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Abstract

From May to July 2019, an array of moored equipment was deployed in Lake Superior to characterize the spa-

tial and temporal scales of radiatively driven convection (RDC). Previous work suggested that convective plumes

have horizontal scales on the order of tens of meters, posing a significant observational challenge. The center-

piece of the deployment was a large, two-dimensional (2D) array of thermistors that provided resolution on the

order of 10 meters in both the vertical and a single horizontal dimension. This was augmented by an acoustic

Doppler current meter mooring and a meteorology buoy capable of estimating surface heat and momentum

fluxes. Instantaneous temperature variability at a given location is dominated by a lateral background flow

advecting strong horizontal temperature gradients. By combining velocity data with temperature data, this fact

can be used to examine horizontal structure at centimeter scales, and can produce 2D images of instantaneous

temperature distribution on a horizontal surface, revealing multiple patterns of temperature anomaly distribu-

tion. The walls of convective structures are very sharp, with horizontal gradients on the order of 1�C m�1; hori-

zontal scales of convective structures themselves are on the order of many tens of meters. Finally, convection is

shown to strongly control the vertical distribution of water quality parameters.

The phenomenon of radiatively driven convection (RDC)

in cold (i.e., below the temperature of maximum density,

3.98� for fresh water, hereafter TMD) freshwater lakes has

received attention in recent years, mostly in relatively shallow,

ice-covered lakes (Mironov et al. 2002; Jonas et al. 2003; Ulloa

et al. 2018), but also in deeper, ice-free lakes (Farmer 1975;

Austin 2019; Cannon et al. 2019; Cannon et al. 2021). In the

springtime, incident shortwave radiation warms near-surface

waters, either through surface ice or directly, producing a stati-

cally unstable water column, which then undergoes convec-

tive adjustment. This process occurs on diurnal scales, with

instability building up during the day and convective

processes homogenizing the water column until after sun-

down, reaching near-isothermy typically before local mid-

night (Austin 2019; Cannon et al. 2021). Recently, detail of the

structure of the convective cells themselves was explored using

observations from both single-point moorings and an autono-

mous glider deployment in Lake Superior (Austin 2019).

Among other results, this study suggested that convective cells

consist of a downwelling parcels of anomalously warm water

with lateral scales on the order of 10 m, and a gentle upwelling

return flow occupying the rest of the water column, with lateral

scales on the order of 50–100 m, observed in water approxi-

mately 180 m deep. Water warmed at the surface arrives at the

bottom of the lake roughly 6 h after sunup, suggesting vertical

speeds on the order of 1 cm s�1.

Features with very short horizontal scales pose an observa-

tional challenge, as most conventional observational tech-

niques (e.g., single-point moorings, shipboard profilers), are

designed to characterize vertical variability rather than lateral.

This is a reasonable assumption in many if not most scenarios,

where scales of lateral variability are reasonably assumed to be

very large compared with scales of vertical variability. Remote

sensing is perhaps the primary method for observing lateral

variability on short scales, but only makes observations at the

surface, and typically has resolution no better than several
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hundred meters, depending on the parameter. In contrast to

arrays of single point moorings (e.g., Boegman et al. 2003;

