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Abstract Here we discuss a global ocean surface mixed layer statistical monthly climatology 25 

(GOSML) of depth, temperature, and salinity that includes means; variances; 5th, 50th, and 95th 26 

percentiles; as well as skewness and kurtosis. Ocean surface mixed layer properties are 27 

influenced by gravity and a wide variety of factors that operate over a wide variety of time 28 

scales. Mixed layer depths can shoal very quickly as a result of surface heating, precipitation, or 29 

“slumping” of horizontal density gradients. However, deepening the mixed layer in the presence 30 

of a strong pycnocline requires substantial buoyancy loss or strong wind mixing, which often 31 

takes more time. This pattern is clear in the annual cycle monthly mixed layer depth values, with 32 

deepening in the fall much slower than shoaling in the spring. The 95th percentile values are 33 

chosen as a reasonable indicator of ventilation depth, robust to extreme outliers. Mean mixed 34 

layer depths are on average 0.56 of 95th percentile mixed layer depths, with only 1% of values 35 

below 0.31 and 1% above 0.81. Over 71% of mixed layer depth distributions are skewed 36 

positive, usually when there are more shallow mixed layer depths than not and deep mixed layer 37 

tails are strong. Comparing 95th percentile depth conditions to mean values shows in late winter 38 

temperatures are generally lower in the subtropics and salinities generally higher in the subpolar 39 

regions, consistent with the importance of temperature in the midlatitudes and salinity in the 40 

higher latitudes in setting stratification.  41 
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Plain Language Summary The ocean surface mixed layer is key to exchanges of heat, 42 

freshwater, momentum, and dissolved gasses between atmosphere and ocean. Hence, it affects 43 

marine life, weather, and climate. Mixed layer depths shoal suddenly with warming from the sun, 44 

rainfall, riverine outflow, or currents that slide lighter water over denser. However, mixed layer 45 

deepening requires loss of heat or freshwater to the atmosphere or strong wind mixing to 46 

overcome ocean density stratification below. The monthly mixed layer climatology presented 47 

here illustrates that asymmetry, with slow deepening from summer to winter, and fast shoaling 48 

during the spring. Likewise, shallower mixed layers often predominate over deeper ones for 49 

many months and locations. Since the deeper mixed layers determine the local exchange of 50 

surface properties with the ocean interior (known as ventilation), mean values are not a good 51 

indicator of those processes. Here we choose 95th percentile mixed layer depths in a given month 52 

(and the associated temperature and salinity values) as an indicator of the ventilation conditions 53 

that is not impacted by extreme outliers. These 95th percentile depths are on average about 85% 54 

deeper than the means, but can reach over five times deeper in a few locations at a few times. 55 

56 
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1. Introduction 57 

Ocean surface mixed layer (hereafter mixed layer) dynamics are asymmetrical, as is visible even 58 

on diurnal time scales (Price et al., 1986). Pronounced mixed layer shoaling can occur relatively 59 

rapidly, through buoyancy gains by surface heating (Price et al., 1986), surface precipitation 60 

(Sprintall & Tomczak, 1992), riverine input (Rao & Sivakumar, 2003), or ice melt (Vernet et al., 61 

2008); through advection via “slumpling” of horizontal density gradients in the mixed layer 62 

(Boccaletti et al., 2007); or some combination thereof. In other words, it is easy for mixed layer 63 

depth to shoal rapidly and drastically, especially in low wind conditions. On the other hand, in 64 

order to deepen, the surface mixed layer has to become denser and mix through an underlying 65 

stratified pycnocline, which requires buoyancy losses by surface cooling, evaporation, or ice 66 

formation; wind mixing; or some combination thereof. Hence, it typically takes more time for a 67 

mixed layer to deepen than to shoal (Damerell et al., 2020). This asymmetry suggests that mixed 68 

layer properties (e.g., depth, temperature, salinity, and density) may not be normally distributed. 69 

