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ABSTRACT

The observational record shows a substantial 40-year upward trend in summertimewesterly winds

over the Southern Ocean, as characterised by the Southern Annular Mode (SAM) index. Enhanced

summertime westerly winds have been linked to cold summertime sea surface temperature (SST)

anomalies. Previous studies have suggested that Ekman transport or upwelling is responsible for this

seasonal cooling. Here, another process is presented in which enhanced vertical mixing, driven by

summertime wind anomalies, moves heat downwards, cooling the sea surface and simultaneously

warming the subsurfacewaters. The anomalously cold SSTs draw heat from the atmosphere into the

ocean, leading to increased depth-integrated ocean heat content. The subsurface heat is returned

to the surface mixed layer during the autumn and winter as the mixed layer deepens, leading

to anomalously warm SSTs and potentially reducing sea ice cover. Observational analyses and

numerical experiments support our proposed mechanism, showing that enhanced vertical mixing

produces subsurface warming and cools the surface mixed layer. Nevertheless, the dominant driver

of surface cooling remains uncertain; the relative importance of advective andmixing contributions

to the surface cooling is model dependent. Modeling results suggest that sea ice volume is more

sensitive to summertime winds than sea ice extent, implying that enhanced summertime westerly

winds may lead to thinner sea ice in the following winter, if not lesser ice extent. Thus, strong

summertime winds could precondition the sea ice cover for a rapid retreat in the following melt

season.
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1. Introduction38

Each year approximately 15 million square kilometers of sea ice forms and subsequently melts in39

the seasonal ice zone of the Southern Ocean (Fetterer et al. 2017). The buoyancy fluxes associated40

with this seasonal ice cycle play an important role in the meridional overturning circulation in41

the Southern Ocean (Abernathey et al. 2016; Haumann et al. 2016). This circulation connects the42

surfacewith the abyss and is a conduit for exchange between reservoirs of heat, carbon, and nutrients43

in the ocean and the atmosphere (Sarmiento et al. 2004). To predict how the climate system will44

respond to anthropogenic influences we need to be able to capture changes to the overturning45

circulation which itself demands understanding of the processes that affect the seasonal growth46

and decay of sea ice in the Southern Ocean.47

Sea ice extent around Antarctica has exhibited a gradual increase from the beginning of the48

satellite record in the late 1970s. This is likely to be causally linked to the strengthening of the49

surfacewesterlies blowing aroundAntarctica during the same period. As described by, for example,50

Ferreira et al. (2015), Purich et al. (2016), Doddridge andMarshall (2017) and Kostov et al. (2017),51

the enhanced summertime westerly winds associated with the positive phase of the SAM lead to52

a rapid cooling of the SST on a timescale of weeks to months. Multiple mechanisms have been53

proposed to explain the SST response. Seviour et al. (2017) used a global coupled model to show54

that a shift in the location of clouds over the Southern Ocean results in reduced incoming short55

wave radiation and increased fresh water fluxes into the ocean, which contribute to cooling the SST.56

Other studies have focused on ocean dynamics, with horizontal and vertical advection both being57

invoked to explain the cooling associated with a positive summertime SAM: Ferreira et al. (2015)58

and Kostov et al. (2017) focused on anomalous northwards Ekman transport moving fluid across59

the meridional temperature gradient, while Purich et al. (2016) suggested that the cooling was60
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caused by anomalous Ekman suction drawing cold subsurface water upwards into the mixed layer.61

In contrast to these two advective mechanisms, Doddridge et al. (2019) suggested that enhanced62

near surface vertical mixing in the summertime may contribute to the cold surface anomalies by63

mixing surface heat to depth, simultaneously creating anomalously warm temperatures just below64

the zonal-mean mixed layer depth. In an observational study, Doddridge and Marshall (2017)65

showed that cold summertime SST anomalies associated with a positive summertime SAM lead to66

enhanced growth of sea ice in the autumn. Their results suggested that there may also be a small67

reduction in sea ice extent at the wintertimemaximum. However, substantial interannual variability68

and a relatively short observational record prevented the identification of a statistically significant69

signal in wintertime sea ice extent. Motivated by the observational analysis of Doddridge and70

Marshall (2017) and the enhanced mixing reported by Doddridge et al. (2019), we return to these71

themes in this paper.72

As summarized in Figure 1, we propose a vertical-mixing mechanism in which summertime73

wind anomalies sequester heat below the mixed layer and cool the surface. As the mixed layer74

deepens in the autumn and winter, this heat sequestered in the summer reemerges, warming SSTs,75

reducing sea ice volume and potentially sea ice cover. Our focus on summertimewinds is motivated76

by the observed changes in the summertime SAM (Marshall 2003), and the potential for seasonal77

reemergence of the sequestered heat. During winter the mixed layer is substantially deeper (Holte78

et al. 2017), and the stratification is such that additional mixing at the base of the mixed layer79

would warm the surface waters. It is only during the summer, when a shallow thermally stratified80

layer forms a cap above the previous winter’s mixed layer, that additional mixing can store heat in81

the subsurface ocean. We have therefore focused on the impacts of enhanced zonal winds in the82

summertime. We now set out to explore these ideas in the observations, in an idealized channel83

model of the seasonal ice zone, and in a comprehensive coupled climate model.84
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Our paper is set out as follows. In Section 2 we describe the climatology of the Southern Ocean85

and present our new mechanism. In Section 3 we analyse observational datasets and find some86

evidence to support our new mechanism. In an effort to reduce the uncertainties in our analysis87

we turn to numerical models in Sections 4 and 5, where we find strong evidence that enhanced88

summertime winds lead to increased vertical mixing and the subsurface sequestration of heat. We89

then summarise our findings and present our conclusions in Section 6.90

2. Vertical mixing and the seasonal sequestration of heat91

The time-mean circulation of the extratropical atmosphere in the southern hemisphere is dom-92

inated by a strong westerly jet over the Southern Ocean (figure 2a). Surface winds are the major93

source of energy for the oceanic circulation (Wunsch 1998) and contribute substantially to mixing94

