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Abstract Mixed layers are defined to have homogeneous density, temperature, and salinity. However,

bio-optical profiles may not always be fully homogenized within the mixed layer. The relative timescales

of mixing and biological processes determine whether bio-optical gradients can form within a uniform

density mixed layer. Vertical profiles of bio-optical measurements from biogeochemical Argo floats and

elephant seal tags in the Southern Ocean are used to assess biological structure in the upper ocean. Within

the hydrographically defined mixed layer, the profiles show significant vertical variance in chlorophyll-a

(Chl-a) fluorescence and particle optical backscatter. Biological structure is assessed by fitting Chl-a

fluorescence and particle backscatter profiles to functional forms (i.e., Gaussian, sigmoid, exponential, and

their combinations). In the Southern Ocean, which characteristically has deep mixed layers, only 40% of

nighttime bio-optical profiles were characterized by a sigmoid, indicating a well-mixed surface layer. Of the

remaining 60% that showed structure, ∼40% had a deep fluorescence maximum below 20-m depth that

correlated with particle backscatter. Furthermore, a significant fraction of these deep fluorescence maxima

were found within the mixed layer (20–80%, depending on mixed-layer depth definition and season).

Results suggest that the timescale between mixing events that homogenize the surface layer is often longer

than biological timescales of restratification. We hypothesize that periods of quiescence between synoptic

storms, which we estimate to be ∼3–5 days (depending on season), allow bio-optical gradients to develop

within mixed layers that remain homogeneous in density.

Plain Language Summary Storms influence high-latitude oceans by stirring the upper ocean

nearly continuously. This wind mixing is usually expected to homogenize properties within the upper layer

of the ocean, known as the mixed layer. New water column observations from floats and elephant seal tag

confirm homogenization of hydrographic properties that determine density of seawater (e.g., temperature

and salinity); however, biogeochemical properties are not necessarily homogenized. Most of the time optical

measurements of biological properties within themixed layer show vertical structure, which is indicative of

phytoplankton biomass. These vertical inhomogenities are ubiquitous throughout the Southern Ocean and

may occur in all seasons, often close to the base of the mixed layer. Within the mixed layer, observations

suggest that biological processes create inhomogenities faster than mixing can homogenize. We

hypothesize that 3- to 5-day periods of quiescence between storm events are long enough to allow

bio-optical structure to develop without perturbing the mixed layers’ uniform density. This may imply that

phytoplankton in the Southern Ocean are better adapted to the harsh environmental conditions than

commonly thought.

1. Introduction

The turbulent boundary layer, the layer of the ocean that is in direct contact with atmospheric forcing and

that is actively mixing, can be fundamentally different from the mixed layer, a layer of homogenized density

which may be the weakly stratified remnant layer of a past turbulent event (e.g., Brainerd & Gregg, 1995;

Thorpe, 1977, 2007). Although the distinction between the former (i.e., themixing layer) and the latter (i.e., the

mixed layer) might be clear to physical oceanographers, it is not universally understood. Many investigations
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build on an assumption that biogeochemical tracers and/or phytoplankton are thoroughly mixed within a

hydrographically definedmixed layer (e.g., Iudiconeet al., 2016; Sharoni et al., 2017; Xinget al., 2012;Westberry

et al., 2008). However, property distributions within the mixed layer depend on both the level of turbulence

as a function of depth (e.g., Huisman et al., 1999; J. Taylor, 2016; J. Taylor & Ferrari, 2011a) and the rate at which

property gradients can form (e.g., Franks, 2014).

The distributions of phytoplankton in the upper ocean depend on complex spatiotemporal interactions

among biological and chemical processes, such as the responses to light and nutrients that create gradi-

ents, and physical processes, such as turbulent mixing that tend to destroy them (e.g., Therriault et al., 1978).

Theoretical and numerical studies have shown that the ratio of biological to physical timescales determines

biological spatial heterogeneity relative to passive tracers (Abraham, 1998; Mahadevan & Campbell, 2002;

2003; Tzella & Haynes, 2007). The trade-off between the time needed for a vertical gradient of a property to

form and the time needed for mixing to destroy it determines whether the property is homogeneous or gra-

dients can existwithin a hydrographicmixed layer (e.g., Franks, 2014; Lewis, Cullen, & Platt, 1984; Lewis, Horne,

et al., 1984).

Light decreases exponentially with depth; turbulence stirs phytoplankton vertically, exposing them to fluctu-

ations in ambient light (Lewis, Cullen, & Platt, 1984). To optimize their photosynthetic capacity and/or prevent

damage from high light intensity, phytoplankton respond physiologically to changes in ambient light (on

timescales of less than seconds to a few hours; e.g., Claustre et al., 1994; Denman, 1983; Griffith et al., 2010;

Kolber et al., 1998; Post et al., 1984; Sackmann et al., 2008). The history of their exposure to light also impacts

growth rates (e.g., Denman, 1983; Marra, 1978), usually apparent as changes of biomass over timescales of

several days.

Vertical distributions of photoacclimative properties (e.g., Chl-a fluorescence) ultimately depend on the

competing effects of turbulence, which tends to erode gradients in the mixed layer (Falkowski, 1983), and

photoacclimation of phytoplankton to the light gradient (e.g., Cullen & Lewis, 1988; Maclntyre, 2008). Vertical

gradients in Chl-a fluorescence may exist in a hydrographically defined mixed layer if the timescale of pho-

toacclimation or growth is shorter than the timescale of their mixing through the mixed layer. In contrast,

uniform Chl-a fluorescence will prevail if turbulent processes are fast enough that vertical mixing occurs with

a timescale shorter than that of photoacclimation.

While several theoretical studies have related vertical mixing rates to the vertical distributions of photoac-

climative properties (e.g., Dusenberry, 2000; Franks & Marra, 1994; Lewis, Cullen, & Platt 1984), few in situ

observations have explored vertical Chl-a fluorescence and/or phytoplankton biomass gradients within a

mixed layer (Chiswell, 2011; Falkowski, 1983; Platt, 1972; Ryther & Hulburt, 1960; Therriault et al., 1990).

Here we assess bio-optical vertical structure relative to hydrographic structure from novel in situ sensors

deployed in the Southern Ocean, and we demonstrate that hydrographically defined mixed layers often

contain significant biological vertical variance and gradients.

The Southern Ocean contains mode water formation regions that are characterized by deep winter mixed

layers (e.g., Dong et al., 2008; Holte et al., 2012; Sallée et al., 2006), and it is subject to strong year-round

synoptic-scale atmospheric forcing (e.g., Hodges & Lee, 2011; Vera, 2003). Deep winter mixed layers result in

thick remnant mixed layers that trap water left behind once the upper ocean restratifies in spring and sum-

mer (see, e.g., Cole et al., 2010). These result in layers of weakly stratifiedwater below the seasonalmixed layer.

Storm events in summer can also lead to thinner, weakly stratified remnant mixed layers below an actively

mixing layer (Talley et al., 2011). The existence of weakly stratified layers within the seasonal mixed layer can

have consequences for vertical distributions of phytoplankton and/or photoacclimative properties, due to

variations of turbulence intensity with depth (Huisman et al., 1999; J. Taylor & Ferrari, 2011a).

Turbulence levels within a mixed layer depend on the physical mechanisms at play in the upper ocean (e.g.,

convective, wind-driven, wave-driven turbulence or Langmuir circulations; Franks, 2014). For example, tur-

bulence near the surface is influenced by atmospheric forcing (i.e., buoyancy fluxes and wind stress; e.g.,

Chiswell, 2011; A. Taylor & Ferrari, 2011a), whereas turbulence at the base of the mixed layer can be gener-

ated by shear instabilities and internal wave breaking (e.g., Moum & Smyth, 2001). In the Southern Ocean,

the interaction of wind forcing with the surface gravity-wave field can enhance Langmuir turbulence during

all seasons (Belcher et al., 2012), particularly in the presence of swell from a distant storm (McWilliams et al.,

2014). Mesoscale eddies and fronts, which are ubiquitous features in the Southern Ocean (e.g., Frenger et al.,

2015), also provide regions with varying levels of turbulence and convergences in the flow that may lead to
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plankton accumulation near fronts (e.g., Franks & Walstad, 1997; Hopkinson et al., 2007; A. Taylor et al., 2012;

J. Taylor & Ferrari, 2011b; Whitt, Lévy, & Taylor 2017; Whitt & Taylor 2017). On submesoscales, mixed-layer

instabilities are expected to alter stratification, vertical velocities, and turbulence intensity with depth (e.g.,

Callies et al., 2015; D’Asaro et al., 2011; Fox-Kemper et al., 2008; 2011; J. Taylor, 2016; Thompson et al., 2016),

impacting phytoplankton vertical mixing (Lévy et al., 2012). Submesoscale restratification can lead to shal-

lower mixing layer depths (Mahadevan et al., 2012) or reduced turbulence intensity within the mixed layer

(J. Taylor, 2016) that can impact phytoplankton spring bloom initiation. The interaction of wind forcing with

submesoscale horizontal buoyancy gradients may also play a role (Mahadevan et al., 2010) and can restratify

or destratify themixed layer near fronts depending onwind orientation relative to the geostrophic jet (Franks

&Walstad, 1997). We thus expect significant vertical variability, in analogywith the small-scale horizontal vari-

ations of biogeochemical fields that result from upwelling and/subduction at fronts (Mahadevan & Campbell,

2002). Variability and stratification of phytoplankton (i.e., vertical gradients) withinmixed layers are thus likely

to occur in deep remnant mixed layers (e.g., Dusenberry & Olson, 1999); in places where turbulence may be

reduced relative to amore activelymixing surface layer; in shallow,weakly stratifiedmixed layers that develop

in the spring (e.g., Chiswell, 2011); as well as near fronts (e.g., Erickson et al., 2016; Powell & Ohman, 2015).

Due to the passage of synoptic storms, distinctive mixed and mixing layers are expected, particularly in the

presence ofmesoscale oceanic features (Whitt & Taylor, 2017), andhavebeenobserved in the SouthernOcean

(Cisewski et al., 2005; Forryanet al., 2015).Wehypothesize that intermittent atmospheric forcing fromsynoptic

storms (with fluctuations from 2 to 10 days) may provide periods of weak turbulence long enough to allow

bio-optical structures to form within a well-mixed hydrographic mixed layer (Franks, 2014). The presence of

bio-optical structure within mixed layers suggests that the timescale between storm-mixing events is longer

than biological timescales of restratification. The impact of a storm could come from either wind-induced

mixing or storm-related buoyancy forcing that results in convective mixing of the upper ocean. Here we use

storm-mixing timescales based onwind forcing as a proxy for synoptic weather events that can induce active

mixing in the upper ocean.