Nonetheless, many (de Boyer Montegut et al., 2004; Kara et al., 2003), although not all (Holte et 70 

al., 2017) mixed layer climatologies are computed from averages of data distributions, which 71 

assume a normal distribution. 72 

 73 

Mixed layer properties are determined by surface fluxes of buoyancy (e.g., heat and freshwater), 74 

and kinetic energy (e.g., wind) (Price et al., 1986) that all vary on time scales from minutes to 75 

hours (microscale weather), hours to days (mesoscale weather and the diurnal cycle), days to 76 

weeks (synoptic-scale weather), weeks to months (global-scale weather and the seasonal cycle), 77 

and months to millennia (climate variations). This wide range of time scales for interactions 78 
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between the ocean surface mixed layer and the atmosphere also suggests that mixed layer 79 

properties may not be normally distributed. 80 

 81 

Means and variances are especially useful for describing normal distributions. Here, because of 82 

the issues discussed above, we present additional statistics for mixed layer properties (depth, and 83 

also temperature and salinity), including the median (50th percentile), 5th, and 95th percentiles. 84 

We chose the 95th percentile of the depth distribution for a given location and month as a 85 

reasonable indicator of the depth to which the ocean is ventilated on seasonal time scales. While 86 

this choice is similar in intent to the average of the three deepest values (Holte et al., 2017), it is 87 

more independent of the number of samples taken (the average of the deepest three values could 88 

be very different when considering 3000 samples versus 30, but the 95th percentile remains 89 

constant in meaning) and more robustly excludes extreme outliers. We also include the 5th 90 

percentile of the depth distribution for a given location and month to illustrate the mixed layer 91 

properties at times when it is lighter and shallower. Finally, we present and discuss the skewness 92 

(the third standardized moment of a distribution, which typically indicates which side of the 93 

distribution has a larger tail), and kurtosis (the fourth standardized moment of a distribution, 94 

which indicates the prominence of the tails of the distribution) of mixed layer properties. 95 

 96 

Argo floats have been collecting vertical profiles of temperature and salinity versus pressure 97 

from the ocean surface to pressures of 2,000 dbar since the inception of the program around the 98 

turn of the millennium (Johnson et al., 2022). These publicly available data, collected globally 99 

and year-round, allow a more detailed examination of monthly ocean surface mixed layer 100 

statistics. Here we estimate the mean, variance, skewness, and kurtosis for mixed layer depth, 101 
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temperature, salinity, and density, as well as 5th, 50th, and 95th percentiles of mixed layer 102 

properties sorted by depth and then smoothed. 103 

 104 

2. Data and Methods 105 

Argo data were downloaded from the US Global Data Assembly Centre in January 2021 106 

(https://doi.org/10.17882/42182). Only data with quality flags of 1 (good) or 2 (probably good) 107 

were used. Adjusted fields (delayed-mode scientific quality controlled) were used where 108 

available, and unadjusted fields (real-time automated quality controlled) were used otherwise.  109 

 110 

Mixed layer properties (average temperature, practical salinity, and depth) were determined from 111 

each Argo profile using the density algorithm of Holte & Talley (2009). With its relatively 112 

sensitive thresholds and use of temperature and salinity data, this algorithm is well suited to the 113 

Argo data set. Following that the absolute salinity, conservative temperature, and potential 114 

density were calculated using the 2010 equation of state (TEOS-10) for seawater (Feistel, 2012). 115 

 116 

A monthly climatology of mixed layer properties was estimated using the following methods: 117 

The data were analyzed on a global grid with resolution of one month in time, 1° in latitude, and 118 

1° in longitude. Bottom depth values were set for each mixed layer estimate and the grid 119 

locations through linear interpolation of ETOP01 bathymetry data (Smith & Sandwell, 1997) that 120 

had been smoothed with a 30’ (latitude and longitude) half-width Hanning filter and subsampled 121 

at 15’ intervals. For each point a loess weighting (Cleveland & Devlin, 1988) w was constructed 122 

with a 1-month time scale, a 500-km length scale, and a bottom depth weighting as follows: 123 