(Munk and Wunsch 1998), including to the formation of the surface mixed layer (Pollard et al.95

1972; Wunsch and Ferrari 2004). The variability of the atmospheric circulation in the southern96

hemisphere is dominated by the Southern AnnularMode (SAM) (Gong andWang 1999; Thompson97

and Wallace 2000). The positive phase of the SAM is associated with a strengthening and pole-98

ward shift of the midlatitude westerly winds (Thompson andWallace 2000). Both the summertime99

and annual mean SAM have become increasingly positive since the middle of the 20th Century100

(Jones et al. 2016; Marshall 2003) (figure 2b) due to anthropogenic emissions of ozone depleting101

substances and greenhouse gases (see e.g. Polvani et al. 2011; Swart and Fyfe 2012; Thompson102

et al. 2011).103

The positive trend in the SAM over the latter part of the 20th century (Jones et al. 2016) has104

contributed to an increase in wind stress variance and more near inertial energy in the Southern105

Ocean (Rath et al. 2014). This near inertial wind stress variability has a large impact on the106

circulation of the Southern Ocean (Munday and Zhai 2017) and generates near-inertial waves that107
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increase mixing in the upper ocean (Furuichi et al. 2008; Rath et al. 2014; Song et al. 2019; Zhai108

et al. 2009). We should therefore expect that the zonal wind changes associated with the SAM will109

affect the depth of the surface mixed layer. This intuition is supported by the results of Panassa110

et al. (2018), who found that the stronger zonal winds associated with the positive phase of the111

SAM lead to deeper summertime mixed layers in the Southern Ocean.112

The Southern Ocean mixed layer serves as a gateway between the subsurface ocean and the113

atmosphere (Klocker 2018; Marshall 1997) and the seasonal cycle in the depth of the mixed layer114

regulates a range of physical and biogeochemical processes (Doney et al. 2004; Williams et al.115

2017). The Southern Ocean mixed layer is shallowest during the summer months (Holte et al.116

2017), when the cold remnants of the previous winter’s mixed layer are capped by a warmer surface117

layer. This thermal structure is crucial for our mechanism, since it supplies a large reservoir of118

cold water that can be readily accessed by the surface mixed layer. Any process that acts to deepen119

the summertime mixed layer will cool the surface waters and warm the fluid that was previously120

below the base of the summertime mixed layer.121

Doddridge et al. (2019) found that stronger westerly winds associated with the positive phase122

of the SAM created a region of warming just below the zonal-mean mixed layer depth in both123

observations and models. A heat budget analysis of their simulations showed that this warming124

was due to enhanced vertical mixing. Since mixing can only redistribute heat, this enhanced125

vertical mixing must also contribute to the observed surface cooling that has previously been126

ascribed to purely advective mechanisms (Ferreira et al. 2015; Purich et al. 2016). The presence127

of anomalously cold water at the sea surface will affect air-sea heat fluxes; if the surface ocean128

is anomalously cold, then the air-sea heat flux feedback will act to reduce the SST anomaly by129

transferring heat from the atmosphere into the ocean (Hausmann et al. 2017). We therefore expect130

an anomalously cold surface ocean to absorb additional heat from the atmosphere, leading to a131
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positive depth integrated ocean heat content anomaly. As the mixed layer deepens during autumn132

and winter, the subsurface heat will be returned to the surface where it may affect the growth of sea133

ice and reduce sea ice extent or volume. Our proposed mechanism is summarized schematically in134

Figure 1. In the following sections we use observational datasets and numerical experiments to test135

our proposed mechanism and explore the relationship between the SAM, zonal-mean temperature,136

and sea ice.137

3. Analysis of the seasonal cycle of Southern Ocean upper-ocean heat storage fromArgo data138

We begin by regressing an observational time series of the summertime (December-January-139

February, henceforth DJF) SAM (Marshall 2003) against zonal-mean temperature from a gridded140

Argo product, an extension of the dataset described byRoemmich andGilson (2009). By comparing141

the magnitude of the heat content anomalies in the mixed layer and below we may be able to infer142

the mechanism responsible for cooling the mixed layer. If the two heat content anomalies are143

of equivalent magnitudes, then we require a mechanism that both cools the surface and warms144

the subsurface at equivalent rates, which is consistent with enhanced vertical mixing creating the145

temperature anomalies. However, if the cooling in the mixed layer is much larger than the warming146

below, then it is likely that advection is the dominant mechanism driving mixed layer temperature147

changes.148

The Argo dataset has monthly temporal resolution, but excludes the seasonal ice zone. Figure 3a149

shows the calculated zonal-mean temperature anomaly in February per unit DJF SAM, and clearly150

exhibits a vertical dipole centered around the February zonal-mean mixed layer depth from Holte151

et al. (2017). A region of surface warming is also visible to the north of the vertical dipole. This152

warming occurs where the westerly winds weaken during a positive SAM. The warming could be153

due either to anomalous southward Ekman transport, or reduced vertical mixing. Our focus here154

8



is on the vertical cooling/warming dipole to the south, and we will not be analyzing the patch of155

warming to the north. By taking a volumetric integral of these temperature anomalies we can156

calculate the associated ocean heat content anomaly per unit DJF SAM for both the mixed layer157

and a 100 m thick region below the mixed layer (colored boxes in Figure 3a). As the mixed158

layer deepens over the seasonal cycle, the volume over which we integrate to calculate the mixed159

layer heat content anomaly changes. Since the subsurface region is defined as a 100 m thick layer160

beginning at the base of the zonal-mean mixed layer, this region moves but its volume remains161

constant (to within the accuracy of the thin-shell approximation (Vallis 2006)). During the autumn162

and winter months much of the fluid that is initially in our "below mixed layer" region is entrained163

into the mixed layer.164

The ocean heat content anomaly in the mixed layer has approximately the same magnitude as the165

heat content anomaly in the fluid below the mixed layer. The fact that these two ocean heat content166

anomalies have roughly equivalent magnitudes, but opposite signs is consistent with our hypothesis167

that enhanced vertical mixing redistributes heat downwards from the surface. The sum of the two168

heat content anomalies is approximately zero, but the large uncertainty means that we are unable to169

rule out an advective contribution to the observed cooling in the mixed layer. By considering the170

evolution of the heat content anomalies we can also assess the evidence for anomalous surface heat171

fluxes. With an atmospheric damping rate of 5-10 W m−2 K−1 in the Southern Ocean (Hausmann172

et al. 2016), the expected integrated anomalous heat flux into the ocean is within the uncertainty173

range of our calculated anomalous heat contents (figure 3b). This suggests that the expected heat174

flux signal is too small to be reliably extracted using this methodology and the available data.175