Gomez-Giraldo et al. 2008), which often have lateral separa-

tion scales of hundreds to thousands of meters, the data we

present here is from a two-point mooring with 10 m resolu-

tion in the horizontal. A two-dimensional (2D) mooring like

what will be presented here was deployed in Massachusetts

Bay to study internal waves (Butman et al. 2006), although

the horizontal nature of the mooring received limited use. The

engineering properties of the mooring itself were studied as

well (Grosenbaugh et al. 2002). We are not aware of other

examples of this sort of 2D mooring being used in an oceano-

graphic or limnological context; however, a three-dimensional

(3D) array of precision, synchronized thermistors was

deployed in 2015 (van Haren et al. 2016), also to study inter-

nal waves, followed by a deployment in late 2020 of a very

large 3D array consisting of nearly 3000 thermistors, to study

internal wave turbulence development in the Mediterranean

Sea (van Haren et al. 2021). Another approach for studying

short horizontal scales is to use towed or autonomous vehi-

cles. Forrest et al. (2008) interpreted data from an autonomous

underwater vehicle (AUV) as horizontal variability associated

with convective cells. More recently, Austin (2019) made a

similar interpretation of data from an autonomous underwater

glider (AUG), attributing spikes in temperature and chloro-

phyll a (Chl a) fluorescence to downwelling plumes of

recently heated water. Both methods (AUVs and AUGs) pro-

vide submeter horizontal resolution of the measured fields. In

the case of the glider, interpretation of the data is more com-

plicated since the flight path is not horizontal, so that vertical

variability can alias results.

The temperature fluctuations associated with this process

can appear trivially small, on the order of 0.1�C. However,

temperature fluctuations are simply a manifestation of an

extremely effective mechanism for mixing the water column,

and this mixing has impacts beyond just the temperature

field. Vehmaa and Salonen (2009) showed that convection

under ice in the late winter resulted in near-uniform distribu-

tions of nonmotile diatoms, whereas motile species were able

to at least partially overcome the impact of convection and

concentrate near the surface. Similarly, Kelley (1997) placed

constraints on algal distributions in ice-covered Lake Baikal

during RDC. More recently, Yang et al. (2017) demonstrated

the impact of convection on the distribution of dissolved oxy-

gen. Finally, recent work (Austin et al. 2022) shows a direct

impact of convective redistribution of phytoplankton on zoo-

plankton migratory behavior. In this paper we briefly consider

the impact of convection on similar fields during two phases

of springtime warming: when the water column is negatively

stratified and convection only impacts the upper portion of

the water column; and later in the period, when the water col-

umn is effectively uniform in temperature and convection

mixes the entire 180 m water column on time scales of hours.

Convection is shown to have a first-order impact on the distri-

bution of several water quality parameters, such as dissolved

oxygen, chlorophyll concentration, and transmission.

Several features of this deployment distinguish the observa-

tions presented here from previous fieldwork addressing RDC.

From the perspective of the physical setting, Lake Superior is

deep compared to most previous studies of RDC (Lake

Venduryskoe, 10 m, Jonas et al. 2003, Volkov et al. 2018;

Lake Onego, 24 m, Bouffard et al. 2016, Ulloa et al. 2018; Lake

Simcoe, 35 m, Yang et al. 2017). In addition, the RDC season

occurs when Superior is largely ice-free, unlike most other

studies (likely due to the fact that most other studies focus on

shallower lakes, which freeze more readily). The absence of ice

results in higher radiative fluxes and exposes the water col-

umn to wind. From an observational perspective, we

implemented a large, 2D array of thermistors. A two-point

mooring spanning 180 m in the horizontal and 150 m in the

vertical allows the short lateral scales of convective cells to be

studied using approaches unavailable to traditional single

point mooring data. In addition to this large mooring, we

deployed a high-quality acoustic Doppler current meter

(ADCP) and a meteorological buoy with a suite of sensors

capable of estimating surface heat flux (SHF) and momentum

flux. Combining measurements from these three platforms

result in a novel view of the temporal and spatial scales

of RDC.

Methods

On 06 May 2019, a large array of moored equipment was

deployed in the western arm of Lake Superior; equipment was

recovered on 16 July 2019. The region chosen is near the

long-term NDBC buoy site 45006 (Fig. 1a,b), where the

University of Minnesota Duluth’s Large Lakes Observatory has

occupied the site with subsurface moorings since 2005 (Austin

and Elmer 2021), providing long-term thermal context for the

region. The water depth was approximately 180 m, and the

bathymetry relatively featureless. The site is roughly 60 km

offshore, both to the northwest (NW) and to the southeast.

