately be mixed down-

ward or advected away when wind speeds are high (e.g.,

Fig. 6), or persist for several hours under low-wind condi-

tions (e.g., Fig. 5). A major complication to understanding

the dynamics of fresh lenses is the fact that turbulence both

controls and is affected by near-surface stratification. In the

case of long-lasting fresh lenses during low wind conditions,

lenses persist because « is low. However, near-surface

stratification within lenses may also inhibit turbulent mix-

ing below due to the trapping of momentum (Smyth et al.

1996, 1997; Moulin et al. 2018; ten Doeschate et al. 2019).

In other words, low turbulence both enables and is a result

of the persistence of fresh lenses in low-wind conditions.

The fresh lens persisting from 1230 until 1500 LT during

Deployment 18, 2016, demonstrates this (Fig. 5). This lens

was associated with steady or increasing «37cm during the

beginning of its lifetime (1230–1300 LT) when wind speeds

were relatively constant or decreasing, which suggests that

momentum was trapped near the surface and thus that tur-

bulence was elevated within a surface layer that included

FIG. 9. (a),(e),(i) Rain rate and wind speed; (b),(f),(j) salinity from the SSP; (c),(g),(k) downward air–sea buoyancy flux (Fr) and 37-cm

turbulent buoyancy flux smoothed with a 10-min moving mean (F«); and (d),(h),(l) «37cm during three rain events occurring on (left) 31

Aug 2016 (Deployment 6), (center) 17 Sep 2016 (Deployment 18), and (right) 9 Nov 2017 (Deployment 15). Turbulence scalings shown

follow the color scheme of Fig. 8.
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the microstructure sensors. The «37cm only decreased around

1400 LT when wind speeds decreased to under 2m s21.

Both wind and the stratification within lenses influence «,

but it is difficult to determine the relative effect of each of

these two processes in driving turbulence within the very near-

surface layer. Our results suggest that in areas where low-wind

rain is frequent, or significant near-surface diurnal warming

occurs, stratification is an important factor that can influence

« by up to several orders of magnitude.

The observations made in this study were collected from a

moving ship. This further complicates the results because the

data were influenced by both spatial and temporal variability.

Observed changes in S, T, and « can be thought of as repre-

senting variations in either space or time, but in reality, vari-

ability existed in both space and time.Most of the deployments

lasted several hours, with the ship covering well over 50 km of

horizontal distance during the longest deployments (Figs. 1 and

2). The observed oceanic conditions could be influenced by

recent local atmospheric conditions before the ship traveled

over that area, in addition to observed atmospheric conditions.

As described in section 3, Deployment 18, 2016, is an example

of a case where recent local forcing had a major influence on

the salinity signal measured by the SSP. In cases where wind

speeds were high enough to mix freshwater down quickly, the

ocean responded locally to the observed atmospheric condi-

tions; Figs. 4 and 10 demonstrate this. The SSP was towed over

the same location twice during Deployment 13, 2016, at 1309

and 1457 LT (Fig. 10). At 1309 LT, a very strong fresh lens was

observed, and the stratification and low winds resulted in very

low near-surface turbulence (Figs. 4a,b,d). At 1457 LT, there

was little stratification at the same location, wind speeds were

much higher, and «37cm increased by roughly five orders of

magnitude. The difference in conditions at the same location

provides evidence that the oceanic response to atmospheric

variability was fast enough for the observed oceanic conditions

to reflect the local atmospheric conditions. Because near-

surface currents were generally ,0.3m s21 and the initial sa-

linity anomaly had a horizontal scale of approximately 7 km

(Fig. 10), it is unlikely that the fresh lens was instead advected

away between 1309 and 1457 LT.

a. Predicting stratified layers with turbulence observations

To gain further insight into the processes that control the

evolution of fresh lenses, we compared the atmospheric-driven

surface buoyancy flux with the turbulent buoyancy flux near

the surface (at 37-cm depth). Surface buoyancy is controlled by

heat and salt fluxes, which are influenced by rainfall, solar

heating, longwave radiation, latent and sensible heating, and

turbulent mixing. We estimated buoyancy fluxes using mea-

surements of evaporation, precipitation, and net heat flux

and applying the methods of Schmitt et al. (1989) and others.