The analysis presented by Doddridge and Marshall (2017) (their Figure 3c) showed a transient176

increase in sea ice extent due to the summertime SAM. Following Doddridge and Marshall (2017),177

we use the Sea Ice Index, version 3 produced by Fetterer et al. (2017) to assess sea ice extent and178
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the National Oceanic and Atmospheric Administration (NOAA) Optimal Interpolation, version 2.1179

dataset for sea ice concentration and SST (Reynolds et al. 2002; Banzon et al. 2020). Repeating180

the analysis from Doddridge and Marshall (2017) with the additional data now available does not181

qualitatively alter the conclusions; the sea ice extent anomaly is largest in April, when the anomaly182

per unit SAM is equivalent to approximately 1% of the seasonal cycle in sea ice extent, and then183

decreases, becoming negative by the end of the year (see Figure 3c). However, due to the substantial184

interannual variability we are unable to find evidence supporting the influence of the DJF SAM on185

wintertime sea ice extent in the observational record.186

While our observational analysis is consistent with enhanced vertical mixing driving these zonal-187

mean temperature anomalies, it is not conclusive. In order to further explore the drivingmechanism188

behind the observed vertical dipole in anomalous zonal-mean temperature, we turn to numerical189

models.190

4. Analysis of an idealized channel model of the ACC and its seasonal ice zone191

Wenow turn to an idealized channel model of the ACC and its seasonal ice zone to further explore192

the response of the Southern Ocean to summertime perturbations in the westerly winds. Using193

a model allows us to diagnose heat budgets and isolate mechanisms driving change. A snapshot194

of the model state in October (austral spring) is shown in Figure 4, which clearly highlights the195

eddying nature of the flow field.196

Themodel is a reentrant channel, 3,200 kmwide, 1,200 km long, and 4 km deep. The bathymetry197

for this model consists of a 300 m deep continental shelf at the southern boundary, which then198

slopes down to a flat bottom at 4,000 m depth for the rest of the domain. The horizontal resolution199

is 4 km and so resolves the oceanic mesoscale eddy field, which has been shown to play a leading-200

order role in the dynamics of the Southern Ocean (see e.g. Marshall and Radko 2003; Marshall and201
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Speer 2012; Munday et al. 2013). The model also has relatively high vertical resolution, which202

will aid the representation of enhanced near surface mixing. The mixed layer depth in our idealized203

channel model is calculated using the temperature-based criterion of Kara et al. (2000) with ∆T204

= 0.8◦C. Further details of our numerical setup can be found in Doddridge et al. (2019). While205

our model includes interactive sea ice (Losch et al. 2010) it lacks an interactive atmosphere, which206

precludes the study of coupled ocean-atmosphere phenomena. We use a repeating seasonal cycle of207

surface forcings that are derived from the Co-ordinated Ocean-Ice Reference Experiments (CORE)208

Corrected Normal Year Forcing Version 2.0 (CNYF) (Large and Yeager 2004). The prescribed209

atmospheric fields are equivalent to an atmosphere with an infinite heat capacity, which means that210

the heat fluxes into and out of our ocean model are likely to be larger than is realistic.211

The MITgcm (Marshall et al. 1997a,b) is used to solve the equations of motion, and the scientific212

Python stack to analyze the output (Hoyer and Hamman 2017; Hunter 2007; Kluyver et al. 2016;213

Perez and Granger 2007; Van Der Walt et al. 2011).214

We begin by analyzing ensembles of idealized channel model simulations. After spinning up215

to a statistical equilibrium, we create two ensembles, one to establish the control and the other216

the perturbation about the control. To create a member of the perturbation ensemble we restart217

the model from a checkpoint with altered summertime zonal winds, surface air temperature, and218

surface humidity that mimic atmospheric conditions during a summer with a SAM index of +1219

(see Doddridge et al. (2019) for details of the perturbations). In our idealized model we represent220

only the strengthening of the zonal winds, neglecting the potential impact of a meridional shift (c.f.221

Waugh et al. 2019). This means that we do not expect the channel model to reproduce the patch of222

surface warming seen in the observations (figure 3).223

We use six snapshots from the control simulation as initial conditions for the perturbation224

ensemble members, with each set of initial conditions separated from the previous state by one225
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year of model time. The control ensemble is created by using the same checkpoints, but continuing226

the simulation without altering the atmospheric fields. Averaging multiple ensemble members227

helps to reduce the impact of the vigorous mesoscale eddy field on our results.228

One month after applying the wind perturbation the mixed layer is deeper and colder in the229

perturbation ensemble than the control ensemble (figures 5 and 6a) (c.f. Sallée et al. 2010). The230

perturbation ensemble also exhibits a region of anomalous warmth just below the zonal-mean231

mixed layer depth (Figure 6a). In order to identify the physical mechanisms responsible for the232

temperature anomalies shown in Figure 6a), we construct heat budgets for the regions outlined by233

the colored rectangles. The mixed layer region is chosen to be the deepest horizontal slab wholly234

containedwithin themixed layer, while the region below themixed layer is chosen such that it covers235

the cold remnants of the previous year’s winter water. This is motivated by themechanism proposed236

by Purich et al. (2016) who describe these waters upwelling in to the mixed layer. The heat budgets237

close to a high degree of accuracy; the residuals are eight to nine orders of magnitude smaller than238

the leading order terms. Our heat budgets show that the negative temperature anomaly in the mixed239

layer and the positive temperature anomaly in the region below are both predominantly caused by240

enhanced vertical diffusion (Figure 6b). Both horizontal and vertical advection contribute to the241

cooling in the mixed layer, suggesting that the advective mechanisms proposed by Ferreira et al.242