The primary platform was a large two-point mooring

(Fig. 1b,c), similar to the design of a mooring deployed in Mas-

sachusetts Bay in 1998 (Grosenbaugh et al. 2002). The moor-

ing consisted of two anchors, each with an acoustic release,

attached to two diagonal cables, both attached to 1 m diame-

ter steel floats, connected with a 180-m-long “headline,”

which was at approximately 34 m depth. The headline was

instrumented with RBR TR-SOLO thermistors every 10 m. We

define a horizontal coordinate system for the mooring such

that the thermistor at the far southwest (SW) extent of the

mooring is at x = 0 m and the one at the far northeast

(NE) extent of the mooring is at x = 170 m. Five vertical

assemblies were suspended at 30 m intervals, each with six

more thermistors (in addition to the one at 34 m) at 44, 54,
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74, 104, 134, and 164 m (a sixth line was planned but lost

during deployment). All TR-SOLO thermistors on all platforms

recorded at 2 Hz. Of the 48 thermistors deployed on the hori-

zontal mooring, 1 failed halfway through the deployment,

with the rest returning full datasets. Each vertical line had a

� 30 kg steel chain anchor, compensated by flotation where

the vertical lines met the headline so that each vertical assem-

bly was effectively neutrally buoyant. A combination of RBR

TR-Duet and TR-2050 pressure sensors were placed near both

primary floats and at the bottom of each vertical line to deter-

mine the motion of the mooring due to currents. Temperature

from the TR-2050s is not used in any of our analyses. In short,

the mooring was very stiff, with maximum vertical deviations

from equilibrium position on the order of tens of centimeters

over the course of deployment.

A meteorology buoy (Fig. 1f) was deployed roughly 600 m

to the SW of the primary horizontal array (Fig. 1b). It was

instrumented with sensors to estimate the SHF and momen-

tum flux (Supporting Information Table S1). Specifically, wind

speed and direction, air temperature, relative humidity, down-

ward longwave radiation, downward shortwave radiation,

water temperature at 0.5 m depth, and barometric pressure

were measured, and averages stored every 10 min. The buoy

was powered by two 80 A-h deep cycle marine batteries and

charged by 4 20 W solar panels. SHF and momentum flux

were estimated from the meteorological data using the algo-

rithms of Fairall et al. (1996).

A spar buoy was deployed roughly 500 m to the NE of the

primary horizontal mooring (Fig. 1b,f) in order to measure

temperature structure close to the surface. It carried six

TR-SOLO thermistors at depths of 1, 3, 5, 10, 15, and 20 m.

An ADCP mooring was deployed to the NW of the primary

array (Fig. 1b,e). It carried an upward-looking Nortek Signature

500 ADCP at 60 m depth. The ADCP sampled at 4 Hz for

7 min every 53 min (7 min on, 46 min off) with a bin size of

4 m. Data were stored in raw beam coordinates. In addition,

six TR-SOLO thermistors were placed on the line below the

ADCP to provide higher vertical resolution than that provided

by the h-mooring in the bottom half of the lake. Thermistor

depths were 60–160 m in 20 m intervals.

Conductivity–temperature–depth (CTD) casts were taken with

a Seabird 9 CTD on the deployment cruise, a mid-deployment

Fig. 1. (a) Location of array in Lake Superior, labeled as RDC. (b) Plan view of array layout. (c) Schematic of horizontal mooring. (d) Spar buoy. (e)

ADCP mooring. (f) Meteorology buoy.
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survey cruise, and the recovery cruise. Sensors on the CTD

platform included a Seabird SBE03 temperature sensor,

a Digiquartz pressure sensor, an SBE43 oxygen sensor,

WETLabs WETStar Chl a fluorescence and colored dissolved

organic matter (CDOM) sensor, and a WETLabs C-STAR

transmission sensor.

All figures are presented in Central Standard Time (UTC—

6 h) so that noon roughly coincides with the highest levels of

shortwave radiation. All data from this deployment are avail-

able in a public archive (Austin 2020).

Meteorological setting

The site experienced a range of meteorological conditions

during the deployment (Fig. 2).

Immediately following deployment, a large storm with

strong winds from the NE blew through the region. This was

followed by two more significant events later in May (Fig. 2a).