𝑞𝑞 = �𝑦𝑦𝑔𝑔−𝑦𝑦𝑓𝑓
4.521°

� + �(𝑥𝑥𝑔𝑔−𝑥𝑥𝑓𝑓)×cos (𝑦𝑦𝑔𝑔)
4.521°

� + � 𝑡𝑡𝑔𝑔−𝑡𝑡𝑓𝑓
1 𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡ℎ

� + 1
log (10)

× | log �ℎ𝑔𝑔
ℎ𝑓𝑓
� |   (1) 124 
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where y is longitude, x is latitude (both in degrees), t is time (in months), h is bottom depth (in 125 

meters), the subscript g indicates the grid points, and the subscript f the individual floats, and 126 

𝑤𝑤 = (1 − 𝑞𝑞3)3 𝑓𝑓𝑓𝑓𝑓𝑓 𝑞𝑞 < 1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑤𝑤 = 0 𝑓𝑓𝑓𝑓𝑓𝑓 𝑞𝑞 ≥ 1.     (2) 127 

The length scales for the weighting are chosen to emphasize large-scale distributions and to 128 

match the nominal Argo 3° sampling, the time scale is set to resolve the seasonal cycle, and the 129 

bottom depth weighting serves to separate grid points in the open ocean, the continental slopes, 130 

and the shelves. 131 

 132 

At each grid point the data selected are first screened for really extreme outliers, rejecting data 133 

points with mixed layer depths, temperatures, or salinities that are 6 times the interquartile range 134 

greater than the 75th percentiles or 6 times less than the 25th percentiles. (These outliers can result 135 

from bad data points that have escaped quality control or very non-normal property distributions 136 

of valid data. On average, outliers comprise < 0.2% of the total number of points used in the 137 

mapping. Of the grid points mapped, 92% contain no outliers, 5% contain more than 1% outliers, 138 

and only 0.4% contain more than 10% outliers.) After removing outliers, the weighted mean, 139 

variance, skewness, and kurtosis are calculated for mixed layer depth, absolute salinity, 140 

conservative temperature, and potential density using the remaining points. 141 

 142 

Skewness, Skew(x), at a grid point for a variable x is defined as 143 

𝑆𝑆𝑆𝑆𝑆𝑆𝑤𝑤(𝑥𝑥) =  ∑[(𝑥𝑥𝑖𝑖−�̅�𝑥)3⋅𝑤𝑤𝑖𝑖]
𝜎𝜎3⋅∑𝑤𝑤𝑖𝑖

,     (3) 144 

where 𝑥𝑥𝑖𝑖 is the variable in question for a given sample i, 𝑤𝑤𝑖𝑖 is the weight of that sample as 145 

defined in (1) and (2), �̅�𝑥 is the weighted mean at the grid point , and 𝜎𝜎 is the weighted standard 146 

deviation at the grid point. Skewness is a signed quantity that is generally positive when the 147 
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distribution has a stronger tail on the right side and negative when the distribution has a stronger 148 

tail on the left side. 149 

 150 

Similarly, kurtosis, Kurt(x), at a grid point for that same variable x is defined as 151 

𝐾𝐾𝐾𝐾𝑓𝑓𝐾𝐾(𝑥𝑥) =  ∑[(𝑥𝑥𝑖𝑖−�̅�𝑥)4⋅𝑤𝑤𝑖𝑖]
𝜎𝜎4⋅∑𝑤𝑤𝑖𝑖

.     (4) 152 

In contrast to skewness, kurtosis is a positive definite quantity. Kurt(x) = 3 for a normal 153 

distribution. When Kurt(x) < 3 the distribution has small tails. When Kurt(x) > 3 the distribution 154 

has large tails. 155 

 156 

Retained data for all four variables used at each grid point are then sorted by mixed layer depth 157 

to find 5th, 50th, and 95th percentile values at those depths. They are smoothed in percentile space 158 

with a weighted local linear fit, a lowess filter (Cleveland & Devlin, 1988), with a length scale of 159 