(2015) and Purich et al. (2016) are also active in this model. However, the advective contributions243

are approximately an order of magnitude smaller than the cooling due to vertical diffusion (Figure244

6b). The dominance of vertical mixing is further corroborated by the integrated ocean heat content245

anomalies, which are almost equal in magnitude (Figure 7). During the first summer the anomalous246

cooling in the mixed layer is slightly larger than the magnitude of the anomalous warming below247

the zonal-mean mixed layer depth, consistent with a small cooling contribution from advection.248

12



As expected, there is an anomalous flux of heat into the ocean through the surface (see sup-249

plementary information, Figure S1), which causes the total upper ocean heat content anomaly to250

increase (green line, Figure 7). During autumn, the mixed layer deepens and returns the anoma-251

lously warm water below the zonal-mean mixed layer depth to the surface. In conjunction with the252

anomalous surface heat fluxes, this causes the mixed layer to become anomalously warm during253

the winter months (blue line, Figure 7) and reduces sea ice volume (red line, Figure 7). We can254

convert the upper ocean heat content anomaly into an ice volume anomaly equivalent using the255

latent heat of fusion for sea ice. The ice volume anomaly equivalent is approximately four times256

larger than the ice volume anomaly from the model (see supplementary information, Figure S2),257

confirming that the ocean heat content anomaly is sufficient to explain the modeled decrease in sea258

ice volume.259

Our idealized channel model fails to reproduce the transient increase in sea ice extent found260

by Doddridge and Marshall (2017) in the observations. This is likely due to the sea ice edge261

being too far south to be substantially affected by the anomalously cold SST; by the time the sea262

ice edge extends far enough north to interact with the SST anomaly, the mixed layer has become263

anomalously warm.264

5. Analysis of the GISS coupled climate model265

While the zonal-mean temperature anomalies in our idealized channel model have much in266

common with those found in the observations, both in pattern and amplitude, the idealized nature267

of that model raises questions about howwidely applicable the results are. We therefore seek to test268

our proposed mechanism in another model, one that is global and fully coupled, with interactive269

atmosphere, ice, and ocean components. We use the most recent National Aeronautics and Space270

Administration (NASA) Goddard Institute for Space Studies (GISS) global coupled model, Model271
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E2.1, in the configuration described by Doddridge et al. (2019). A major caveat is that due to272

the added complexity, this model is run at a much coarser resolution and mesoscale eddies are273

parameterized rather than explicitly resolved. The model includes a Gent-McWilliams style eddy274

parameterization (Gent and McWilliams 1990; Gent et al. 1995) with a flow-dependent variable275

eddy diffusivity. Further details of the model and our numerical setup can be found in Doddridge276

et al. (2019), Kelley et al. (2020), and Miller et al. (2020).277

The climatology of the control configuration of this model closely resembles the observed278

climatology of the Southern Ocean; Figure 8 shows the surface climatology of the model in the279

Southern Ocean for the summertime sea ice minimum in February (a) and the wintertime sea ice280

maximum in September (b). The seasonal cycle in sea ice extent is similar to the observed seasonal281

cycle; the summertime sea ice extent matches observations, while the wintertime extent is slightly282

too large (c). The zonal-mean SST is remarkably similar to the observed SST values (d). From an283

equilibrated preindustrial control simulation we spawn an ensemble of perturbation experiments284

by imposing a stratospheric ozone hole mimicking the conditions in the 1990s (see Doddridge285

et al. (2019) for details of the ozone hole perturbation). The imposed ozone depletion causes286

the summertime SAM to become anomalously positive and enhances the summertime westerly287

winds (Polvani et al. 2011). The perturbation is approximately +3 SAM units, roughly the same288

magnitude as the observed change between the 1960s and the 1990s. Once again we construct a289

control ensemble by combining the equivalent unperturbed simulations and define the anomaly as290

the difference between the two ensemble means. We will now use these ensembles to assess the291

influence of our mechanism in a global coupled model.292

The zonal-mean temperature perturbation clearly shows a vertical dipole (Figure 9a). Once again293

we define regions in and below the mixed layer. The mixed layer region is chosen to capture the294

largest horizontal slab contained wholly in the mixed layer, while the region below is chosen to295
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encompass as much of the warming as possible while remaining below the region with cooling296

in the mixed layer. A heat budget for the mixed layer reveals that the cooling is largely driven by297

resolved horizontal advection, with diffusion and parameterisedmesoscale advectionmakingminor298

contributions (figure 9b). The warming is located below the zonal-mean mixed layer depth from299

the control ensemble, and our heat budget analysis reveals that diffusion is the largest contributor300

to this warming (figure 9c). Calculating the ocean heat content anomaly in the mixed layer and the301

region below the mixed layer shows that the cooling in the mixed layer is larger than the warming302

below, consistent with a substantial advective contribution to the surface cooling. Our heat budget303

reveals that horizontal advection is the dominant mechanism behind the surface cooling (figure304

9b), which is consistent with the Ekman transport mechanism proposed by Ferreira et al. (2015)305

and Kostov et al. (2017).306

The multi-year evolution of anomalies in the mixed layer ocean heat content, subsurface ocean307

heat content, and sea ice volume is shown in Figure 10. At the beginning of each year, we observe308

an increase in subsurface heat content, which is consistent with our proposed vertical mixing309

mechanism. At the same time, we also see a large negative heat content anomaly in the mixed310

layer. The fact that the surface negative anomaly is larger than the subsurface positive anomaly311

is consistent with horizontal advection making a substantial contribution to mixed layer cooling,312

as shown in the heat budgets in Figure 9. During the first, third, and fourth years, there is an313

anomalous decrease in sea ice volume towards the end of the year (late winter through to early314

summer), consistent with the reemergence of heat sequestered in the subsurface ocean. During the315

second year, the maximum negative sea ice volume anomaly occurs earlier in the year, suggesting316