Specifically, the air–sea buoyancy flux Fr and the turbulent

37-cm buoyancy flux F« were calculated from heat and

salt fluxes,

F
r
5 r(AF

T,r
2BF

S,r
), (11)

F
«
5 r(AF

T,«
2BF

S,«
). (12)

Parameters A and B are the thermal expansion and haline con-

traction coefficients of seawater, and r is the water density. We

assumed A 5 3.086 3 1024 8C21 and B 5 7.211 3 1024 psu21,

typical of the conditions at the SPURS-2 site. The terms FT,r

and FS,r are the surface heat and salt fluxes, defined as

F
T,r

5Q/(rC
p
) , (13)

and

F
S,r

5 (E2R)[S/(12S)] . (14)

Parameter Q is the net heat flux into the ocean, Cp is the heat

capacity of seawater, E is the evaporation rate, and R is the

precipitation rate. Turbulent heat and salt fluxes at 37 cm, FT,«

and FS,«, were estimated using «37cm. We assumed that turbu-

lent heat and salt fluxes are proportional to the eddy diffusiv-

ities of heat and salt, respectively, using

F
u,«

5K
u,«

du

dz
, (15)

where u is T or S, Ku is the corresponding eddy diffusivity, and

du/dz is the vertical T or S gradient at 37 cm. Diffusivities were

calculated by applying the assumptions of Osborn and Cox

(1972) using average T and S gradients between the 23- and

54-cm CTDs. This is similar to the method used by Wijesekera

et al. (1999). It was expected that Fr . F« at 37 cm when fresh

lenses were forming or persisting, and that F« . Fr when there

was little stratification or when fresh lenses were mixing away.

In simple intuitive terms, when Fr 5 F«, buoyancy entering

the surface is exactly balanced by buoyancy being removed

through turbulent mixing. Because our turbulent flux estimates

FIG. 10. Spatial location of SSP Deployment 13, 11 Sep 2016.

Distance ranges on the map correspond to geographic locations of

approximately 8.198–8.288N and 125.0158–124.9858W. Circle sizes

correspond to rain rates. Colors denote 12-cm salinity measured

with the SSP. Time series for this deployment are shown in Fig. 4.
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were at 37 cm whereas the buoyancy flux was estimated at

the sea surface, turbulent mixing and lateral advection that

occurred between the surface and 37-cm depth are significant

sources of uncertainty.

The flux differences were generally consistent with our ex-

pectations: Fr � F« during and after rain events that produced

strong and persistent fresh lenses, as seen in the examples

shown in Fig. 9. Deployment 6, 2016, also shown in Fig. 5, was

a typical case. From 1700 until 1830 LT, Fr . F« by around

two orders of magnitude (Fig. 9c). This difference was mostly a

result of decreases in F« caused by stratification. The fluxes

Fr and F« were roughly equal from 1830 to 1900 LT when light

rain fell, wind speeds increased, and S54cm 2 S23cm was large

(Figs. 9a–c). After 1930 LT, when «37cm was high, F« � Fr and

the remaining stratification was destroyed.

During rain events that produced fresh lenses that mixed

away quickly, Fr was often below F«. An example of this is the

large rain event that was observed during Deployment 15, 2017

(Figs. 6 and 9i–l). Even at the points of maximum rainfall and

stratification during this event, F« � Fr (Fig. 9k). This implies

that throughout the rain event, S stratification only occurred

while rain continued to be input (Figs. 6b and 9j). That is,

freshwater from rain almost immediately mixed away laterally

and/or to deeper depths. This is evident from the observed

salinities in Fig. 9j: only a very small drop in S (,0.05 psu) was

observed near the surface during the rain event despite rain

rates over 10mmh21.

The ratio of air–sea and turbulent buoyancy fluxes also

provides insight into how individual fresh lenses affect turbu-

lent properties near the surface. Rainfall and near-surface

vertical S and T gradients were not well correlated across

the entire dataset. A comparison of the fresh lenses observed

during Deployment 6, 2016, and Deployment 18, 2016, dem-

onstrates this. In both cases, rain fell at 0–10mmh21, wind

speeds were under 5m s21 throughout most of the rain event,

and fresh lenses having similar vertical S gradients in the upper

meter formed (Figs. 9a,b,e,f and 11). During the Deployment

18 event, F« almost always exceeded Fr (Fig. 9g) and «37cm was

enhanced within this fresh lens. In contrast, Fig. 9c shows that

Fr . F« and «37cm was suppressed (Fig. 9d) during the

Deployment 6 event. The differences in turbulence levels be-

tween these lenses can be explained by the depths of stratifi-

cation in the top meter. The top 23 cm were well mixed during

Deployment 18 when the fresh lens was strongest (Figs. 9b,f

and 11b), likely due to slightly higher wind speeds. Figure 11b

shows that the majority of the observed S stratification in the

top meter was below the depth of the microstructure sensors

within the Deployment 18 lens, but above the depth of the

microstructure sensors during the Deployment 6 lens. This,

along with the observed turbulence levels, implies that during

FIG. 11. Salinity anomaly profiles at four points in time during Deployment 6 (pink) and