The wind field was strongly polarized along a NE–SW axis

(Fig. 2b,c), typical for this time of year, with the largest events

oriented with winds blowing from the NE. The horizontal

array was oriented largely along this axis (Fig. 1b). The large

Fig. 2. (a) Wind speed, (b) wind direction, (c) wind direction histogram, by occurrence, (d) estimated downward shortwave radiation, and (e) sum of

net longwave, sensible, and latent heat fluxes.
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spike in wind speed observed on 30 June was observed by

both anemometers. The deployment period spanned the sum-

mer solstice, so solar radiation was high throughout most of

the experiment, with maximum clear-sky shortwave values on

the order of 1000 W m�2 at local noon (Fig. 2d). Several days

throughout the experiment were cloudy as well, with maxi-

mum daytime shortwave values on the order of 200–

300 W m�2. Air temperature was typically greater than water

temperatures, resulting in positive sensible and latent fluxes

into the lake.

Thermal context

On 06 May, when the equipment was deployed, the site

was still strongly negatively stratified, with a 100-m-thick layer

of cool water overlaid on deeper water at approximately 3.1�C

(Fig. 3a). This is distinct from the 2017 springtime convection

season (Austin 2019), where the water column was fully

mixed starting in early May 2017. Once the surface waters

reached 3.1�C around 10 June, the water column was close to

homogeneous, with warm water anomalies on the order of

0.1�C forming at the surface during daylight hours, and the

water column homogenizing after sundown, with temperature

differences over the entire water column less than 0.01�C as it

adjusted to neutral stability. During negative stratification, the

surface water warmed at a rate of approximately 0.05�C d�1,

and during the period of neutral stratification at a rate of

0.025�C d�1, roughly consistent with previous observations

(Titze and Austin 2014; Austin 2019) and consistent with

direct estimates of SHF. Around 05 July, the bottom of the

water column reached the temperature of maximum density

(about 3.6�C for 180 m depth) and the convective adjustment

process no longer impacted the entire water column. Around

10 July, the surface reached TMD and summer stratification

starts to form. Equipment was recovered 6 d later, on 16 July.

SHF and heat content

SHF was estimated using meteorological observations col-

lected at the adjacent buoy. In the long-term mean, the net

shortwave flux dominated the net longwave, latent, and sensi-

ble terms (Supporting Information Table S2), although instan-

taneously, the sum of the other three terms is at times

significant compared to the shortwave term (Fig. 2e). The local

water column heat content was estimated from a combination

of thermistors on the ADCP mooring, the horizontal mooring,

and the spar buoy, spanning the water column. This makes

the assumption that, on the time scales of interest here,

Fig. 3. (a) Temperature structure during 2019 deployment. Temperature of maximum density indicated for 0 m (surface) and 180 m (bottom). (b)

Water column heat content (blue) and cumulatively integrated SHF (red).
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horizontal variability between various moored components is

negligible. The heat content (Fig. 3b) fluctuates significantly

during the period of negative stratification, then settles into a

roughly linear increase. The fluctuations during the negatively

stratified period are due to variation in thermocline depth,

due to passing internal waves. The time-integrated SHF

(Fig. 3b) shows a rate of input of heat energy consistent with

the stored heat. This suggests that, on short lateral scales, the

system is reasonably one-dimensional, and that large-scale lat-

eral advection of heat does not play a primary role in the local

distribution of heat.

Currents

The ADCP measured currents in the top 54 m of the water

column. Due to side-lobe interference, the shallowest bin

was at approximately 10 m. The horizontal currents showed

very little vertical structure, which is consistent with the

well-mixed nature of the upper water column. Vertically

averaged currents (Fig. 4a) are relatively weak, on the order of

0–5 cm s�1, with a deployment average of 3.5 cm s�1. Some

evidence of near-inertial oscillations is present during the

negatively stratified period, consistent with previous observa-

tions (Austin 2013). The flow is strongly polarized along a

NE-SW axis, with flows to the SW dominating. There does

not appear to be any straightforward relationship between

the currents and the winds; that is, strong wind events are

not necessarily accompanied by a strong response in the

velocity field.