that even with our ensemble averaging and imposed ozone perturbation, interannual variability can317

alter the timing of the sea ice volume anomaly.318
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To allow for easier comparison with the observational analysis in Section 3 and Doddridge319

and Marshall (2017), we will now switch from analyzing differences between the control and320

perturbation ensembles to performing regression analyses on the control ensemble. This will allow321

for a more direct comparison with the observational results in Figure 3. We begin by defining an322

analogous SAM index to the observational index from Marshall (2003). We then compute lagged323

linear correlations between this SAM index and the zonal-mean temperature field. The predicted324

zonal-mean temperature anomaly from a +1 SAM is shown in Figure 11a. Once again we define325

two regions: one encompasses the cooling in the mixed layer, the other captures the subsurface326

warming. The ocean heat content anomalies calculated from the temperature changes within these327

two regions are plotted in Figure 11b, and show that the cooling in the mixed layer is substantially328

larger than the warming below. The difference between the two heat content anomalies is consistent329

with the heat budget analysis that showed advection played a substantial role in cooling the mixed330

layer (figure 9b). To assess the sea ice response to SAM perturbations we regress sea ice area and331

sea ice volume against the summertime SAM index. We find a transient increase in both area and332

volume that peaks in May, following which the area anomaly decreases to zero and the volume333

anomaly becomes negative (figure 11c). Our analysis suggests that positive perturbations to the334

summertime SAMmay reduce sea ice volume at the wintertime peak in sea ice. However, the lack335

of statistical significance means that we are unable to draw robust conclusions about the change in336

sea ice volume from these simulations.337

6. Discussion and Conclusions338

We have proposed a new mechanism through which summertime wind perturbations can affect339

ocean temperature and sea ice over a seasonal timescale. According to ourmechanism, strengthened340

summertime winds lead to anomalous vertical mixing, which cools the mixed layer and warms the341
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ocean just beneath the mixed layer. Due to the anomalously cold sea surface, anomalous air-sea342

heat fluxes transfer additional heat into the surface ocean. As the mixed layer deepens during343

the autumn months, the combined effect of the anomalous air-sea heat fluxes and entrainment of344

anomalously warm subsurface water causes the mixed layer to become anomalously warm. This345

would likely lead to a reduction in sea ice during the winter months, either in ice volume, ice extent,346

or both.347

It has previously been proposed that the surface cooling in response to strengthened westerly348

winds is primarily due to horizontal advection (Ferreira et al. 2015) or vertical advection (Purich349

et al. 2016). Our analysis of the observations suggests that enhanced vertical diffusion plays350

the leading role in creating both the cold SST anomaly and the warm subsurface temperature351

anomaly. However, due to large uncertainties in our results we are unable to rule out an advective352

contribution to the observed surface cooling signal. Our idealized channel model also supports a353

mixing based mechanism; the heat budget (figure 6b) clearly shows that anomalous vertical mixing354

is the dominant cause of the cold SST anomaly, with only minor contributions from both horizontal355

and vertical advection. This enhanced vertical mixing is also responsible for subsurface warming.356

In our global coupled model the mixed layer cooling is mostly due to horizontal advection, with357

only a small contribution from mixing, but the subsurface warming is almost entirely driven by358

enhanced vertical mixing. Because of the uncertainty in our results, we must conclude that, as359

far as the cold SST anomaly is concerned, the relative importance of our proposed mixing-based360

mechanism and the previously proposed advective mechanisms (Ferreira et al. 2015; Purich et al.361

2016) is model dependent. The physical mechanisms responsible for this model dependence remain362

uncertain. It is likely that horizontal and vertical resolution play a central role, but it is also clear363

that even modest changes to parameter values can drastically alter the response within a single364

model. For example, when examining the decadal response to an ozone perturbation Seviour et al.365
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(2019) showed that it is possible to reproduce the intermodel spread in responses by varying one366

subgridscale mixing parameter in a single model. Given the observational uncertainty and model367

dependence, it is difficult to conclusively state which mechanism is most important for the observed368

cold SST anomalies in the SouthernOcean. That said, we lend strong credence to the highly resolved369

channel calculations presented here – because the higher horizontal and vertical resolution means370

that the relevant dynamics is better resolved – and believe that enhanced vertical diffusion is likely371

more important than either horizontal or vertical advection. While our observational analysis is372

consistent with the conclusion that enhanced vertical mixing is the dominant mechanism driving373

these temperature anomalies, the uncertainties are too large to rule out an advective contribution.374

Future work, including the analysis of high-resolution global simulations, will hopefully provide375

greater clarity on the relative importance of the advective and mixing based mechanisms.376

Our observational analysis and our coupled global model both show that the summertime SAM377

has little impact on the wintertime sea ice extent. However, both our idealized channel model and378

our global coupled model show a reduction in sea ice volume in the winter following anomalously379

strong summertime westerlies. These results suggest that sea ice volume is more sensitive to380

summertime winds than sea ice extent. Unfortunately, we are unable to assess the relationship381

between summertime winds and sea ice volume in the observations due to the lack of a long-382

term time-series for sea ice volume in the Southern Ocean. If, as our modeling results suggest,383

stronger summertime westerlies do cause a reduction in sea ice volume in the following winter,384

then a positive DJF SAM may precondition sea ice for a rapid retreat in the following spring.385

Indeed, there was a remarkable reduction in sea ice extent observed in the austral spring of 2016386

(September-October-November) (Jones et al. 2016; Parkinson and Cavalieri 2012; Scambos and387

Stammerjohn 2018) which followed an unusually large and positive SAM in the summer of 2015388

that may have preconditioned Antarctic sea ice for the rapid springtime retreat the following year.389
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That said, the 2016 decline has been linked to numerous factors including anomalous meridional390

winds and heat advection in the atmosphere (Schlosser et al. 2017), El Niño (Stuecker et al.391

2017), the Interdecadal Pacific Oscillation (Meehl et al. 2019), tropical convection in the Indian392

and western Pacific Oceans (Wang et al. 2019), and to the SAM (Doddridge and Marshall 2017).393