Bio-optical in situ sensors on profiling floats and elephant seal tags that carry new biologging devices have

been deployed in the Southern Ocean since 2007 (Guinet et al., 2013; Johnson et al., 2017; Russell et al., 2014),

providing unprecedented bio-optical measurements that allow assessment of the vertical structure of Chl-a

fluorescence and particle optical backscatter in all seasons and under sea ice (Figure 1a). Time series of Chl-a

fluorescence profiles from these (Figures 1b and 1c) reveal two consistent patterns: enhancement within the

mixed layer throughout all seasons (i.e., above background levels found in deep waters) and the existence of

gradients and significant variance within hydrographically defined mixed layers.

Here we exploit these new measurements from floats and southern elephant seals to assess the structure

of bio-optical properties and variance within mixed layers. We quantify variability in the mixed layer using

variance-based metrics and assess the occurrence of structure and subsurface maxima by fitting measured

profiles with typical functional forms. We present the data sets (section 2) and discuss some of their limita-

tions (section 3). In section 3, we explain the fitting procedure and density-based mixed-layer depth (MLD)

definitions. Results are presented in section 4. We provide a statistical description of the observed patterns

in the Southern Ocean as a whole, though regional differences may be expected within the Southern Ocean

(e.g., InternationalOcean–ColourCoordinatingGroup (IOCCG), 2015). Section5uses these results and satellite

wind data to evaluate the relative magnitude of biological timescales of restratification versus storm-mixing

timescales, and section 6 summarizes the findings.

2. Data
2.1. Southern Elephant Seal Tags

Southern elephant seals equippedwith Conductivity-Temperature-Depth (CTD) satellite-relayed data loggers

at sub-Antarctic islands have substantially increased the number of observations duringwinter and in the sea

ice zone (e.g., Charrassin et al., 2008; Fedak, 2013; Roquet et al., 2013). TheCTDprofiles from these sensors have

accuracies close to those of Argo profiling floats (Fedak, 2013; Roquet et al., 2011). CTD-satellite-relayed data

logger tags deployed in the Kerguelen Islands (see Figure 1a) included a compact fluorometer (Cyclops-7 from

Turner Designs) fromwhich Chl-a fluorescence profiles can be derived (Guinet et al., 2013). These bio-logging

devices were deployed on 27 elephant seals between December 2007 and February 2011. Calibration pro-

cedures included predeployment tests against High-Performance-Liquid-Chromatography (HPLC) analysis of
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Figure 1. (a) Locations of Chl-a profiles from elephant seal tags deployed off Kerguelen Island, Electromagnetic

Autonomous Profiling Explorer (EM-APEX, black circles with white fill) and Argo floats (black circles with gray fill) with

bio-optical sensors, color coded by month of the year when data were collected. The mean positions of the Subtropical

Front, Sub-Antarctic Front, and Polar Front from Orsi et al. (1995) are shown in black contours for reference. Chl-a as a

function of time and depth, with density contours overlaid (in black), mixed-layer depth estimates using the density

threshold criterion of 0.005 and 0.125 kg/m3 (white lines) for (b) an elephant seal summer through fall round-trip from

Kerguelen Island to Antarctica, and (c) an Argo float deployed in the south Pacific sector of the Southern Ocean (FloatViz

ID 6968). The seal and float trajectories are indicated with black circles in (a).

filtered samples and postdeployment intercalibration of the different fluorometers (Guinet et al., 2013). Dur-

ing their long foraging trips, elephant seals can dive about 60 times a day, during day and night, reaching

depths of up to 1,800 m (Biuw et al., 2007; Charrassin et al., 2008). Due to limitations in battery power and

in the bandwidth of the Advanced Research and Global Observation Satellite system, one to three Chl-a flu-

orescence profiles per day were recorded in the top 180 m of the ascent (with 2-s temporal resolution) and

were averaged over 10-m bins from 5 to 175 m (Jaud et al., 2012; Xing et al., 2012). The seals typically travel

horizontal distances of 35–65 km per day, resulting in a spatial resolution along their track of about 25 km

(Charrassin et al., 2008), covering a vast sector of the Southern Indian Ocean (Figure 1a) as they migrate to

the Kerguelen Plateau, Antarctic waters, and the interfrontal zone between the Subtropical and Polar Fronts

where they forage (Dragon et al., 2010). To document the prebreedingwinter foraging trips, instrumentswere

deployed in January and February at the end of the annual molt (Charrassin et al., 2010). From a total of 3,333

profiles, 1,208 profiles were acquired in fall (March-April-May), 386 in winter (June-July-August), 605 in spring

(September-October-November), and 1,134 in summer (December-January-February). Observations in aus-

tral spring were less frequent than in summer, because this is the time of year when elephant seals come

ashore to breed and molt (Fedak, 2013).

2.2. Biogeochemical Floats

Compared with seals, profiling biogeochemical floats provide higher vertical resolution (i.e., 2.5–5 m in the

top 100 m) but coarser temporal sampling (i.e., ∼5–10 days, with a few exceptions). Some of the floats

deployed as part of the Southern Ocean Carbon and Climate Observations and Modeling (SOCCOM) project

have ice avoidance capabilities that have allowed them to operate in regions that experience seasonal sea

ice. Under sea ice or in rough sea states floats do not acquire GPS fixes at the surface; for the purposes of this

study, we estimated the float position by linear interpolation of the latitude and longitude coordinates along

the float trajectory. The bio-optical sensors on these floats measure Chl-a fluorescence (𝜆ex = 470 nm, 𝜆em =

695 nm) and optical backscatter (𝜆 = 700 nm) fromwhich estimates of Chl-a and particle concentrations can

be derived.

We use data from 51 biogeochemical Argo floats with bio-optical sensors from SOCCOM (Figure 1a,

black circles with gray fill). This analysis is based on quality-controlled data from the low-resolution
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files (this issue; Johnson et al., 2017), last updated on 28 February 2017 and available from the SOC-

COM web site (http://soccom.princeton.edu). These floats carry an Environmental Characterization Optics

Fluorometer-Backscattering (ECO FLbb-AP2) or theMCOMS sensor fromWETLabs, both of which have similar

characteristics except for the angle of scattering in the back direction (Boss & Haentjens, 2016). They acquired

over 3,700 Chl-a fluorescence and backscatter profiles, along with temperature, conductivity (salinity), and

pressure, with depth-dependent vertical resolution (i.e., 5 m in the top 100 m, 10 m from 100 to 400 m, and

50m below 400m), typically recording 59 or 60 depth intervals during each ascending profile (depending on

fluctuations in float ascent velocities) every 5–10 days.

Four Electromagnetic Autonomous Profiling Explorer (EM-APEX; Sanford et al., 2005) floats that also carried

ECO FLbb-AP2 sensorswith identical characteristics andCTDswere deployed during theDiapycnal and Isopy-

cnal Mixing Experiment in the Southern Ocean (DIMES; Kilbourne & Girton, 2015; Ledwell et al., 2011; float

IDs 4594, 4595, 4596, and 4597), providing additional Chl-a fluorescence profiles over Drake Passage and the

southwest Atlantic (Figure 1a, black circleswithwhite fill). These floats typically recordedmeasurements every

∼2.5m both during ascent and descent, to depths of up to∼200m (with some exceptions), andwith variable

sampling intervals during their missions (from seven bursts a day to every 10 days). Due to the odd sampling

behavior of some of the floats (e.g., sometimes not reaching the surface), we only use profiles that returned

data in the top10mand thatwere sampledduring ascent (i.e., 746profiles), whenpressurewasmonotonically

decreasing.

Floatdata aredistributed fairly evenly throughout the seasons (i.e., 26% in fall, 25%each in summerandwinter,

and 24% in spring). EM-APEX floats had a higher sampling rate just after their initial deployment, resulting in

slightly more profiles in fall.

2.3. Satellite Winds

To assess storm-mixing timescales, we use Cross-Calibrated Multi-Platform (CCMP, version 2) winds, available

from Remote Sensing Systems. We use 10 years of vector winds for the period June 2007 to May 2016, coinci-

dentwith the floats’ and seals’ sampling periods. CCMPvectorwinds are output froma4-D variational analysis

that merges satellite winds from several wind sensors (Atlas et al., 2011). They are available at 0.25∘ × 0.25 ∘

horizontal resolution; wind fields every 6 h represent synoptic winds. We use daily averages of the 6-hr syn-

optic winds to compute storm-mixing timescales reported in Table 1. We estimate the recurrence interval of

storms, storm duration, and duration of periods of quiescence between storms (i.e., interstorm period), defin-

ing a high-wind event to have wind speeds exceeding 10 m/s, equivalent to force 5 on the Beaufort scale.

We test the sensitivity of our results to a variable wind speed threshold, considering the duration of positive

and negative wind anomalies subtracting monthly mean wind speeds at each location. (Due to gustiness in

the wind, 6-hr winds give shorter storm timescales than daily-averaged winds, but the relative ratios of storm

duration to interstorm time remain unchanged.)

3. Methods
3.1. MLD

Estimates of MLD are based on potential density referenced to the surface. Potential density was computed

from in situ temperature and salinity profiles using the international thermodynamic equation of seawater

(TEOS-10) and the MATLAB Gibbs Seawater Oceanographic Toolbox from McDougall and Barker (2011). The

floats employ a Sea-Bird SBE-41 CTD, which is expected to resolve differences in density of 0.002 kg/m3 (Kil-

bourne & Girton, 2015). We use standard MLD definitions from Holte & Talley’s (2009) algorithm, threshold

(i.e., density difference from the surface), and density gradient criteria, as well as several other thresholds. In

all cases we use a surface reference depth of 10 m that avoids capturing effects of diurnal restratification (de

Boyer et al., 2004).