Discussion

Observations from the horizontal mooring

Raw temperature data from the 18 thermistors along the

headline display a number of different phenomena, the charac-

teristics of which depend on the direction of the current. High-

passed temperature as a function of time is plotted in a water-

fall plot for a 1-d period when the flow is largely oriented along

the headline (Fig. 5a) and for a 1-d period when the flow is per-

pendicular to the headline (Fig. 5b). Data are plotted with a

0.05�C offset between adjacent thermistors, moving from SW

to NE. During both periods, a clear diurnal signal is present,

with anomalies starting to appear a few hours after sunup,

peaking a few hours after local noon, and largely dissipating by

local midnight. Anomalies are on the order of 0.1�C. In Fig. 6a,

during which the flow is oriented largely along the headline,

anomalies appear to propagate from the NE extent of the array

to the SW extent. Some of the features appear to evolve with

time, though this may be due to an imperfect alignment of the

flow with the headline. A comparison of lagged correlation

with measured current speed for periods of flow within 5� of

the headline orientation (Supporting Information Fig. S1)

shows that variability observed is dominated by lateral advec-

tion of temperature gradients. In contrast, the temperature

observed during a period of flow perpendicular to the headline

do not display these propagating features. Rather (Fig. 5b), fea-

tures appear at a thermistor and perhaps one or two adjacent

thermistors simultaneously.

This suggests that the flow field consists of a large-scale

background flow with convective circulation superposed on it,

Fig. 4. (a) Vertically averaged (10–50 m) current magnitude, (b) vertically averaged current direction, with the orientation of the 2D mooring indicated

as dashed lines, and (c) current direction histogram.
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so that the slowly varying background flow advects parcels of

anomalously warmed water past the moored array. In this

case, horizontal velocities are dominated by the background

flow, and vertical velocities by the convective circulation.

Given the nature of the background flow, horizontal velocities

measured at the ADCP are going to be representative of the

horizontal velocity field in the vicinity of the h-mooring.

However, convective cells have relatively short horizontal

length scales (Austin 2019), and vertical velocities measured

by the ADCP are not likely to be representative of the instan-

taneous vertical velocities in the vicinity of other elements of

the moored array.

In order to interpret the data in the context of features

being advected past the mooring, we can estimate several of

the terms of the heat balance; we will show that the primary

driver of temperature fluctuation at a point is lateral advection

of horizontal gradients, which will allow a much more

detailed perspective of lateral structure. The heat balance can

be written

dT

dt
¼ κTr

2Tþq t, zð Þ, ð1Þ

where the material derivative is defined as

dT

dt
¼
∂T

∂t
þu

∂T

∂x
þv

∂T

∂y
þw

∂T

∂z
, ð2Þ

where κT is a diffusion constant, q represents external sources

of heat, in this case solar radiation, and u, v, and w are velocity

components in the x, y, and z directions, respectively. We

have enough information to estimate some, but not all of

these terms. We can estimate the locally observed rate of

change term (∂T
∂t ) by taking a first difference at a chosen loca-

tion (e.g., at x= 10m). We can also estimate the advective

term oriented in the direction of the headline (u ∂T
∂x) by

differencing temperature from two thermistors on either side

of the first thermistor (e.g., x = 0m and x = 20m) and com-

bining that with velocity estimates from the ADCP. In order

Fig. 5. (a) High-pass filtered (2.5 h cutoff) temperature from 18 headline thermistors from 1-d period in June during which flow is along headline.

Thermistors offset by 0.05�C for the sake of clarity. Bottom traces are at the SW extent of headline. (b) Same but from a period of flow perpendicular to

headline.
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to directly compare these two terms, the time rate of change