Deployment 18 (black), 2016, corresponding to time series in Figs. 9b and 9j. The 110-cm

salinities, from the times denoted in (a), have been subtracted from salinities in all

subplots. The dots show measurements from the SSP, and the lines are a cubic interpo-

lation between those measurements. The blue dashed line shows the 37-cm depth of the

turbulence estimates. (a) Formation of the fresh lens, (b) maximum salinity gradient,

(c) a later time when the lenses are still prominent, and (d) after the lenses have mostly

mixed and/or advected away.
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Deployment 6, turbulent energy was trapped in a near-surface

layer above 37 cm, while during Deployment 18, turbulent

energy penetrated to at least 37-cm depth. This point is re-

inforced by the low «37cm between 1415 and 1500 LT during

Deployment 18 (Fig. 9h), when rainfall and low winds gener-

ated strong stratification above 37 cm (Fig. 11c). This com-

parison demonstrates the influence that the depth and strength

of rain-formed stratified layers have on near-surface turbulence

and that turbulence levels near the surface can differ signifi-

cantly between rain events that appear similar based on their

rain forcing.

The above examples suggest that the difference between

the air–sea and turbulent buoyancy fluxes can be used as a

predictor of whether a fresh lens will form (or persist). To as-

sess this, we examined whether the presence of stratified layers

was related to the difference between the air–sea and turbulent

buoyancy flux. Conditions of N . 0.02 s21 between 23- and

54-cm depth were used as an indicator of the presence of a

stratified layer near the surface. This classification includes

prominent fresh lenses and excludes the majority of diurnal

warming events, which were typically characterized by N #

0.01 s21. When F« . Fr, N , 0.02 s21 76% of the time, i.e.,

stratified layers were observed 24% of the time (Fig. 12).

When Fr . F«, stratified layers were observed 68% of the time.

Similar quantitative results were obtained when stratified

layers were classified based on N computed between several

different depth ranges in the top meter. These results indicate

that the downward air–sea buoyancy flux drives the formation

of stratified layers, and wind-driven turbulent processes in the

top meter contribute to the destruction (and/or advection) of

these layers. Highly stratified conditions (N . 0.1 s21), indic-

ative of fresh lenses with strong vertical S gradients, were

present much more often when Fr . F« (14% of data) than

when F« . Fr (3% of data; Fig. 12). The difference between Fr

and F« appears to be a useful predictor of whether a stratified

layer will form during rain. Exceptions, when F« exceeded Fr

but stratification was present, may be the result of uncertainty

in the «37cm estimates, the leniency of the 0.02 s21 stratification

criterion, and data collected when turbulence was strong but

fresh lenses had not yet mixed away.

b. Predicting stratified layers with wind speed

We also evaluated whether atmospheric parameters and

air–sea buoyancy fluxes can be used to predict near-surface

buoyancy-driven stratification using the relation developed by

Thompson et al. (2019b), which incorporates the air–sea sur-

face buoyancy flux and wind speed. A form of this relation

modified to incorporate Fr is
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, (16)

where Us is the stable layer wind limit, or the maximum wind

speed at which we would expect stratification to occur at depth

z. However, we note that Thompson et al. (2019b) developed

this relation for z . 5m so it is unclear whether it holds near

the surface at z 5 0.37m as used here. The terms rair and rsw
are the densities of air and seawater, calculated using the

approximate mean densities at the SPURS-2 study site of

1.24 and 1020 kgm23, and CD is the drag coefficient, taken as

0.9 3 1023. As with the previous comparison, N between the

23- and 54-cm CTDs was used as an indicator of the presence

of a near-surface stratified layer.

We predicted stable layer formation by comparing Us,

calculated with Eq. (16), and observed wind speed. Data

were subdivided into two categories: when Us was greater

than the observed wind speed and when Us was less than the

observed wind speed. Stratified layers (N. 0.02 s21) formed

and persisted much more often when wind speeds were be-

low Us (52% of the time; purple line in Fig. 12) compared to

when wind speeds were above Us (7% of the time; gray line

in Fig. 12). This finding supports the relation developed by

Thompson et al. (2019b) as a good predictor of stratified

layer formation in the top meter of the ocean. Equation (16)

is especially accurate in predicting when stratified layers

will not form. As before, the specific predictive accuracies

stated are highly dependent on the N . 0.02 s21 stratifica-

tion criterion.