The MLD computed from individual profiles using relatively large density difference thresholds

(0.03–0.125 kg/m3) represents the depth over which physical properties have been mixed in the recent past

(i.e., within the last days to months). However, it does not give information on the depth range of active

mixing at the time and location where the profile is acquired. The MLD, defined as the depth where density

is 0.03 kg/m3 greater than the surface, depicts the seasonal mixed layer and better captures the first spring

restratification than the larger criterion of 0.125 kg/m3 (de Boyer et al., 2004), which usually gives very deep

MLDs. Unless otherwise stated, we show results for the most commonly used density threshold criterion for

the Southern Ocean (i.e., 0.03 kg/m3; de Boyer et al., 2004).
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Table 1

High-Wind Event Statistics From a 10-Year Record of Daily-Averaged CCMPWinds (2007–2016)

Profile Year-round Winter (JJA) Summer (DJF)

𝜏recurrence (days) 6.73 ± 0.37 5.87 ± 0.46 7.94 ± 0.61

𝜏storm (days) 3 ± 0.37 3 ± 0.46 2 ± 0.61

𝜏interstorm (days) 4 ± 0.37 3 ± 0.46 5 ± 0.61

% time in storm conditions 44.59 ± 6.00 51.11 ± 8.76 25.18± 7.98

% sigmoid profiles 42.7 ± 1.0 48.9 ± 1.9 28.8 ± 1.9

% time in interstorm conditions 59.46 ± 6.37 51.11 ± 8.76 62.95 ± 9.15

% nonsigmoid profiles 57.3 ± 0.9 51.1 ± 1.9 71.2 ± 2.1

% homogeneous profiles (within MLD) 47.8 ± 1.0 43.5 ± 2.0 50.2 ± 2.3

% heterogeneous profiles (within MLD) 52.2 ± 1.0 56.5 ± 2.0 49.8 ± 2.3

𝜏bio (days) <1.5 <1 <3

Note. Storm recurrence interval (𝜏recurrence), duration (𝜏storm), and interstorm period (𝜏interstorm)

aremedians (in days) ofmaps analogous to those shown in Figure 7. At each location, uncertain-

ties were estimated as one standard deviation from 100 bootstrap samples of storm, interstorm,

and storm cycle duration, and the median uncertainty for each map is reported in the table. For

percentages of time in storm and interstorm conditions, the error is estimated by propagating

the error of the ratio. Upper bounds for the biological timescale of restratification, 𝜏bio , are

estimated from equations (1) and (2), using median values for 𝜏storm, 𝜏interstorm , and 𝜏recurrence
derived from wind speeds, an approximate fraction for homogeneous/heterogeneous pro-

files within the mixed layer of 0.5 and assuming 𝜏mix < 1 day (based on Brody & Lozier,

2014’s, 2014, study). CCMP = cross-calibrated multi-platform; JJA = June-July-August;

DJF = December-January-February.

TheMLDdetection algorithm fromHolte and Talley (2009) is designed tobetter capture thebase of the homo-

geneous layer in weakly stratified regions, and it often yields shallower MLDs than the threshold criterion of

0.03 kg/m3. (The correlation between the twoMLDdefinitions yields r = 0.82, p < 0.01, for both float and ele-

phant seal data.) The fine-density threshold criteria (0.01 kg/m3 and 0.005 kg/m3) often capture the actively

mixing layer based on comparisonswithmicrostructure data (Brainerd &Gregg, 1995). In a recent assessment

of mixing layer depth, using a larger set of EM-APEX floats deployed during DIMES cruises, Kilbourne and Gir-

ton (2015) found a density threshold criterion of 0.005 kg/m3 to bemore representative of the activelymixing

layer in the Southern Ocean, based on contemporaneous wind speeds.

3.2. Processing of Bio-Optical Measurements

WETLabs’ calibrations of Chl-a fluorescence rely on pure Chl-a or on phytoplankton monocultures that may

not be representative of in situ phytoplankton communities (Proctor & Roesler, 2010; Roesler et al., 2017).

Species composition, relativepigment composition, cell size, nutrient status, growthphase, photoacclimation,

and incident irradiancemay all affect the relationship between fluorescence and Chl-a (Cullen, 1982; Mitchell

& Kiefer, 1988; Proctor & Roesler, 2010). Although Southern Ocean waters are not considered optically com-

plex, different phytoplankton assemblages can contain varying amounts of other pigments (e.g., Chl-b and

Chl-c) that can alter the bio-optical relationships (e.g., Dierssen, 2010). Moreover, SouthernOceanwaters have

considerable amounts of optically active substances such as colored-dissolved organic matter (Del Castillo &

Miller, 2011; Siegel et al., 2002) that may impact the retrieval of pigment fluorescence by absorbing the exci-

tation energy. HPLC analyses of water samples are desirable to further calibrate Chl-a fluorescence at each

profile, but these measurements are not possible with autonomous platforms.

Some of the float data that we use come from sensor test deployments, for which HPLC measurements from

water samples at deployment sites are not available. Even if samples are collected at the deployment site

(e.g., as is the case for SOCCOMfloats), these are of limited utility for validating actual concentrations, because

floatsmay sample different regimes during the course of their mission (Perry et al., 2008). There is an ongoing

effort to calibrate Chl-a fluorescence using existing HPLC measurements in the Southern Ocean in combina-

tion with satellite Chl-a matchups to provide best estimates of float Chl-a concentrations (Haëntjens et al.,

2017; Johnson et al., 2017). WETLabs Chl-a concentrations from floats show biases of a factor of 2–7, with

WETLabs Chl-a overestimating Chl-a concentrations obtained from HPLC. Here we use WETLabs’ calibration

CARRANZA ET AL. 6



Journal of Geophysical Research: Oceans 10.1029/2018JC014416

values for Chl-a concentrations divided by a factor of 2 (i.e., uncorrected Chl-a concentrations in SOCCOM

quality controlled files), although detailed assessments of Southern Ocean data suggest that WETLabs Chl-a

concentrations could still be biased high (e.g., Boss & Haentjens, 2016; Haëntjens et al., 2017; Roesler et al.,

2017).

Because of calibration uncertainties and because we are interested in vertical gradients rather than absolute

Chl-a values, in our analyses we subtract float-specific deep water (i.e., clearest water) values for each pro-

file, which aims to correct for the contribution of nonalgal matter to the fluorescence signal that can occur at

depth (see, e.g., Johnson et al., 2017; Xing et al., 2016), andwe showChl-a fluorescence profiles in relative units

(i.e., rescaled by subtracting deep water values). This allows us to compare measurements from different sen-

sors and to assess vertical structure throughout the seasons and under sea ice in a historically undersampled

region.

During daylight hours and especially near noon, Chl-a fluorescence is known to be decreased by nonphoto-

chemical quenching (NPQ, i.e., the reduction of the fluorescence emission in surface waters due to ambient

irradiance), which may create deep Chl-a fluorescence maxima (Jaud et al., 2012) during the day by reducing

surface fluorescence. Daytime fluorescence quenching is a recognized phenomenon in the Southern Ocean

(Holm-Hansen et al., 2000) andwas detected throughout the elephant seal and float data sets (Biermann et al.,

2015; Boss & Haentjens, 2016; Sackmann et al., 2008; Xing et al., 2012). Although these studies have proposed

methods to correct for NPQ effects, methods that would be applicable for the available float data (with the

exception of one proposed by Biermann et al., 2015) rely on the assumption that fluorescence is well mixed in

a hydrographicmixed layer (Sackmann et al., 2008; Xing et al., 2012). Becausewewish to test this assumption,

we do not correct for NPQ effects. Instead, we assess the degree of NPQ by comparing day and night Chl-a

fluorescence profiles (in relative units).

We identify daytime and nighttime profiles using the local time of day at each profile location, as well as

local sunrise and sunset times calculated usingMATLAB functions from the AIR-SEA Toolbox (version 2.0) that

were adapted by Rich Pawlowicz. Nearly 52% of the Argo profiles, 53% of EM-APEX, and 48% of elephant seal

profileswere acquired during the night (i.e., 3,024 profiles). Someprofileswere sampled south of the Antarctic

Circle (i.e., 476 float profiles and 50 seal profiles south of 66.6∘S) in areas of continuous day or night. NPQ

effects could potentially last longer particularly in the high latitudes during periodswith short nights near the

summer solstice (Sackmann et al., 2008). However, for the bulk of the observations, the length of day ranged

from 8 to 18 h. Because NPQ effects may persist for a few hours after sunset (Grenier et al., 2015; Sackmann

et al., 2008; Swart et al., 2015), we tested for NPQ residual effects in nighttime profiles. We also evaluated the

sensitivity of our results by adjusting the daytime/nighttime transition by± 1 hr from sunrise and sunset times

(i.e., defining daytime to be longer by including dusk and dawn profiles). Using a longer period for daytime

resulted in no statistically significant differences in the percentage of nighttime profiles with DFM.

Depth-dependent changes in light can lead to changes in phytoplankton intracellular pigment concentration

due tophotoacclimation (see, e.g., Cullen, 1982, 2015), anda subsurfaceChl-a fluorescencemaximummaynot

correspond to a phytoplankton biomass increase. Optical backscatter (Bb), a proxy for particle concentration,

provides an index that covaries with phytoplankton biomass (Behrenfeld et al., 2005; Martinez-Vicente et al.,

2013) but is not susceptible to photoacclimation (Behrenfeld & Boss, 2003). For the float data for which Bb

measurements are available, we have carried out our full suite of float analyses using both optical backscatter

and Chl-a fluorescence.

We report optical backscatter of particles as the particle backscatter coefficient, bbp. The backscatter sensor

provides the volumebackscatter functionof both seawater andparticles, 𝛽(𝜙, 700), at an angle of𝜙 = 140∘ for

FLbb sensors and 𝜙 = 150∘ for MCOMS sensors (Boss & Haentjens, 2016). Quality-controlled SOCCOM float

data report bbp. We compute the particle backscatter coefficient for EM-APEX float data following the same

procedure. We subtract the contribution from seawater (Boss & Pegau, 2001; Sullivan & Twardowski, 2009):

bbp = 2𝜋𝜒(𝜙)(𝛽(𝜙, 700)−𝛽sw(𝜙, 700)) and use a scale factor𝜒 (140
∘) = 1.18 taken fromBoss and Pegau (2001).

Values of 𝛽sw(140
∘,700) are a function of temperature and salinity and are derived from the study of Zhang

et al. (2009).