The breadth of proposed explanations is testament to the complexity of the southern cryosphere.394

Exploring the contribution of our mechanism to sea ice changes in specific years or locations395

presents an exciting avenue for future work.396

Through our proposed mechanism, enhanced summertime winds drive anomalous near-surface397

diapycnal mixing. According to Sloyan et al. (2010), summertime diapycnal mixing near the Sub-398

antarctic Front preconditions the ocean for the rapid development of deep mixed layers and efficient399

formation of Subantarctic Mode Water (SAMW) and Antarctic Intermediate Water (AAIW). Our400

mechanism may therefore increase the volume of SAMW and AAIW formed (c.f. Gao et al. 2018).401

Further analysis of the role of summertime wind anomalies on the formation of SAMW and AAIW402

are beyond the scope of this contribution.403

In conclusion, we have presented a novel mechanism that predicts a non-monotonic SST response404

to summertime wind perturbations: initially the sea surface cools before warming in the winter405

months as heat that was sequestered below the surface is returned to the surface mixed layer. Our406

mechanism predicts that enhanced summertime westerlies increase sea ice cover during the autumn407

and reduce sea ice volume during winter; predictions that are supported by our modeling studies408

and observational analysis.409

Data availability statement. All observational datasets used can be obtained by following the410
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articles. Due to the expense of publicly hosting large datasets, the model output is not publicly412
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LIST OF FIGURES595

Fig. 1. Schematic of vertical mixing/heat sequestration mechanism. In summer, anomalous westerly596

winds (τ′ above left hand column) enhance vertical mixing at the base of the mixed layer597

(white squiggly arrows and horizontal black line, respectively) moving heat downwards and598

causing a vertical dipole of anomalous temperatures (colors). The anomalously cold SST599

causes anomalous heat fluxes into the ocean during the autumn (Q′ and red arrow above600

central column), which reduces the cold SST anomaly. As autumn progresses, the mixed601

layer continues to deepen, entraining the anomalously warm fluid sequestered below the602

zonal-mean mixed layer depth. Due to the anomalous surface heat fluxes, which increases603

the total heat content of the upper ocean, the mixed layer is now anomalously warm. This604

is be expected to lead to a reduction in wintertime sea ice, as shown scematically by the605

reduction in volume between the dashed outline and the solid outline. . . . . . . . . 32606

Fig. 2. a) Climatology of the Southern Ocean. Climatological zonal wind from the ERA-Interim607

reanalysis product (Dee et al. 2011) averaged over the period 1979 to 2016 inclusive (colors),608

wind anomaly associated with a +1 summertime Southern Annular Mode (SAM) anomaly609

calculated from a linear regression of the summertime SAM index (Marshall 2003) and the610

ERA-Interim zonal wind field (Dee et al. 2011) (white contours, contour interval is 0.2 m611

s−1, negative contours dashed), and climatological seasonal sea ice edges for the summer612

minimum (February) and winter maximum (September) from the National Oceanic and613

Atmospheric Administration Optimum Interpolation sea ice dataset (Banzon et al. 2020)614

over the period 1981 to 2019 (defined as the 15% concentration contour, black contours). b)615

Observational summertime (December-January-February) SAM index from Marshall (2003). . 34616

Fig. 3. a) Zonal-mean temperature anomaly in February per unit DJF SAM from an Argo-derived617

dataset (an extension of the dataset described in Roemmich and Gilson (2009)). Also plotted618

is the climatological zonal-mean ocean temperature in February with a contour interval of619

1◦C (grey contours), the climatological zonal-mean mixed layer depth in February (solid620

black line) and September (dashed black line) from Holte et al. (2017). Blue and red boxes621

represent the regions in which the mixed layer and below mixed layer heat content anomalies622

are calculated in February. b) Heat content anomalies per unit DJF SAM (from the Marshall623

(2003) SAM index) for cooling in the mixed layer (blue) and warming below (red). The624

colors are matched to the boxes shown in a. Integrated anomalous surface heat flux estimates625

for surface heat flux values of 5 and 10 W m−2 K−1 are shown by the purple and brown lines626

respectively. c) Sea ice extent anomaly per unit DJF SAM calculated using detrended time-627

series from the National Snow and Ice Data Center (Fetterer et al. 2017). Shaded regions628

show ± error estimate for the regression coefficient. Using the unmodified time-series does629

not qualitatively change the result. . . . . . . . . . . . . . . . . . 36630

Fig. 4. Snapshot of the temperature and sea ice fields in October (austral spring) from our idealized631

reentrant eddy-resolving channel model using MITgcm (Marshall et al. 1997a,b). The model632

is driven byCoordinatedOceanResearch Experiments CorrectedNormal Year Forcingwinds633

and fluxes. Note the presence of cold, fresh water at the surface in the region of the seasonal634

ice zone and a pronounced temperature inversion below. . . . . . . . . . . . 37635

Fig. 5. Zonal-mean, ensemble-mean mixed layer depth from our idealized channel model, one636

month after applying the surface forcing perturbations. The mixed layer is deeper in the637

perturbation ensemble due to enhanced near surface mixing caused by the strengthened638

zonal wind. Shading indicates the standard error of the mean, calculated as the standard639

deviation of the ensemble divided by the square root of six, the number of ensemble members. . 38640
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Fig. 6. Results from the eddying channel model one month after the wind perturbation is applied. a)641

Zonal-mean temperature anomalies after one month (colors). The thin gray contours shows642

the climatological zonal-mean temperature field from the control ensemble in February at643

±0.5, ±1.5 . . . ◦C, with negative contours dashed. The thick black lines show the zonal-mean,644

ensemble-mean mixed layer depth from the perturbation ensemble in February (solid) and645

September (dashed) of the first year after the perturbations are applied. b) Zonal-mean heat646

budget for the region of the mixed layer outlined by the blue box in a) showing that vertical647

diffusion dominates the cooling tendency. c) Zonal-mean heat budget for the region below648

the zonal-mean mixed layer depth outlined by the red box in a) showing that vertical diffusion649

dominates the warming. The vertical advection contribution is consistent with the enhanced650

upwelling predicted by Purich et al. (2016). Horizontal diffusion is not plotted in . . . . 40651