term needs to be low-pass filtered to match with the scale of

the advective term, which is set by the thermistor spacing. By

choosing a period when the flow is closely aligned with the

headline (i.e., a nonzero u, and v≈0), where the x-coordinate

lies along the headline and the y-axis is perpendicular, the

advective term perpendicular to the headline (v ∂T
∂y) can be dis-

regarded since v≈0. These two terms (Fig. 6a) compare favor-

ably when done for a period with flow along the headline,

although there is an instance at approximately 17:00 when

the two terms strongly diverge; this may be due to a vertical

advection event, where a descending plume directly impacts

the central thermistor being used to determine ∂T
∂t , then is

advected toward the downstream thermistor, causing a drop

in temperature at the central thermistor and a rise at the

downstream, as observed. In contrast, the comparison is poor

when done for a period when the flow is perpendicular to the

headline (Fig. 6b). Similar analyses of other trios of thermistors

during the same time periods and on other days of parallel or

perpendicular flow (not shown) produces the same result, that

is, there is nothing special about the set of thermistors (x = 0,

10, and 20m) chosen for this figure. Days of a long-array flow

result in correlations between the time rate of change and

advective term on the order of 0.5–0.6, whereas days of per-

pendicular flow result in correlations on the order of 0.1. In

addition, it can be shown that the forcing term is several

orders of magnitude smaller than either of these terms at this

depth (although important near the surface). This suggests

that the majority of instantaneous variability observed at a

given location is due to the horizontal advection of strong lat-

eral gradients in temperature. This balance is presumably true

when flow is perpendicular to the headline as well, but we

cannot estimate the perpendicular advective term since we do

not have off-axis measurements of temperature.

Instantaneous variance in temperature at a given location,

then, is due primarily to the advection of lateral temperature

gradients regardless of the direction (with the caveat that there

are, occasionally, events that contradict this, as in Fig. 6a at

17:00). This allows us to invoke a frozen field assumption, spe-

cifically, that locally observed changes in temperature are pri-

marily due to advected horizontal gradients:

∂T

∂t
≈ � u

!
�rHT: ð3Þ

Fig. 6. (a) Local time rate of change and along-headline advection term during a period of flow along headline. (b) Same terms, during a period of flow

perpendicular to headline.
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This allows us to study the lateral structure of the warmed par-

cels at high spatial resolution. Given a temperature sample

rate of 2 Hz and flows on the order of a few cm s�1, the effec-

tive spatial resolution is on the order of 2 cm s�1/2 Hz � 1 cm,

although we do not get to choose the horizontal direction in

which this resolution exists. A representative 9-h segment of

data from a pair of headline thermistors (34 m depth)

(Fig. 7a–c) shows multiple examples of warm water anomalies

passing by a pair of adjacent thermistors. While plotted as a

function of time, the cumulative spatial displacement is

shown with tick marks; the spacing of the tick marks is not

constant because the velocity changes over the 4-h period.

Anomalies are characterized by extremely sharp boundaries,

with gradients on the order of 1�C m�1, and boundary widths

(the transition region between cool ambient water and the

warmer convective plume water) on the order of 10 cm. These

features are sufficiently sharp to be up against the � 1 s time

constant of the sensors, and the true sharpness of the gradient

may not be being captured entirely. The anomalies are set

against a background of cooler, ambient water with very low

levels of variance, whereas the temperature inside the anoma-

lies tends to be comparatively noisy. The magnitude and

width of the anomalies increases as the day passes. The offset

between the two thermistors is approximately 200 s,

consistent with the observed along-headline velocity of

roughly 2 cm s�1 and the 10 m spacing between the

thermistors.

We can extend this analysis by restricting it to periods of

flow perpendicular to the headline and combining the therm-

istor and ADCP data to produce 2D synthetic images of tem-

perature anomaly, with 10 m resolution along the headline

and resolution on the order of centimeters perpendicular to

the headline. To do so, we make the following assumptions:

that the temperature exists over short periods of time as a “fro-

zen field”; that is, changes to temperature following a parcel

are small compared to lateral variability, and that the ADCP

velocity data are largely representative of lateral velocities at

the horizontal mooring. Then, we state

x
!

t0ð Þ¼ x
!
0 tð Þþ

ð

t0

t

v
!

tð Þdt, ð4Þ

where x
!
0 are the fixed locations of the headline thermistors,

x
!

t0ð Þ is the position of a water parcel at a fixed time t0, and

v
!