Before attempting to assess variance within the mixed layer or fitting profiles, we smoothed all bio-optical

profiles by applying a 3-point median filter for Chl-a and a 5-point median filter for bbp in order to sup-

press single-point maxima that could be associated with random noise. For floats, with a vertical resolution

of 2.5–5 m, the median filter acts over scales of 7.5–15 m for Chl-a and 12.5–25 m for bpb; for seal data
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with 10-m vertical resolution, the median filter has a scale of 30 m for Chl-a. Briggs et al. (2011) proposed

higher-order filters, but we found that for our data, higher-order filters significantly truncated the magni-

tude of the subsurface maxima: the median filter is appropriate for suppressing maxima represented by a

single point.

3.3. Unevenness Indices

The degree of variance of Chl-a fluorescence within the mixed layer is assessed by means of a standard devi-

ation index (SDI), calculated as the standard deviation within the mixed layer for a given profile, normalized

by the standard deviation of all measurements within the mixed layer for all observations in the Southern

Ocean binned together. This normalization allows comparison of measurements from different locations and

seasons. The normalization by the total mixed-layer standard deviation (i.e., for the entire Southern Ocean)

facilitates comparisons with variance in hydrographic properties, which by definition should be homoge-

neous within themixed layer. Small values of the SDI indicate a relatively homogeneous profile. A value close

to 1 indicates that variability within the mixed layer can be as large as the variability in the entire region, and

values greater than 1 indicate that variability within the mixed layer is larger than the total mixed-layer vari-

ability and thus imply a relatively heterogeneous mixed layer. By definition the mixed layer is homogeneous

in density, and thus, the SDI for potential density is 2–3 orders of magnitude smaller than for Chl-a or parti-

cle backscatter, indicating that the mixed layer definitions identify layers that are homogeneous in density.

The potential density SDI does not exhibit significant seasonal variability relative to bio-optical properties

(not shown).

A more commonly used metric for variance in Chl-a and ecological data is the coefficient of variation, which

normalizes the standard deviation by the mean (e.g., Djavidnia et al., 2010; Håkanson et al., 2003). However,

the coefficient of variation is only meaningful for variables on a ratio scale (i.e., with a well-defined zero). Also,

because the coefficient of variation uses the mean, it will be sensitive to Chl-a fluorescence absolute values,

which are subject to large uncertainties (see section 2.2). Therefore, we have opted not to use this metric.

Other metrics tested, such as the ratio between maxima and minima (i.e.,
Chlamin

Chlamax
, as in Falkowski, 1983) were

in agreement with the results presented here.

Because Chl-a fluorescence is known to be lognormally distributed (Campbell, 1995), we tested a SDI com-

puted from log-transformed data (see, e.g., Campbell & O’Reilly, 2006). Accounting for lognormality gives

higher values of the SDI particularly for the largest MLD threshold criteria, which gives deeper MLD and

therefore a greater range of fluorescence, but with the same overall seasonal trends.

As another index of inhomogeneities in Chl-a fluorescence and particle backscatter in themixed layer, we also

calculate mean vertical gradients within the mixed layer, which we normalize by the mean concentration for

the mixed layer.

3.4. Profile Fits and Deep Chl-a Maxima

Upper ocean Chl-a fluorescence profiles exhibit well-defined structure, sometimeswith local subsurfacemax-

ima that can be smaller in magnitude than the surface value but that clearly exceed instrument noise. If we

tried to identify DFM using a criterion based on a percentage increase relative to the surface (e.g., Grenier

et al., 2015), wewould potentially underestimate their occurrence,missing the localmaxima. Instead, herewe

identify profiles with DFM by fitting the observed Chl-a fluorescence profiles to functional forms expected to

represent a wide range of regimes, as depicted in Figure 2: (a) a sigmoid profile characterized by a well-mixed

homogeneous layer, (b) a surface-intensified exponential, (c) a Gaussian representing a Chl-a maximum, (d)

the combination of a Gaussian with a sigmoid, and (e) the combination of a Gaussian with an exponential.

Equations for all the different functional forms largely follow the ones used by Mignot et al. (2011), and they

are presented in the appendix. First guesses for fitted parameters were estimated from the observed pro-

files (see appendix). In particular, the depth of the Chl-a maximumwas chosen based on themost prominent

subsurface Chl-a fluorescence maximum (i.e., the greatest peak relative to the largest neighboring minima)

if greater than the instrument noise level (i.e., 0.02 mg/m3); otherwise, the depth of the largest peak (i.e., the

absolute maximum) was chosen. The most prominent subsurface peak was usually deeper than the largest

peak, which is based on Chl-a fluorescence absolute values (i.e., irrespective of neighboring values), which

generally increase toward the surface. The depth of the most prominent peak (as opposed to the depth of

the largest peak) was preferred to avoid attempting to fit Gaussians to less prominent maxima close to the

surface and failing to fit Gaussians to more prominent peaks below the surface mixed layer.
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Figure 2. Examples of nighttime Chl-a fluorescence (green) vertical profiles fitted to a (a) sigmoid, (b) exponential,

(c) Gaussian, (d) Gaussian + sigmoid, and (e) Gaussian + exponential. Sigmoid profiles are consistent with a

homogeneous profile near the surface, while Gaussian profiles have a subsurface maximum. The best fit (line) to the

observations (circles) was selected based on a Chi-square goodness of fit test with constant standard deviation of twice

the instrument noise level (i.e., 0.04 mg/m3) and taking into account the number of fitted coefficients (see appendix).

Particle backscatter profiles and fits (yellow) and density profiles (blue) are also shown, along with the deepest and

shallowest estimates of mixed-layer depth (dashed lines). All profiles are shown in relative units, rescaled by subtracting

the surface value for 𝜎𝜃 and deep water values for Chl-a and bpb , and multiplying bpb by 100.

The best fit model for each profile was chosen based on a 95% confidence Chi-square test for goodness of fit

(e.g., Press et al., 2007), which takes into account the number of fitted parameters for each functional form.

That is, for each fitted fluorescence profile we computed 𝜒2 =
∑N

k=1
(Fk − 𝜇k)

2∕s2, where N is the number of

observations in each profile, Fk is the observed, and 𝜇k the modeled fluorescence value at each depth level,

assuming a constant standard deviation of s = 0.04 mg/m3 (i.e., twice the instrument noise level in deep

water to bemore conservative). Large values of the sample Chi-square indicate significant deviations from the

modeled values. To avoid overfitting, only profiles with at least 17 observations (i.e., the maximum possible

number of observations for elephant seal profiles) were fit. The smallest profile Chi-square (i.e., among all

functional forms tested) was compared to the critical Chi-square value (i.e., for a 5% significance level) from

a theoretical Chi-square distribution with 𝜈 = N − m degrees of freedom, where m is the number of fitted

parameters in themodel (see appendix). If the profile Chi-squarewas smaller than the critical Chi-square, then

the fitted profile was chosen as the best model fit; otherwise, it was rejected.

We took a conservative approach indefiningprofileswithDFM. In total 60%of all nighttimeChl-a fluorescence

profiles were Gaussian (i.e., (c), (d), or (e)), and most Gaussians were embedded in a homogeneous layer (i.e.,

58%were best represented by (c), and the remainder approximately evenly split between (d) and (e)). Approx-

imately 13% of the Gaussian fits showed maxima located near the surface (i.e., ≤ 20-m depth) and were not

considered in our analyses of DFM. Gaussian fits with subsurface maxima (47% of the total) were interpreted

as having aDFMonly if peak prominencewas greater than 0.04mg/m3. In addition, all profile fitswere visually

inspected for consistency, and in a few cases in which the subsurface maximum was larger in the fit than in

the observations, the profilewas reevaluated based on the smallest Chi-square. In total∼ 37%of all nighttime
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Figure 3. (a) Diurnal standard deviation index (SDI) within the mixed layer (i.e., the standard deviation within the mixed

layer normalized by the total standard deviation for all Southern Ocean’s mixed-layer observations in each time interval)

for Chl-a fluorescence (green) and particle backscatter (yellow). Color shades indicate different mixed-layer depth (MLD)

definitions (see legend), and error bars represent the standard error of the mean for each time interval. (b) Percentage of

mixed layers with deep maxima for Chl-a fluorescence from seals (light green) and floats (dark green), and particle

backscatter (yellow), using the most commonly used density threshold of Δ𝜎 = 0.03mg/m3 to define MLD. Error bars in

(b) indicate the sensitivity to the MLD definition used: Δ𝜎 = 0.125mg/m3 (upper bound) and Δ𝜎 = 0.005mg/m3 (lower

bound). Note that seal data were corrected for non-photochemical quenching (NPQ) effects (Guinet et al., 2013),

suppressing deep fluorescence maxima within the mixed layer.

Chl-a fluorescence profiles were identified as having a DFM. For all profiles with DFM (i.e., deeper than 20 m),

DFM magnitude and DFM depth were well correlated with those inferred from the profile fits (r = 0.96 for

DFMmagnitude and r = 0.92 for DFM depth, for N = 1251, and 99% confidence).

In addition, for float profiles with concomitant backscatter measurements, we fit smoothed bpb profiles to the

same functional forms. We tested for the existence of deep backscatter maxima (DBM) using an analogous

procedure, assigning thedepthof theDFMas afirst guess parameter for thedepthof theDBM.Of all nighttime

float bpb profiles for which Chl-a fluorescence showed a DFM (i.e., 37 %), 75% were fit by Gaussians, with a

large fraction of the remainder (i.e., 22%) not assigned a fit. Visual inspection of the latter showed subsurface

features in bpb that were correlated with the DFM; however, the presence of secondary peaks in bpb hindered

the calculation of a profile fit.

Because seal and float data have different vertical resolutions (i.e.∼2.5m for EM-APEX, 5m for Argo, and 10m

for seal data), we tested the sensitivity of our results by resampling all observations with a common 10-m

vertical resolution. The original higher-resolution data consistently show larger percentages of DFMandDBM,

but the differences are small and within error bounds.

4. Results

Despite deep mixed layers in the Southern Ocean, most bio-optical profiles show structure. Only ∼40% of

nighttime Chl-a fluorescence profiles were best fit by sigmoids (fully 97% of the non-Gaussian profiles were

sigmoids, (a) in Figure 2a). This implies that depth variability in biological activity is sufficiently large that

mixed-layer vertical stirring does not obliterate its signature.

After evaluating the use of nighttime Chl-a fluorescence as a proxy for phytoplankton biomass from diur-

nal changes in mixed-layer bio-optical properties (section 4.1), we assess the occurrence and prominence of

DFM throughout the year (section 4.2). We then compare the depth of prominent deep fluorescencemaxima

(DFMD) with the MLD, for a suite of possible MLD definitions, and quantify the number of profiles with DFM

that lie above the MLD for each month of the year (section 4.3). Finally, we quantify mixed-layer variability in

bio-optical properties, whichwe contrast withmixed-layer variability in hydrographic properties (section 4.4).