Fig. 7. Mixed layer heat content anomaly for the channel model (blue line), for the 100 m thick652

region below the mixed layer (orange line), the sum of these two (green line), and sea ice653

volume anomaly (red line, right hand axis). Shading represents one standard deviation of654

the ensemble. The x-axis is time (years) and the y-axis is either Joules or cubic meters. . . . 41655

Fig. 8. Southern Ocean climatology from the control run of the GISS global coupled model and656

comparisons with observations. a) SST and sea ice concentration in February, the summer-657

time sea ice minimum. b) SST and sea ice concentration in September, the wintertime sea658

ice maximum. c) Climatological sea ice extent from the control run and the National Snow&659

Ice Data Center Sea Ice Index, version 3 (Fetterer et al. 2017). The GISS model matches the660

summertime extent, but the wintertime extent is slightly larger than observed. d) Zonal-mean661

of the climatological SST in February from the GISS control run and National Oceanic and662

Atmospheric Administration Optimum Interpolation SST, version 2.1 (Banzon et al. 2020).663

The model accurately reproduces both the mean SST and the meridional gradient over the664

Southern Ocean. . . . . . . . . . . . . . . . . . . . . . . 42665

Fig. 9. a) Zonal-mean temperature anomaly in the GISS model in February of the second year of666

the simulation. The gray contours show the climatological February temperature field from667

the control ensemble with contours at 0, ±1, ±2, ... ◦C, negative and zero contours are668

dashed. The black lines represents the zonal-mean mixed layer depth from the perturbation669

ensemble in February (solid) and September (dashed) of the second year of the perturbation670

simulation. b) Zonal-mean anomalous heat budget for a region in the mixed layer in February671

of the second year, shown by the blue rectangle in a). Resolved horizontal advection makes672

the largest contribution to the anomalous cooling, with parameterized horizontal mesoscale673

advection and anomalous diffusion both making minor contributions to the cooling. c)674

Zonal-mean anomalous heat budget for a region below the zonal-mean mixed layer depth675

in February of the second year. The region is shown by the red rectangle in a). Mixing is676

largely responsible for the anomalous warming. Anomalous horizontal advection makes a677

moderate contribution to the warming, while anomalous vertical advection acts to cool this678

region. (Note that the vertical scale in c is an order of magnitude smaller than b.) . . . . 44679

Fig. 10. Ocean heat content anomalies and sea ice volume anomalies in the GISS simulations from680

the first 4 years after the ozone perturbation is applied. Opposite signed ocean heat content681

anomalies are consistent with our proposed vertical mixing mechanism, as is the decrease in682

sea ice volume near the end of the first, third, and fourth years. The anomalies are defined683

as the difference between the ensemble mean of the perturbation ensemble and the control684

ensemble. . . . . . . . . . . . . . . . . . . . . . . . 45685

Fig. 11. Correlations between SAM and other model fields from the GISS control simulation. a)686

Zonal-mean February temperature anomaly per unit DJF SAM. Gray contours show climato-687

logical zonal-mean temperature field in February with contours at 0, ±1, ±2, ... ◦C, negative688
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and zero contours are dashed. Black lines represent climatological zonal-mean mixed layer689

depth in February (solid) and September (dashed) from the control ensemble. b) Ocean heat690

content anomalies calculated using the zonal-mean temperature perturbations and regions691

shown in a). Blue line represents mixed layer box, red line represents box below mixed layer.692

Consistent with the diagnostics in Figure 9, the sum of the two heat content anomalies is693

negative (gray line), showing that vertical redistribution is not the only process cooling the694

mixed layer. c) The sea ice area (blue) and volume (orange) anomalies per unit SAM. Both695

show a transient increase, but only sea ice volume shows a reduction in the following winter.696

After applying a Bonferroni correction none of the regression coefficients are statistically697

discernible from zero. . . . . . . . . . . . . . . . . . . . . 47698
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τ ’

Summer

Q’

Autumn Winter

Fig. 1. Schematic of vertical mixing/heat sequestration mechanism. In summer, anomalous westerly winds

(τ′ above left hand column) enhance vertical mixing at the base of the mixed layer (white squiggly arrows

and horizontal black line, respectively) moving heat downwards and causing a vertical dipole of anomalous

temperatures (colors). The anomalously cold SST causes anomalous heat fluxes into the ocean during the

autumn (Q′ and red arrow above central column), which reduces the cold SST anomaly. As autumn progresses,

the mixed layer continues to deepen, entraining the anomalously warm fluid sequestered below the zonal-mean

mixed layer depth. Due to the anomalous surface heat fluxes, which increases the total heat content of the upper

ocean, the mixed layer is now anomalously warm. This is be expected to lead to a reduction in wintertime sea

ice, as shown scematically by the reduction in volume between the dashed outline and the solid outline.
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Fig. 2. a) Climatology of the Southern Ocean. Climatological zonal wind from the ERA-Interim reanalysis

product (Dee et al. 2011) averaged over the period 1979 to 2016 inclusive (colors), wind anomaly associated

with a +1 summertime Southern Annular Mode (SAM) anomaly calculated from a linear regression of the

summertime SAM index (Marshall 2003) and the ERA-Interim zonal wind field (Dee et al. 2011) (white

contours, contour interval is 0.2 m s−1, negative contours dashed), and climatological seasonal sea ice edges for

the summer minimum (February) and winter maximum (September) from the National Oceanic and Atmospheric

Administration Optimum Interpolation sea ice dataset (Banzon et al. 2020) over the period 1981 to 2019 (defined

as the 15% concentration contour, black contours). b) Observational summertime (December-January-February)

SAM index from Marshall (2003).
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Fig. 3. a) Zonal-mean temperature anomaly in February per unit DJF SAM from an Argo-derived dataset

(an extension of the dataset described in Roemmich and Gilson (2009)). Also plotted is the climatological

zonal-mean ocean temperature in February with a contour interval of 1◦C (grey contours), the climatological

zonal-mean mixed layer depth in February (solid black line) and September (dashed black line) from Holte et al.