25% of the sorted, weighted distribution. The weighting used is the product of the distance in this 160 

depth-sorted percentile space and the geographic distance/time/bottom depth weighting of the 161 

data point from the grid point weighting described in (1). Smoothed 5th, 50th (median), and 95th 162 

percentile values are determined for all four variables. 163 

 164 

3. Results 165 

This section has four subsections. Firstly, we discuss the number of points used in each map, and 166 

the weighted number (i.e., the effective number) of points. Secondly, we move onto looking at 167 

seasonal cycles of mixed layer properties (depth, temperature, and salinity; their means; and 168 

values at the 5th, 50th, and 95th percentile mixed layer depths) in four locations where prominent 169 

mode waters are formed. These are the Labrador Sea where Labrador Sea Water (LSW) is 170 
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formed by deep convection (Yashayaev & Loder, 2016), the western North Atlantic subtropical 171 

gyre, where Eighteen Degree Water (EDW) is formed by subduction (Billheimer & Talley, 172 

2016), the subantarctic Southeast Pacific, where the most extreme form of SubAntarctic Mode 173 

Water (SAMW) is formed by subduction (Sallée et al., 2010), and the eastern subtropical South 174 

Pacific, where South Pacific Eastern SubTropical Mode Water (SPESTMW) is formed by 175 

subduction (Wong & Johnson, 2003). Thirdly, we discuss the mixed layer properties sorted by 176 

mixed layer depth around the time of maximum mixed layer depths (mid-March and mid-177 

September; late winter and late summer depending on hemisphere) in these regions. We also 178 

discuss mid-March and mid-September 95th percentile mixed layer depths globally, as well as 179 

their ratios to the mean depths. In addition, we discuss the differences between temperature and 180 

salinity at the 95th percentile in depth to the means in terms of whether warmer or colder and 181 

saltier or fresher conditions are associated with 95% percentile mixed layer depths relative to the 182 

mean properties. Fourthly, we discuss higher order moments (skewness and kurtosis) of the 183 

mixed layer properties, focusing on mixed layer depths during the transition months of mid-May 184 

and mid-November, when their regional patterns are most pronounced. While the number of 185 

figures in the article is limited, the climatology itself and global maps of seasonal cycles of all of 186 

these fields are available at https://www.pmel.noaa.gov/gosml. 187 

 188 

3.1 Data Distribution and Number of Data Used 189 

While the data are generally evenly distributed throughout the year, there is considerable 190 

geographic variation in the sampling density, even for Argo. The most sampled regions are in the 191 

North Atlantic, North Pacific, and North Indian oceans with the number of data points used in 192 

March (Figure 1a) exceeding 500 in a few regions as well as other months (not shown) and the 193 
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sum of the sample weights (Figure 1b) exceeding 100. There are only small regions where the 194 

number of points used falls below 50, or the sum of the sample weights falls below 10. 195 

 196 

The sum of the weights for the grid points is on average about ¼ of the sum of the number of 197 

samples used at each grid point. The mean sum of the number of samples for grid points is 122 198 

and the median is 111. About 5% of the grid points have a number of samples exceeding 242 and 199 

5% of the grid points have a number of samples less than 36. If the number of samples originally 200 

selected for a given grid point is less than 20, statistics there are not computed, to ensure at least 201 

a minimal basis for the 5th and 95th percentile values reported. The mean sum of the weights for 202 

grid points is 30 and the median is 27. About 5% of the grid points have a sum of the weights 203 

exceeding 62 and about 5% of the grid points have a sum of the weights less than 8. 204 

 205 

3.2 Seasonal Cycles at Select Mode Water Formation Regions 206 

The seasonal cycles of mixed layer depth, temperature, and salinity (Figure 2), in a few select 207 

locations (see magenta pentagrams in Figure 1a) show distinct patterns. We choose the cores of 208 

formation for the LSW in the Labrador Sea, the EDW in the western subtropical North Atlantic, 209 

the SPESTMW in the eastern subtropical South Pacific, and the most extreme (coldest and 210 

freshest, and close to thickest) variety of SAMW in the Southeast Pacific. 211 

 212 

In the center of the Labrador Sea, where LSW is formed, the mixed layer depth (Figure 2a) is a 213 

maximum in March, with cold temperatures (Figure 2e), and relatively salty (Figure 2i) 214 