4.1. Diurnal Chl-a and bpb Variability in the Mixed Layer

Fluorescence can respond to changing light levels by photoacclimation, without any changes in phytoplank-

ton biomass or hydrographic properties. To evaluate this, we first examine Chl-a fluorescence and particle

backscatter within themixed layer as a function of time of day.Within themixed layer, the SDI for fluorescence

variability peaks within ±4 hr of local noon (green lines in Figure 3a), consistent with NPQ driving significant

gradients under peak light conditions. However, the percentage of deepmaxima in Chl-a fluorescence agrees
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Figure 4. (a) Percentage of nighttime Chl-a fluorescence profiles with a deep fluorescence maximum (DFM) for elephant

seals (light green) and floats (dark green) in each month. Here a DFM is identified as a profile best fit by a Gaussian, with

a prominent peak below the surface (see section 3.4). The percentage of bpb profiles fit by Gaussians is also shown

(yellow). Bio-optical float data were averaged in 10-m bins to match the resolution of seal data before fitting profiles.

Error bars give the 95% confidence interval estimated from a bootstrap method. (b) Seasonality of DFM peak

prominence (i.e., maximum Chl-a fluorescence relative to the largest neighboring minimum). Shaded areas indicate the

standard error of the monthly means.

well with deep maxima in bpb (yellow lines in Figure 3a), indicating that not all diurnal variability in Chl-a flu-

orescence is associated with NPQ. The daytime peak in backscatter suggests that the diurnal cycle of light

may stimulate phytoplankton growth, producing real changes in phytoplankton biomass and particle con-

centrations (e.g., Davis et al., 2008; Gardner et al., 1995; Stramska &Dickey, 1992). Phytoplankton-zooplankton

interactions may also explain diurnal changes in phytoplankton biomass (e.g., Priddle et al., 1997).

Although Figure 3a indicates general agreement in Chl-a fluorescence and bpb daytime peaks, as noted in

section 3.2, in this study, we avoid concerns about the multitude of processes that may be active during

the day by focusing on nighttime Chl-a fluorescence. Chl-a fluorescence variability agrees well with variabil-

ity in particle backscatter as indicated by both the SDI as a function of local time of day (Figure 3a) and the

co-occurrence of deepmaxima in Chl-a and bpb (Figure 3b). This suggests that variability in Chl-a fluorescence

at night is likely associated with variability in phytoplankton biomass. This is in agreement with relationships

between Chl-a concentrations and particle backscatter derived from satellite observations (Behrenfeld et al.,

2005) and in situ Chl:Cp (beam attenuation) observations (Behrenfeld & Boss, 2006), showing that changes

in Chl-a concentrations are closely related to changes in phytoplankton biomass for the Southern Ocean. In

Antarctic waters, Strutton et al. (1997) also showed that high spatial variability in nighttime Chl-a fluorescence

correlates with high phytoplankton productivity, as inferred fromhigh-resolution transects of photosynthetic

parameters.

4.2. Seasonality of Deep Chl-a Fluorescence Maxima Ocurrence

The percentage of profiles with DFM and DBM is high in summer, when stratification is strong, with more

than half the profiles presenting DFM and/or DBM (Figure 4). However, Figure 4 also shows that subsurface

enhancement in nighttime Chl-a fluorescence is significant year-round in float and seal data, as well as in

nighttime particle backscatter profiles from floats.

4.3. Deep Chl-a Fluorescence Maximum Depth and MLD

The DFM can lie above or below the MLD, depending on physical conditions and on the definition used for

a mixed layer. The joint probability density function (PDF) in Figure 5a illustrates the relationship between

DFMD and MLD, here using the MLD threshold criterion of 0.03 kg/m3. The maxima in the PDF occur when

MLD is slightly deeper than the DFMD, indicating that DFM are often found at the base of the mixed layer.

A significant fractionof profiles haveDFM that are shallower than theMLD, even for thefine threshold criterion

of 0.005 kg/m3, which may be more closely related to the mixing layer depth. The sensitivity of the percent-

age of nighttime DFM that are shallower than the MLD to the criterion used to define the MLD is shown in

Figure 5b, for eachmonth of the year. Smaller density threshold criteria generally show a lower percentage of

profiles with DFM above theMLD than do larger threshold criteria. In summer, 20% to 80%of DFMs are within

themixed layer, depending on the definition ofMLD. Inwinter the spread is narrower, with all MLD definitions

showing that more than 70% of DFMs are within the mixed layer.
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Figure 5. (a) Two-dimensional probability density function (PDF) of deep fluorescence maximum depth (DFMD) and the

mixed-layer depth (MLD) using a density threshold of 0.03 kg/m3. (b) Percentage of Chl-a fluorescence profiles with a

deep fluorescence maximum (DFM) that are above the MLD (of all profiles that show DFM) for several definitions of MLD

(see legend) in each month of the year. Data include only nighttime profiles from elephant seals, EM-APEX, and Argo

floats characterized by having DFM deeper than 20 m with Chl-a fluorescence at the maxima at least twice as large as

the fluorometer noise level (i.e., 0.04 mg/m3).

Based on occurrences of DFM within the MLD, it might appear that the mixed layer is less homogeneous (or

mixing the least) in winter than in summer. While almost all DFM in winter occur within the mixed layer (e.g.,

∼25%over all profiles for the finest density threshold criterion), only∼12%of all profiles show theDFMwithin

the shallowestMLD in summer (Figures 4a and5b). However, DFM inwinter are less prominent than in summer

(Figure 4b). In the next section, we present seasonality in bio-optical heterogeneity based on mixed-layer

variance in bio-optical properties, which accounts for peak magnitude.

4.4. Seasonal Chl-a and bpb Variability in the Mixed Layer

Nighttime DFM above the MLD indicate the existence of biological gradients within the hydrographic mixed

layer. The SDI, which quantifies mixed-layer variability in a profile relative to total mixed-layer variability for

the SouthernOcean, is enhanced in spring and summer for bio-optics (green and yellow lines in Figure 6); and

bio-optical properties are consistently more heterogeneous than temperature (blue in Figure 6), salinity, and

density (not shown) for all mixed-layer definitions (see supporting information).

The SDI for nighttime Chl-a fluorescence peaks in December and is lowest from May to August (green line in

Figure 6); the SDI for bbp peaks in November, during the spring bloom (yellow line in Figure 6). While the SDI

index for temperature (blue line in Figure 6) is<0.05 year-round, nighttime Chl-a fluorescence and bpb profiles

vary by a much larger fraction of the total mixed-layer variability for all definitions used for the MLD. The

monthly averaged SDI for nighttime Chl-a fluorescence in themixed layer (green in Figure 6a) varies between

∼0.1 for the fine-density threshold criterion and nearly 0.8 for the largest threshold used for a mixed layer

Figure 6. Monthly standard deviation index (SDI) within the mixed-layer depth (MLD) for nighttime Chl-a fluorescence

(green), particle backscatter (yellow), and temperature (blue), using the 0.03 mg/m3 threshold criterion for the MLD (see

supporting information for sensitivity to MLD definition). (a) Normalizing the vertical standard deviation within the

mixed layer in each profile by the total mixed-layer standard deviation across the full Southern Ocean in each month and

(b) normalizing the vertical standard deviation within the mixed layer in each profile by the total wintertime mixed-layer

standard deviation across the Southern Ocean (see section 3.3). Mean vertical gradients (i.e., averaging absolute values)

are also shown in dashed lines (right y axis) in (b). Error bars are the standard error of the mean for each month.
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(see supporting information for sensitivity to MLD definition). This shows that while temperature variability

in mixed layers is small, the Chl-a variability in the mixed layer is a significant fraction of the total mixed-layer

Chl-a variability in the Southern Ocean. Chl-a fluorescence variability within themixed layer for a given day is,

on average, between 15% and 40% of the total mixed-layer variability across the entire Southern Ocean.

A large range of variability is not uncommon in bio-optical data (Campbell, 1995). A second version of the

SDI (Figure 6b) uses total variability in July as a normalization, thus allowing comparison of vertical variabil-

ity relative to the total Southern Ocean mixed-layer variability in austral winter. July variability is expected to

be the smallest due to the relatively strong activity of storms (e.g., Simmonds et al., 2003; Ulbrich et al., 2009)

that presumably vertically homogenize upper-ocean properties throughout the Southern Ocean. The high

frequency and large spatial scales (O(100–1000 km)) of storms make it more likely that any given profile will

be sampled beneath an active storm and exhibit a thoroughly mixed surface layer. One might expect that

bio-optical variance within the mixed layer for a given profile would be less than the total variance across all

mixed-layer measurements in winter. Results depend strongly on the MLD definition chosen (see support-

ing information). For example, for the month of December, this version of the index varies from ∼0.4 for a

fine-density threshold criterion to nearly 2.2 for the largest threshold. These numbers indicate that vertical

variability in bio-optical properties within amixed layer can be a significant fraction of wintertimemixed layer

variability across the Southern Ocean.

The seasonal dependence of inhomogeneity in nighttime Chl-a fluorescence and bpb profiles (Figure 6b, thick

lines) shows greater variability within hydrographic mixed layers in spring and summer months, during the

phytoplankton growth season. In general, Chl-a fluorescence in themixed layer is more homogeneous in late

fall and winter, consistent with the seasonal deepening of the MLD and a hydrographic mixed layer more

closely related to the mixing layer (Chiswell, 2011). Departures from homogeneity relative to the winter vari-

ability (i.e., SDI> 0.2) occur in late winter, when sudden restratificationmay occur (see, e.g., Figures 1b and 1c)

and the MLD is likely a poor proxy for the mixing layer depth. Vertical gradients in Chl-a fluorescence within

themixed layer show similar seasonality (Figure 6b, dashed lines). Chl-a fluorescence and bpb variabilitywithin

themixed layer are also enhanced (e.g., relative to potential density) whenwe consider only profiles that were

fit by sigmoids (not shown), suggesting differences between hydrographically and optically derived mixed

layers (see, e.g., Zawada et al., 2005).