tð Þ is the horizontal velocity as measured by the ADCP. By

combining this with the frozen field assumption, which can

be stated as

Fig. 7. (a) A detail of temperature during a 4-h period from two adjacent headline thermistors (x = 0 m and x = 10 m). Ticks indicate effective cumula-

tive distance as measured by the ADCP to indicate rough lateral scale of features. Box outline period displayed in next frame. (b) Same as (a) but for a

40 min period. (c) Same as (b) but for a 9-min period.
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T x
!
, t0

� �

≈T x
!
0, t

� �

, ð5Þ

we can produce images of the temperature field in a 2D lateral

“slice” to gain insight into the structure of the descending tem-

perature anomalies (Fig. 8) integrating forwards and backwards

2 h from a central time. This method is most effective during

periods when there is a significant component of steady flow

perpendicular to the headline. When the flow is oriented along

the headline, the synthetic spatial dimension and the orienta-

tion of the headline align. Due to the relative orientation of the

mooring to the predominant current direction, most of the

record consists of flow along the headline, resulting in few good

2D images. One way of envisioning this process is to consider

the temperature distribution from the reference frame of the

water; in that frame, the water is still, and the mooring is mov-

ing in the opposite direction through the water, measuring spa-

tial variability over short spatial scales.

Six images are included here, picked as representative

examples of different structures during periods when the flow

had a significant component perpendicular to the headline. In

these figures, the “x” markers represent the location of the

headline thermistors. The velocity field was integrated forward

and backward for 1 h around a central time, which is

displayed above the figure. Images where t0 is at night or very

early in the morning, as expected, display very little structure,

and display temperature ranges on the order of 0.01–0.02�C

(Fig. 8b). However, daytime plots often display distinct struc-

ture. One common feature is “blobs” (Fig. 8a,e,f), which typi-

cally have scales on the order of tens of meters, roughly

consistent with previous estimates (Austin 2019). Also fre-

quently observed are “streaks” (Fig. 8c,d), in which roughly

linear features with scales on the order of hundreds of meters

are observed. There does not appear to be any obvious rela-

tionship between the wind direction and the orientation of

the streaks. While we are not aware of other observational

studies that have produced these 2D images, the basic lateral

scales are consistent with previous work. Forrest et al. (2008)

used an AUV to map temperature anomalies in Pavilion Lake

during convection; finding similar scales to what is shown

here, and also documented the advection of individual con-

vective structures by a background flow. Using an approach

similar to the one used here, van Haren and Dijkstra (2020)

used a highly resolved point mooring to image convective

cells (in the vertical) in Lake Garda, showing lateral scales on

the order of 20 m.

We can estimate how long a parcel of water needs to stay

at the surface to attain a given temperature anomaly. If we

Fig. 8. 2D lateral structure of temperature anomaly at 34 m depth estimated using the frozen field assumption during six times: (a) 08 June, 10 : 40.

(b) 09 June, 3 : 30. (c) 09 June, 14 : 50. (d) 12 June, 12 : 00. (e) 20 June, 11 : 00. (f) 28 June, 11 : 00. Temperature anomalies in �C.
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assume that the primary balance is heating due to solar radia-

tion, the heat balance can be rearranged to yield

ΔT ¼
kI0e

�kz

ρcp
Δt,

where ΔT is the size of the temperature anomaly and Δt is the

amount of time it takes to build up an anomaly of that magni-

tude. Using a noontime value of 1000 W m�2 for I0, a depth

of 1 m, and k � 0.2 m�1, an anomaly of 0.05�C would take

roughly 20 min to form.