(2017). Blue and red boxes represent the regions in which the mixed layer and below mixed layer heat content

anomalies are calculated in February. b) Heat content anomalies per unit DJF SAM (from the Marshall (2003)

SAM index) for cooling in the mixed layer (blue) and warming below (red). The colors are matched to the boxes

shown in a. Integrated anomalous surface heat flux estimates for surface heat flux values of 5 and 10 Wm−2 K−1

are shown by the purple and brown lines respectively. c) Sea ice extent anomaly per unit DJF SAM calculated

using detrended time-series from the National Snow and Ice Data Center (Fetterer et al. 2017). Shaded regions

show ± error estimate for the regression coefficient. Using the unmodified time-series does not qualitatively

change the result.
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Fig. 4. Snapshot of the temperature and sea ice fields in October (austral spring) from our idealized reentrant

eddy-resolving channel model using MITgcm (Marshall et al. 1997a,b). The model is driven by Coordinated

Ocean Research Experiments Corrected Normal Year Forcing winds and fluxes. Note the presence of cold, fresh

water at the surface in the region of the seasonal ice zone and a pronounced temperature inversion below.
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Fig. 5. Zonal-mean, ensemble-mean mixed layer depth from our idealized channel model, one month after

applying the surface forcing perturbations. The mixed layer is deeper in the perturbation ensemble due to

enhanced near surface mixing caused by the strengthened zonal wind. Shading indicates the standard error of

the mean, calculated as the standard deviation of the ensemble divided by the square root of six, the number of

ensemble members.
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Fig. 6. Results from the eddying channel model one month after the wind perturbation is applied. a)

Zonal-mean temperature anomalies after one month (colors). The thin gray contours shows the climatological

zonal-mean temperature field from the control ensemble in February at ±0.5, ±1.5 . . . ◦C, with negative contours

dashed. The thick black lines show the zonal-mean, ensemble-mean mixed layer depth from the perturbation

ensemble in February (solid) and September (dashed) of the first year after the perturbations are applied. b)

Zonal-mean heat budget for the region of the mixed layer outlined by the blue box in a) showing that vertical

diffusion dominates the cooling tendency. c) Zonal-mean heat budget for the region below the zonal-mean mixed

layer depth outlined by the red box in a) showing that vertical diffusion dominates the warming. The vertical

advection contribution is consistent with the enhanced upwelling predicted by Purich et al. (2016). Horizontal

diffusion is not plotted in
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Fig. 7. Mixed layer heat content anomaly for the channel model (blue line), for the 100 m thick region below

the mixed layer (orange line), the sum of these two (green line), and sea ice volume anomaly (red line, right hand

axis). Shading represents one standard deviation of the ensemble. The x-axis is time (years) and the y-axis is

either Joules or cubic meters.
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Fig. 8. Southern Ocean climatology from the control run of the GISS global coupled model and comparisons

with observations. a) SST and sea ice concentration in February, the summertime sea ice minimum. b) SST

and sea ice concentration in September, the wintertime sea ice maximum. c) Climatological sea ice extent from

the control run and the National Snow & Ice Data Center Sea Ice Index, version 3 (Fetterer et al. 2017). The

GISS model matches the summertime extent, but the wintertime extent is slightly larger than observed. d) Zonal-

mean of the climatological SST in February from the GISS control run and National Oceanic and Atmospheric

Administration Optimum Interpolation SST, version 2.1 (Banzon et al. 2020). The model accurately reproduces

both the mean SST and the meridional gradient over the Southern Ocean.

752

753

754

755

756

757

758

759

42



43



Fig. 9. a) Zonal-mean temperature anomaly in the GISSmodel in February of the second year of the simulation.

The gray contours show the climatological February temperature field from the control ensemble with contours

at 0, ±1, ±2, ... ◦C, negative and zero contours are dashed. The black lines represents the zonal-mean mixed

layer depth from the perturbation ensemble in February (solid) and September (dashed) of the second year of the

perturbation simulation. b) Zonal-mean anomalous heat budget for a region in the mixed layer in February of the

second year, shown by the blue rectangle in a). Resolved horizontal advection makes the largest contribution to

the anomalous cooling, with parameterized horizontal mesoscale advection and anomalous diffusion bothmaking

minor contributions to the cooling. c) Zonal-mean anomalous heat budget for a region below the zonal-mean

mixed layer depth in February of the second year. The region is shown by the red rectangle in a). Mixing is

largely responsible for the anomalous warming. Anomalous horizontal advection makes a moderate contribution

to the warming, while anomalous vertical advection acts to cool this region. (Note that the vertical scale in c is

an order of magnitude smaller than b.)
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Fig. 10. Ocean heat content anomalies and sea ice volume anomalies in the GISS simulations from the first 4

years after the ozone perturbation is applied. Opposite signed ocean heat content anomalies are consistent with

our proposed vertical mixing mechanism, as is the decrease in sea ice volume near the end of the first, third,

and fourth years. The anomalies are defined as the difference between the ensemble mean of the perturbation

ensemble and the control ensemble.
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Fig. 11. Correlations between SAM and other model fields from the GISS control simulation. a) Zonal-mean

February temperature anomaly per unit DJF SAM. Gray contours show climatological zonal-mean temperature

field in February with contours at 0, ±1, ±2, ... ◦C, negative and zero contours are dashed. Black lines represent

climatological zonal-mean mixed layer depth in February (solid) and September (dashed) from the control

ensemble. b) Ocean heat content anomalies calculated using the zonal-mean temperature perturbations and

regions shown in a). Blue line represents mixed layer box, red line represents box below mixed layer. Consistent

with the diagnostics in Figure 9, the sum of the two heat content anomalies is negative (gray line), showing that

vertical redistribution is not the only process cooling the mixed layer. c) The sea ice area (blue) and volume

(orange) anomalies per unit SAM. Both show a transient increase, but only sea ice volume shows a reduction in

the following winter. After applying a Bonferroni correction none of the regression coefficients are statistically

discernible from zero.
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