5. Discussion
5.1. Occurrence of DFM

DFM are widespread features in stratified surface waters of the global ocean (e.g., Lavigne et al., 2015; Mignot

et al., 2014) and can result from a broad range of interacting processes (see, e.g., Beckmann & Hense, 2007;

Gong et al., 2015; Cullen, 2015). Deep Chl-a maxima have been previously documented in pelagic waters

of the Southern Ocean (Charrassin et al., 2010; Erickson et al., 2016; Gomi et al., 2010; Grenier et al., 2015;

Holm-Hansen&Hewes, 2004;Holm-Hansenet al., 2005), thoughmostly in the summer seasonwhen theupper

ocean is well stratified and a shallow seasonal mixed layer develops. Although not as persistent and promi-

nent as DFM in oligotrophic regions (Figure 4b and see, e.g., Mignot et al., 2014) or coastal environments

(e.g., Cullen & Eppley, 1981), the DFM we observed are ubiquitous throughout the Southern Ocean and can

occur regardless of the season. Elephant seal data also showed that numerous areas hadDFM thatwere unde-

tectable by satellite remote sensing, with fluorescence intensities up to 5 times the surface values (Charrassin

et al., 2010); these were also identified in nighttime profiles by Biermann et al. (2015).

NighttimeDFM in the Southern Ocean aremore often found at or near the base of themixed layer (Figure 5a),

suggesting the importance of strong density gradients and/or turbulence at the base of the mixed layer for

the formation andmaintenance of DFM. Remarkably, a significant number of DFM are foundwithin themixed

layer, regardless of the criterion chosen to define the mixed layer (Figure 5b). This is true year-round for the

most commonly used definitions of MLD (e.g., de Boyer et al., 2004; Holte & Talley, 2009), including during

winter and spring for the fine-density threshold criterion of Kilbourne and Girton (2015). The large range

of variability in the fraction of profiles with DFM above the MLD for different MLD definitions (∼20–80%;

Figure 5b) suggests that caution should be exercised when defining the layer that is assumed to be mixed in

Chl-a fluorescence: nearly 20% of profiles with subsurface maxima have these maxima above the MLD, even

when a fine-density threshold criterion for MLD detection is used. Particularly in summer, whether the DFM

lies above or below the MLD is largely dependent on the MLD threshold criterion used. The fact that most
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DFM lie below the MLD defined by fine-density thresholds but above MLDs defined by larger threshold crite-

ria suggests that reduced turbulence in remnantmixed layersmay allowDFM to formbelow the activemixing

within the mixed layer.

5.2. Mixed-Layer Variance in Bio-Optical Properties

The high degree of variance we observe in mixed-layer nighttime Chl-a fluorescence and particle backscatter

statistics is enhanced in the summer and not observed in hydrographic properties (Figure 6), indicating that

biological processes frequently dominate vertical mixing in the mixed layer. Submesoscale features within

the mixed layer have been observed in the Southern Ocean (Adams et al., 2017; Bachman et al., 2017) and

can be important in shaping the local distributions of bio-optical properties and biogeochemical tracers in

the Southern Ocean (du Plessis et al., 2017; Long et al., 2012; Read et al., 2007; Resplandy et al., 2014; Rosso

et al., 2016), even in the summertime (Erickson et al., 2016; Viglione et al., 2018). Thus, submesoscale vari-

ability could explain some of the observed mixed-layer bio-optical variance. However, the net impact of

submesoscale dynamics on larger scales is less clear (Lévy et al., 2012; Resplandy et al., 2009, 2014). Assess-

ing the role of submesoscale dynamics and sources of variance in mixed-layer hydrographic properties is

outside the scope of this paper (as it would require higher vertical resolution and measurements of the flow

field that are unavailable for most profile observations). Nonetheless, the large variability that we observe in

mixed-layer bio-optical properties (compared to hydrographic properties, e.g., Figure 6) suggests that, to first

order, variance in bio-optical properties within mixed layers is likely linked to biological processes.

Numerous observational studies have reported spatial structure in bio-optics and phytoplankton within

the mixed layer that was uncorrelated with structure in the physical environment (e.g., Currie & Roff, 2006;

Denman & Gargett, 1995; Mackas et al., 1985; Strutton et al., 1997; Therriault et al., 1978), though most

have looked at horizontal variability and few have analyzed vertical structure and variance within mixed

layers. Comparisons of power spectra for physical and biological parameters show that the bio-physical cou-

pling/decoupling is scale dependent and indicate that on intermediate scales (i.e., 30–400 m) typical of

MLDs, phytoplankton may not behave as a passive tracer (Currie & Roff, 2006). Using coastal observations,

Therriault et al. (1978) found bio-optics to be uncorrelated with temperature most of the time, imply-

ing that biological processes dominate the formation of structure in bio-optics, except when storm-driven

turbulence is strong enough to overcome the creation of gradients and heterogeneity by biological or chem-

ical processes. In the next section, we discuss vertical structure in bio-optical profile data in relation to

wind-driven (or storm-related buoyancy driven) turbulence, under the assumption that the relative magni-

tudes of storm-mixing rates and biological processes determine the degree of heterogeneity in bio-optical

vertical structure.

5.3. Biological Restratification and Storm-Mixing Timescales

Timescales of biological processes that alter Chl-a fluorescence are expected to range from seconds to a few

days. Diurnal variability inmixed-layer Chl-a fluorescence (Figure 3a), aswell as the percentage of profileswith

DFM as a function of local time of day (Figure 3b), peaks near local noon, but decays to relatively constant

nighttime valueswithin a fewhours. This suggests that photoacclimation is sufficiently fast to respond to diur-

nal variability (within a few hours, <6 hr). However, the DBM also shows diurnal variability, which suggests

that not all diurnal Chl-a fluorescence variability within themixed layer is due to photoacclimation, and itmay

instead reflect changes in biomass through growth and mortality and/or possibly by vertical migration (see

e.g., Cullen, 2015; Pearre, 2003). Shipboard incubations of water samples from the Southern Ocean typically

show changes in Chl-a concentrations after several days, even during Fe-addition experiments when phyto-

plankton growth is expected to be enhanced (>3–4 days, see, e.g., de Baar et al., 2005; Martin et al., 1990;

Smetacek et al., 2012). Timescales for phytoplankton growth are difficult to quantify with the relatively sparse

observations at hand.Nonetheless, to the extent that nighttimeChl-a fluorescence is indicativeof phytoplank-

ton biomass, the structure of nighttime vertical profiles can provide insights into the biological timescales of

restratification relative to mixing timescales.

From all nighttime Chl-a fluorescence profiles evaluated in this study, only∼40% are homogeneous (i.e., fit by

a sigmoid); nearly 60% show some degree of heterogeneity (i.e., fit by some type of Gaussian or exponential

form), suggesting that vertical variability and gradients in bio-optical properties in the Southern Ocean sur-

face layer are common. During the phytoplankton growing season (September–March), the percentage of

heterogeneous profiles increases to ∼75%. In Table 1, we contrast percentages of homogeneous versus het-

erogeneous nighttime Chl-a fluorescence profiles for winter and summer months. We hypothesize that the

heterogeneous profiles form, especially in summer, because the timescale of biological processes that allow
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gradients in nighttime Chl-a fluorescence to form (or biological timescale of restratification, 𝜏bio) is shorter

than the timescale between mixing events that homogenize the surface layer, 𝜏nomix, that is, 𝜏bio < 𝜏nomix.

Working from the hypothesis that Southern Ocean storms are one of the dominant drivers of the turbu-

lent processes that homogenize the upper ocean (e.g., Cisewski et al., 2005; Forryan et al., 2015; Kilbourne &

Girton, 2015), we can estimate 𝜏nomix as the duration of the quiescent interval between storms from satellite

wind data. While the duration of a storm (i.e., 𝜏storm) is indicative of the timescale over which a heterogeneous

bio-optical profile can be rehomogenized, the time interval between two successive high-wind periods or

interstorm period (i.e., 𝜏interstorm) will indicate whether there is sufficient time for biological processes to cre-

ate gradients and is the relevant timescale for the formation of bio-optical structure. Note that in the context

of our discussion, the relevant mixing timescale is different from the timescale of vertical mixing (i.e., 𝜏mix,

or average time it takes a particle to mix from the surface to the bottom of the turbulent layer; e.g., Franks,

2014), which is expected to be < 1 day (see their Figure S4 ; Brody & Lozier, 2014) and is related to the time it

might take a strong wind to rehomogenize a vertical gradient (i.e., a small fraction of 𝜏storm). In this context,

the relevant mixing timescale is the duration of weakmixing within a storm cycle (i.e., 𝜏nomix=𝜏interstorm), when

phytoplankton can restratify.

The recurrence period of storms, 𝜏recurrence, is defined as the record length (in days) divided by the number of

storm events (e.g., Dorsch et al., 2008) and gives the average duration of a storm cycle (i.e., 𝜏recurrence=𝜏storm +

𝜏interstorm or the time elapsed between the beginning of a storm and the beginning of the next one). 𝜏recurrence,

𝜏storm, and 𝜏interstorm were computed at each location from the CCMP wind record (Figure 7), defining a

storm-mixing event to have wind speeds >10 m/s (see, e.g., Hodges & Lee, 2011). 𝜏recurrence from year-round

satellite observations is on average 6.9 days (Figure 7a and Table 1). Once-a-week storms are consistent with

statistics derived from extratropical cyclonic activity in the Southern Hemisphere (e.g., Hodges & Lee, 2011;

Simmonds & Keay, 2000). PDFs of 𝜏storm and 𝜏interstorm at each location follow exponential distributions (i.e.,

longer interstorm periods are less frequent) for interstorm periods longer than 2–3 days, as expected from

a Poisson process (e.g., Dorsch et al., 2008; Eagleson, 1978). Maps of medians for 𝜏storm and 𝜏interstorm from

year-round observations are presented in Figures 7b and 7c. Based on year-round satellite winds, the median

𝜏interstorm for the Southern Ocean is 4 days (i.e., median for map in Figure 7c), and at any given location it is

consistently slightly longer than the median 𝜏storm (i.e., 3 days, Figure 7b and Table 1). 𝜏storm is in good agree-

ment with the mean lifetime of Southern Hemisphere extratropical cyclones from 40 years of reanalyses for

the period 1958–1997 (Simmonds & Keay, 2000), which was found to be slightly over 3 days (Simmonds &

Keay, 2000; their Figure 9).