Figure 12 clearly shows that the presence of near-surface

fresh lenses can be predicted based on air–sea fluxes and at-

mospheric or ocean turbulence data. The results shown in

Fig. 8 indicate that turbulence in the upper meter can be pre-

dicted from wind and wave data using parameterizations such

FIG. 12. Cumulative distribution functions of buoyancy fre-

quency during periods of time when the 37-cm turbulent buoyancy

flux F« exceeded the downward air–sea buoyancy flux Fr, (black);

Fr . F« (pink); when the observed wind speed (U10) exceeded

Us (gray); and when Us . U10 (purple). The y axis shows the pro-

portion of data points that were within or below a particular

0.005 s21 wide range of N. Each line represents the cumulative

proportion of points within only one individual classification, not

over a larger set of data. The black and gray lines are analogous

(represent conditions where we would expect no near-surface

stratification) and the pink and purple lines are analogous (rep-

resent conditions where we would expect a near-surface stratified

layer). All data collected in 2016 and 2017 when N . 0.005 s21 are

shown. The dashed blue line (N. 0.02 s21) indicates the threshold

used to identify fresh lenses.
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as those used by Terray et al. (1996) and Esters et al. (2018).

Given these results, air–sea (Fr) and near-surface turbulent

(F«) buoyancy fluxes, and therefore fresh lens formation and

persistence, can in theory be predicted from atmospheric data

without near-surface salinity observations. This is a useful

finding considering the difficulty in making in situ near-surface

measurements.

5. Summary and conclusions

Wind and waves, rain, and stratification are the primary

drivers of variability in near-surface turbulence. Rain primarily

affects turbulence indirectly through stratification. The direct

effect of raindrop impacts on «37cm can be clearly observed in

the absence of stratification at wind speeds above 5–6m s21,

but also likely elevates turbulence at lower wind speeds. When

winds were weak (under 3m s21), wind-driven turbulent mix-

ing was reduced; as a result, fresh lenses had stronger vertical

S and T gradients near the surface. Several cases having en-

hanced «37cm within a fresh lens were observed, consistent with

previous studies of thicker fresh lenses (e.g., Smyth et al. 1997;

ten Doeschate et al. 2019) and demonstrating the codepen-

dence of near-surface S, T, and turbulence. When rain-induced

stratification was present below the depth of themicrostructure

sensors and winds were moderate or high, fresh lenses did not

suppress «37cm. The ratio of the downward air–sea buoyancy

flux and the turbulent buoyancy flux is a reasonable predictor

of fresh lens formation and persistence. An empirical relation

incorporating the air–sea buoyancy flux and wind speed de-

veloped by Thompson et al. (2019b) was also found to accu-

rately predict fresh lens formation. These findings indicate that

near-surface salinity and turbulence can potentially be pre-

dicted from atmospheric observations made in situ from ships

or moorings or remotely using satellites. However, we note

that satellite observations of rain represent both spatial and

temporal averages and do not have high enough spatial or

temporal resolution to accurately observe the small-scale

intense rain events that were observed during SPURS-2

(Thompson et al. 2019a). Resolving this discrepancy warrants

further research.

A significant limitation to our results is that observations of

« were only made at 37-cm depth. This is shallow enough to

observe the effects of near-surface stratification and raindrop

impacts on turbulence, but likely is too deep to measure pro-

cesses within fresh lenses that have significant stratification

above this (e.g., Fig. 4). Presumably, enhanced (suppressed)

« would be observed above (within) shallow stratified layers

in the same manner as for deeper lenses. Raindrop impacts on

« would also be stronger closer to the surface (Zappa et al. 2009;

Harrison et al. 2012). We recommend that future work include

additional « measurements at a shallower depth (5–20 cm).

This would further elucidate the competing roles of raindrop

impacts and stratification on turbulence, and provide insight

into the depths at which each of these processes have a sig-

nificant impact. We also suggest future studies utilize addi-

tional observations to disentangle the influence of spatial and

temporal variability of « within stratified layers, as observa-

tions of S, T, and « often showed patterns that suggest a

significant role of horizontal processes (e.g., Fig. 4). Spatial and

temporal variations could be isolated using observations from

a mooring, drifters, or autonomous vehicles.

The connections between rain, wind, waves, the evolution of

fresh lenses, and near-surface turbulence are crucial for our

understanding of the transfer of freshwater from rainfall to the

larger-scale salinity structure of the ocean. This is especially

important in regions such as the ITCZ, where the input of

freshwater to the ocean by rain is large, but patchy because of

the small scale of rain events. The relationships between wind,

rain, and turbulence explored in this study can potentially

improve existing model parameterizations of air–sea interac-

tion, and will be useful in investigations of the larger-scale

connections between atmospheric forcing and the near-surface

salinity structure.
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