Impact on water quality parameters

Given the very small temperature differences addressed

here, it is worth considering that, small as they are, they are a

manifestation of a process that has a first-order impact on the

distribution of water quality parameters. Temperature is none-

theless the primary field controlling density and hence the

driving parameter behind convective readjustment. To

illustrate the impact of convection on the distribution of other

water properties, two CTD casts, one taken during the deploy-

ment cruise on 08 May, and another taken during a

mid-deployment survey cruise on 11 June and after the end of

the negatively stratified period, show a significant shift in the

distribution of water column properties. Two other CTD casts

were taken during these periods but show the same trends and

are omitted here for the sake of clarity. The temperature pro-

file (Fig. 9a) shows a very sharp thermocline at about 100 m

depth during the period of negative stratification, and a

roughly uniform profile during neutral stratification. Chl

a fluorescence shows a similar gradient at 100 m. The eupho-

tic zone, with a 1% light level of about 25 m, is contained

entirely in the upper layer so that photosynthesis is entirely

absent in the lower level. After the onset of neutral stratifica-

tion (Fig. 9a), the column-averaged Chl a fluorescence stays

roughly the same but is now distributed over the entire water

column by convective mixing (Fig. 9b). The anomalously low

Chl a fluorescence in the top 20 m of the June profile is due to

Fig. 9. Two CTD casts, one taken on 08 May 2019 during deployment and another on 11 June 2019 during a mid-deployment survey cruise. (a) Tem-

perature; (b) detail of temperature in top 100 m from June cruise; (c) Chl a fluorescence; (d) dissolved oxygen, mg L�1; (e) CDOM; (f) beam transmission

over 25 cm.
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daytime photobleaching rather than to low biomass. Dis-

solved oxygen (Fig. 9d) shows a similar pattern, with lower

values in the lower portion of the water column during nega-

tive stratification, but relatively well-mixed over the water col-

umn thereafter, similar to Yang et al. (2017). CDOM is more

complicated (Fig. 9e) but still shows a distinct shift at 100 m

prior to the transition. There is a sharp jump in transmission

(Fig. 9f) in the vicinity of the thermocline, but interestingly

drops in both the upper and lower portions of the water col-

umn. The two casts are separated by more than a month, so

there are likely other processes involved in modifying the

transmission profile. Overall, however, these show that during

negative stratification, convection keeps the top 100 m rela-

tively well mixed with respect to several parameters, and the

lower level is effectively isolated from the surface. During neu-

tral stratification, convection is capable of rapidly distributing

those same properties over the entire water column. The over-

all role this plays in determining ecosystem structure remains

to be seen. Recent work (Austin et al. 2022) suggests that the

shift in distribution of properties such as chlorophyll biomass

can have a direct impact on zooplankton migratory behavior.

Conclusions

The short lateral scales of RDC presents novel convection

present novel observational challenges. Horizontal scales on

the order of tens of meters required a lateral array of thermis-

tors, which when combined with velocity data from a nearby

ADCP, provided insights into the nature of the temperature

structure. The fact that the structures appear to be embedded

in a background flow allowed the application of a “frozen

field” assumption, allowing time to be used a proxy for lateral

change. Given the relatively slow background flow and high

rate of sampling, lateral structure on scales of centimeters was

achieved, showing very sharp lateral boundaries between the

cool, ambient waters and water recently warmed at the sur-

face. Second, by combining velocity data with the horizon-

tally resolved temperature data from the horizontal mooring,

2D images of temperature structure were constructed, demon-

strating different sorts of structures such as streaks and rela-

tively isotropic patches. Not enough data are available to start

determining what sorts of forcing is behind these disparate

structures. Finally, while the temperature anomalies are, in

absolute terms, quite small, still result in vigorous mixing of

the entire water column on relatively short time scales, which

includes biologically relevant properties such as fluorescence

and dissolved oxygen.

In a field campaign that has recently been completed, we

modified the array, eliminated the vertical assemblies on the

horizontal mooring, increased the horizontal resolution of the

mooring, and added a highly resolved vertical mooring, simi-

lar to the work of van Haren and Dijkstra (2020), with 91 preci-

sion thermistors over the 180 m of the water column. These

data will be considered in a subsequent manuscript. Future

fieldwork should also consider the impact of convective cells

on the distribution of biogeochemical constituents. Effort

should be made to make biogeochemical measurements that

are highly resolved in both space and time, and that span vari-

ous transitions in stratification state.

Data availability statement

All data necessary to recreate this manuscript can be found

at the Data Repository for the University of Minnesota

(DRUM) at https://doi.org/10.13020/1XFM-MW95.
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