The durations of storms, interstormperiods, and storm cycles exhibit seasonality at any given location. Inwin-

ter, storm events are slightly more frequent and last longer than in summer (Table 1). The median duration

of interstorm periods is 3 days in winter versus 5 days in summer (Table 1 and Figure 7d). Although Sim-

monds and Keay (2000) found little seasonality in along-track duration of winter versus summer Southern

Hemisphere cyclones, cyclonic systems are usuallymore frequent inwinter than in summer. In their study, the

strongest seasonality occurred in the 30–50∘ S latitude band, where we find 𝜏interstorm increases by 1–2 days

(Figure 7b and 7c). We hypothesize that this slight increase in 𝜏interstorm may impact phytoplankton bloom

development, helping to foster the development of subsurface gradients during summer months.

From these storm timescales, it is possible to constrain biological timescales of restratification in a statisti-

cal sense (see Figure 8). One might predict that when a storm starts, the upper ocean begins to mix. After a

period of time, 𝜏mix, density and bio-optical profiles are fully homogenized within the mixed layer, and they

will remain homogenized until the end of the storm for a time period 𝜏storm − 𝜏mix. After the storm ends, den-

sity remains homogenized, but bio-optical properties reestablish gradients over a time period 𝜏bio. Thus, the

predicted fractionof homogeneousprofiles over a stormcycle (i.e., 𝜏recurrence)wouldbegivenby the following:

fhomogeneous ∼
𝜏storm − 𝜏mix + 𝜏bio

𝜏recurrence
, (1)

where fhomogeneous is the fraction of homogeneous profiles estimated from all fitted fluorescence profiles. In

the samemanner, the predicted fraction of heterogeneous profiles is expected to be given by the following:

fheterogeneous ∼
𝜏mix + 𝜏interstorm − 𝜏bio

𝜏recurrence
, (2)
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Figure 7. (a) Recurrence time interval of storms (i.e., 𝜏recurrence), considering a storm as an event characterized by wind

speeds greater than 10 m/s. (b) Median duration of storms (i.e., 𝜏storm). (c) Median duration of interstorm periods (i.e.,

𝜏interstorm). (a), (b), and (c) are based on 10 years (2007–2016) of daily averaged cross-calibrated multi-platform winds

using year-round data. (d) Probability density functions for interstorm periods for winter (June-July-August, blue) and

summer (December-January-February, red).

where fheterogeneous is the fraction of heterogeneous profiles estimated from the fitted float profiles. Assuming

𝜏mix < 1 day (Brody & Lozier, 2014), we can estimate upper bounds for 𝜏bio from either (1) or (2). The schematic

(Figure 8) illustrates vertical profiles over a storm cycle, where 𝜏storm, 𝜏interstorm, and 𝜏recurrence representmedian

durations for the entire Southern Ocean based on wind speed.

The percentage of time in storm and interstorm conditions from the estimated storm timescales is presented

in Table 1, together with percentages of homogeneous and heterogeneous profiles in nighttime Chl-a fluo-

rescence from float data. With the 10m/s wind speed threshold for storm events, we find that the percentage

of time in storm and interstorm conditions in each season agrees well with percentages of sigmoid versus

nonsigmoid profiles. This is consistent with bio-optical properties being quickly homogenized in the surface

layer during high wind events, but as soon as the wind subsides, gradients in bio-optical properties reform.

The extent to which wind-induced mixing penetrates the upper ocean depends on the magnitude and fre-

quency content of the winds, their interactions with mesoscale and submesoscale features, and, ultimately,

the mixing processes that are triggered (see, e.g., Dohan & Davis, 2011; Forryan et al., 2015; Whitt, Levy, &

Taylor, Whitt, et al., 2017; Whitt & Taylor, 2017).

We also consider homogeneity/heterogeneity in Chl-a fluorescence profiles within the mixed layer, using a

constant wind threshold of 10m/s. All profiles fit by some type of sigmoid that had the depth of the inflection

point, and/or subsurface maximum below the MLD was considered homogeneous within the mixed layer.

Upper bound estimates of biological timescales of restratification from these profiles ranged between 1 and

3 days (depending on seasonality of storm timescales; see Table 1), which are shorter than typical phytoplank-

ton doubling times inferred from field observations in the region (e.g., de Baar et al., 2005; Latasa et al., 2014;
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Figure 8. Schematic illustrating the relationship between storm-mixing and biological timescales, with density profiles

depicted in blue and Chl-a fluorescence in green. Interstorm periods are on average longer than storm durations,

particularly in summer, allowing for bio-optical gradients to form within mixed layers. Storms are defined to have winds

> 10m/s. Mixed-layer depth (MLD) estimates for storm and interstorm periods are means from wind-profile matchups

and based on the 0.03 kg/m density threshold criterion.

Martin et al., 1990; Nelson & Smith, 1986; Owens et al., 1991; Reay et al., 2001; Sakshaug &Holm-Hansen, 1986;

Smetacek et al., 2012) or satellite ocean color (Behrenfeld et al., 2005).

A potential weakness of the 10 m/s threshold for storms is that storm strength could vary locally and sea-

sonally. To take this into account, we also considered a variable threshold for the definition of a storm event:

positive wind anomalies or wind speeds higher than themonthly mean at each grid cell. In all seasons, storm

timescales based on wind speed anomalies consistently indicate a median duration of ∼3 days for positive

and negative wind anomalies, in agreement with satellite wind decorrelation scales (Monahan, 2012), with

a recurrence period of ∼6 days. These suggest that half the time the mixed layer is expected to experience

active wind forcing, leading to homogenization, and half the time wind-forcedmixing would be weak, allow-

ing the formation of gradients. This is consistent with nighttime Chl-a fluorescence profiles showing structure

within the mixed layer ∼ 50% of the time in each season (Table 1), suggesting that bio-optical responses to

cessation of mixing are immediate.

To identify storm events that could have influenced the upper ocean in 10 days prior to themeasured profile,

we matched each profile to a 10-day time history of winds at the profile location. Within these time series,

storms were identified as events with winds exceeding 10m/s for at least 3 days. By identifying the last storm

prior to the profile, we could estimate the time interval from the conclusion of the last storm to the profile, and

we used this information to compute composite averages, binned either bywind speed on the day of the pro-

file or by number of days since the last storm. Results show that stronger winds correspond to deeper mixed

layers (Figure 9a) and consistently smaller variance inChl-a fluorescence andparticle backscatterwithinmixed

layers (Figure 9b), as well as smaller Chl-a peak prominences (not shown). Wind speed and MLD decrease

within a day or two of the storm (Figure 9c). As expected from storm timescales, winds slightly increase again

at day 3 (i.e., median 𝜏interstorm for year-round observations) and remain relatively high for the last 3 days of

the storm cycle. Consistent with changes in thewinds, the SDI for bio-optics (Figure 9d) becomes significantly

higher than that at the end of the storm period within 2–3 days of the storm, when bio-optical profiles are

expected to be homogenized within the mixed layer. In fact, based on profile fits, ∼70% of bio-optical pro-

files are homogenized within the mixed layer at the end of a storm; the percentage of homogeneous profiles

decreases to ∼50% by the end of the storm cycle (not shown). Under the assumption that the rate of change
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Figure 9. Composites based on wind profile matchups (from daily-averaged winds) binned by wind speed (top row) and

time since end of storm period (bottom row). Mean (a) MLD for several density threshold criteria (see legend) and

(b) SDI for nighttime Chl-a fluorescence (green), particle backscatter (yellow) and temperature (blue) within the mixed

layer, binned by wind speed from year-round observations. (c) Wind speed at the time the profile was sampled (red) and

MLD (blue), and (d) SDI for nighttime Chl-a fluorescence (green), particle backscatter (yellow) and temperature (blue),

binned by day since the end of the storm period (i.e., days since last time wind was above 10 m/s and persistently high

during the previous 3 days). SDIs were normalized by the total standard deviation within mixed layers for high winds in

(b), and at the end of a storm period in (d), when mixed layers are more homogeneous (i.e., total variance across

mixed-layer observations is minimum). Lines and error bars in (b), (c), and (d) represent means and their mean standard

error for all MLD definitions. The dashed green line shows the median peak prominence in Chl-a fluorescence, and the

error bar was obtained by bootstrap sampling peak prominences in each bin. The dotted black line shows an

exponential fit using observations for the first 3 days since the end of a storm, by means of a weighted least squares

approach with 2 degrees of freedom. MLD = mixed-layer depth; SDI = standard deviation index.

of Chl-a peak prominences is proportional to its intensity (see, e.g., Smith et al., 1999), an exponential fit to the

first three observations since the end of a storm (dotted black line in Figure 9d)

Chla(t) = Chla(0)e𝜇t (3)

allows us to estimate 𝜇, a mean Chl-a-based phytoplankton growth rate (in units of day−1). A linearized

weighted least squares approach with Chla(0) = 0.04mg/m3 (derived from inspection of the intercept from

an initial unweighted least squares regression analysis) gives 𝜇 = 0.31±0.01 day−1 (or 0.45 doublings day−1).

This implies an e-folding timescale for biological restratification of 3.2 ± 0.1 days (i.e., equivalent to a dou-

bling time of 2.2 days), which is on the short end of the range of phytoplankton growth timescales commonly

reported fromfield experiments. If we consider themagnitudeof the inhomogeneities detected in bio-optical

profiles, with mean Chl-a peak prominences between 0.1 and 0.7 mg/m3 (Figure 3b), equivalent to increases

between 20% and 120% (i.e., relative to the largest neighboring minima, presumably closer to and indicative

of surface values), timescales of biological restratification estimated from (3) are between 0.6 and 2.8 days.

Biological timescales of restratification inferred from wind profile matchups (i.e., 𝜏bio ∼0.6–2.8 days) are

thus consistent with overall statistics (i.e., 𝜏bio <1–3 days, inferred by combining wind and profile structure

statistics), despite the inherent inaccuracies of daily-averaged wind analyses (from 6-hourly synoptic winds)
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assigned to the profile sampling times and the potentially short biological timescales of restratification. Both

approaches imply that biological timescales for the formation of vertical bio-optical gradients are shorter

than biological timescales for phytoplankton growth inferred for the region from field experiments (from a

variety of techniques; e.g., Nelson & Smith, 1986; Reay et al., 2001; Sakshaug & Holm-Hansen, 1986), includ-

ing in situ iron-addition experiments (e.g., de Baar et al., 2005; Latasa et al., 2014; Martin et al., 1990; Owens

et al., 1991; Smetacek et al., 2012) when phytoplankton growth is expected to be enhanced, satellite observa-

tions (Behrenfeld et al., 2005, 2008) as well as those simulated by state-of-the-art Earth Systemmodels (Rohr

et al., 2017). This suggests the possibility that biological timescales for phytoplankton growth in the Southern

Ocean might be shorter than commonly thought, in agreement with findings of unusually high maximal

growth rates (i.e., between ∼0.3 and 1 day−1) both in the sea ice zone (Smith et al., 1999; Spies, 1987) and in

open ocean environments (Priddle et al., 1997; Timmermans et al., 2001, 2004).

6. Summary and Conclusions

New bio-optical data from floats and southern elephant seals reveal that, even in the open Southern Ocean,

where harsh year-round weather conditions might be expected to homogenize the upper ocean, subsurface

Chl-a fluorescence maxima are common and often occur within hydrographically defined mixed layers.

This study shows clearly that the absence of density stratification in the mixed layer does not imply verti-

cal mixing or vertical homogeneity in other properties, suggesting that turbulence is frequently intermittent

withinmixed layers. Our results confirm that theMLDs defined by standard density threshold criteria are poor

indicators of the active turbulent layer (e.g., Franks, 2014), a conclusion confirmed by microstructure mea-

surements in the Antarctic Polar Front Zone (Cisewski et al., 2005, 2008). Fine-density threshold criteria are

usually a better proxy for the depth of active turbulence (e.g., Cisewski et al., 2005; Kilbourne & Girton, 2015).

However, fine-density threshold criteria aremore sensitive tomeasurement errors and require higher vertical

resolution within the mixed layer.

These observations suggest that it is often incorrect to assume that biogeochemical tracers arewellmixed in a

hydrographically defined mixed layer. Including heterogeneity in bio-optical properties and plankton within

mixed layers is important, for example, when correcting NPQ effects in daytime Chl-a fluorescence. Methods

that assume homogeneity within the mixed layer (e.g., Xing et al., 2012) will miss real subsurface features

within themixed layer andwill lead to incorrect estimates of the integrated stock of Chl-a fluorescence. Alter-

native methods to overcome the assumption of homogeneity within the mixed layer have been proposed

(e.g., Biermann et al., 2015) and are encouraged.

Southern Ocean DFM, although not as intense as subsurface Chl-a fluorescencemaxima found in subtropical

regions (e.g., Letelier et al., 2004; Mignot et al., 2014), can occur in all seasons, albeit with higher frequency

of occurrence in summer. DFM are often found at or near the base of the MLD, underscoring the importance

of physical mechanisms in the formation and maintenance of DFM. Although the shape of bio-optical pro-

files may provide insights into the underlyingmechanisms of formation andmaintenance of DFM layers (e.g.,

Cullen, 2015; Durham & Stocker, 2012; Prairie et al., 2011), identifying those mechanisms requires data that

are unavailable from autonomous platforms, and it is outside the scope of this study. Most notably, nighttime

DFM are often found above theMLD, indicating the existence of biological gradients within the hydrographic

mixed layer.

The existence of gradients in nighttimeChl-a fluorescencewithinmixed layers is consistentwith the timescale

for biological restratification (e.g., growth or adaptation to the light gradient) being shorter than the timescale

associated with homogenizing physical properties within the mixed layer. Although the existence of Chl-a

fluorescence gradients can result from physiological adaptation to ambient light and does not necessarily

imply gradients in phytoplankton biomass (e.g., Cullen & Eppley, 1981), horizontal variability in nighttime

Chl-a fluorescence in the Southern Ocean appears correlated with phytoplankton biomass (Strutton et al.,

1997), andphytoplankton canbeunevenly distributedeven indeepwintermixed layers (Backhaus et al., 2003;

Lacour et al., 2017; Ryther & Hulburt, 1960).

We hypothesize that intermittent atmospheric forcing may allow for periods of quiescence and reduced tur-

bulence in deepmixed layers between storm events, allowing the formation of DFM and/or Chl-a unevenness

within the seasonal mixed layer. Satellite wind data indicate that the median duration of a storm, defined

as a wind event with wind speeds higher than 10 m/s, is ∼ 3–4 days. Storm timescales exhibit seasonality:
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storms are slightly less frequent in summer (one storm arrival every 8 days) and with longer interstorm peri-

ods (∼ 5 days). The median interstorm period is 3–5 days (depending on season), implying that biological

restratification must occur on timescales shorter than 3–5 days.

We have discussed a means of constraining biological timescales of restratification from storm-mixing

timescales (storm recurrence, duration, and interstorm period), combining overall statistics of satellite winds

and bio-optical profile structure. Wind-profile matchups, although subject to larger uncertainties, are in

agreement with overall statistics. Our analyses suggest that biological timescales of restratification imply a

phytoplankton doubling time of about 2.2 days, which is a bit shorter than typical doubling times for the

region estimated from field observations, satellite ocean color, or Earth System models (i.e., > 3–4 days; e.g.,

Rohr et al., 2017). Thefindingsunderscore the fact that heterogeneity is detectable longbeforephytoplankton

populations have doubled. Phytoplankton growth rates inferred from this analysis are consistent with rates

>0.3 day−1 that have been reported in Antarctic waters influenced by sea ice (e.g. Smith et al., 1999; Spies,

1987), and though unusual for open ocean waters of the Southern Ocean, they are not unprecedented in

field observations (Priddle et al., 1997; Timmermans et al., 2001, 2004). Short biological timescales for growth,

comparable to those typical of coastal or upwelling systems, suggest that phytoplankton populations in

the Southern Ocean are well adapted to the low temperatures, irradiance, and iron conditions (Banse, 1991;

Furnas, 1990). Our results suggest that unless there is a stormevent, biological structure canbedetected in the

upper ocean and mixed layer, in agreement with the study by Therriault and Platt (1978) from observations

in the coastal ocean. Our results also suggest that biological processes frequently dominate vertical mixing

in the mixed layer. The high degree of variance we observe in mixed layer nighttime Chl-a fluorescence and

particle backscatter statistics is not observed in hydrographic properties.

To the extent that nighttime Chl-a fluorescence is proportional to phytoplankton biomass, we hypothe-

size that the seasonality in storm timescales will impact phytoplankton bloom development, with longer

interstormperiods allowing sufficient time for gradients andDFM to develop, particularly in the summer. Sub-

sequent storms may increase surface concentrations of Chl-a, by deepening the mixed layer and entraining

limitingnutrients and/orChl-a into themixed layer (e.g., Carranza&Gille, 2015;Marra et al., 1990; Rumyantseva

et al., 2015; Whitt et al., 2017) and/or by homogenizing Chl-a within the mixed layer. Seasonal differences

between storm and interstorm periods suggest that atmospheric synoptic-scale variability might have an

impact on seasonal and longer timescales. As proposed by Legendre (1981), the alternation of periods of

stratification and destratification enhances primary production across multiple scales and phenomena. Our

results suggest that the frequency of storm cycles (storm and interstorm periods and their relative duration)

might control net phytoplankton production in the Southern Ocean.

As more biogeochemical floats are released in the Southern Ocean, it may be possible to assess the relative

contributions of spatial and temporal variance to total variance in bio-optical properties (see, e.g., Therriault

& Platt, 1978) within Southern Ocean mixed layers. Concurrent high-resolution observations of atmospheric

forcing (i.e., buoyancy fluxes and winds), in situ turbulence measurements, and water column bio-optical

properties and other biogeochemical tracers (e.g., nitrate and oxygen data also available from the floats but

not from the elephant seals) will be key to assessing the hypotheses put forward by the present study.

Appendix A : Profile Fits

The equations for the functional forms fit to the profile data are derived from those presented byMignot et al.

(2011). These are a sigmoid (a)

F(z) =
Fsurf

1 + e(Z1∕2−z)s
, (A1)

withm = 3 coefficients: a surface value, Fsurf, the depth where the surface value reduces to one half, Z1∕2, and

the sigmoid fit slope at Z1∕2, s; an exponential (b)

F(z) = Fsurfe
−

ln 2

Z1∕2
z
, (A2)

withm = 2 coefficients: Fsurf and Z1∕2; a Gaussian (c)
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F(z) = Fmaxe
−

(z−Zmax)
2

dz2 , (A3)

with m = 3 coefficients: the maximum value Fmax, the depth of the maximum Zmax, and a proxy for the

maximum thickness, dz; a linear combination of a Gaussian with an exponential (d)

F(z) = Fsurfe
−

ln 2

Z1∕2
z
+ Fmaxe

−
(z−Zmax)

2

dz2 , (A4)

withm = 5 coefficients: Fsurf, Z1∕2, Zmax, Fmax, and dz and a linear combination of a Gaussianwith a sigmoid (e)

F(z) =
Fsurf

1 + e(Z1∕2−z)∗s
+ Fmaxe

−
(z−Zmax )

2

dz2 , (A5)

withm = 6 coefficients: Fsurf, Z1∕2, s, Zmax, Fmax, and dz.

The nonlinear least squares fitting procedure uses an iterative approach that requires initial guesses for the

fitted parameters (implemented using the fit.m function in MATLAB R2016a). First guesses for fitted param-

eters (i.e., Fsurf, Z1∕2, Zmax, Fmax, and dz) were chosen based on the observed profiles. For Fsurf, we used the

mean for the top 30m. For the depth of the inflection point, Z1∕2, we use the depth at which the surface value

was reduced by half or theMLD (using Holte & Talley’s, 2009 algorithm), whichever was deepest. For Gaussian

models, thedepth andmagnitudeof themaximum (Zmax and Fmax) were chosenbasedon themost prominent

peak (i.e., the greatest peak relative to the largest neighboring minima, using the MATLAB built-in function

findpeaks.m) if greater than the instrument noise level (i.e., 0.02mg/m3); otherwise, the depth of the absolute

maximum was chosen. The peak width was initially set to 5 m for float data and 10 m for seal data. With this

choice of initial parameters the fitting algorithmmost often converged to a solution (albeit with exceptions in

which peak width needed to be adjusted to a larger value) and visual inspection of all profile fits looked rea-

sonable. Gaussian fits were most sensitive to the initial parameters for the maximum, and by choosing those

based on the most prominent peak (instead of the absolute maximum) we were able to capture structure

and fit maxima near the base of the mixed layer and avoid fitting less prominent maxima (though largest in

absolute magnitude) close to the surface and/or Gaussians with maxima at the surface.
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