conditions in that month. The 95th percentile mixed layer depths in winter are considerably larger 215 

than the mean or the median values. The mean values exceed the median values considerably in 216 
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the winter and early spring, when very deep mixed layer depths are episodically present. The 5th 217 

percentile values are relatively shallow throughout the year, reflecting the fact that temporary 218 

shallow mixed layers can form in calm conditions year-round through either freshening or 219 

warming. Mixed layer depths at this location are relatively shallow from June until November 220 

with a minimum in August (around 35 m at the 95th percentile), deepen rapidly from December 221 

to February with a maximum in March (around 1760 m at the 95th percentile), and then shoal 222 

very rapidly from April to May. In contrast mixed layer temperatures and salinities are relatively 223 

cold and salty from December through April (with a March minimum of 3.2 °C and a maximum 224 

of 35.02 g kg-1 at the 95th percentile), warm and freshen steadily from April through August 225 

(with an August maximum of 9.3 °C and a September minimum of 34.66 g kg-1 at the 95th 226 

percentile), and then cool and salinify relatively steadily from August (or September) through 227 

November. The 5th percentile mixed layer salinity values are generally fresher than the 95th 228 

percentile values, with the means and medians very similar and in between. The 95th percentile 229 

temperature values are colder than the 5th percentile values except in the winter months, when 230 

that tendency reverses. As for salinity, the 5th percentile values are fresher than the 95th percentile 231 

values, with the mean and median values generally between, but approaching the 5th percentile 232 

values in summer (as detailed above, the 5th and 95th percentile temperature and salinity values 233 

were sorted by depth and then smoothed prior to evaluation). 234 

 235 

Moving from the subpolar to the western subtropical mode waters of the North Atlantic, where 236 

EDW is formed, the mixed layer depth patterns follow a similar seasonal cycle, but with a muted 237 

amplitude. The March maximum of the 95th percentile depth values reaches 500 m, and the July 238 

minimum is about 42 m (Figure 2b). The late winter and early spring mean depths are again 239 
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larger than the median depths, but the spring shoaling is less rapid, with the bulk taking place 240 

from March through May, so starting a month earlier than further north. Mixed layer 241 

temperatures (Figure 2f) and salinities (Figure 2j) are again relatively cold and salty during 242 

winter months with a 95th percentile temperature minimum of 17.9 °C in March (fitting for 243 

EDW) and a 95th percentile maximum salinity of 36.75 g kg-1 in January. Temperatures rise 244 

fairly steadily from May through August, reaching a maximum value of 27.0 °C in August, then 245 

fall steadily from August through December. Salinity follows a similar (although opposite in 246 

sign, hence reinforcing each other in their effect on mixed layer density) pattern to temperature, 247 

with a 95th percentile value minimum of 36.40 g kg-1 in August. The 5th percentile salinity values 248 

are often substantially fresher than the 95th percentile values, indicating the role of surface 249 

freshening in mixed layer shoaling in the region. 250 

 251 

Moving to the Southern Hemisphere, in the Southeast Pacific where the winter mixed layers are 252 

deepest and the most extreme form of SAMW is produced, the 95th percentile mixed layer depth 253 

(Figure 2c) reaches a minimum of about 92 m in January and a maximum of 611 m in 254 

September. Most of the mixed layer shoaling takes place from October to November, and the 255 

deepening from April to August. Hence, there is substantial seasonal asymmetry, with faster 256 

shoaling than deepening, like in the Labrador Sea. The mean and median mixed layer depth 257 

values are generally pretty similar. The 5th percentile mixed layer depth is relatively deep 258 

compared to the Labrador Sea, reaching a maximum around 121 m in July, suggesting that fresh 259 

or warm caps are comparatively infrequent in this portion of the Southeast Pacific in fall and 260 

winter. The summer warm period is also pretty short (Figure 2g), with a 95th percentile 261 

temperature value maximum of 6.8 °C in January, and the winter cold period is pretty long, from 262 
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about May through November, with a minimum 95th percentile temperature of 5.4 °C in 263 

September. The 5th percentile mixed layer temperature is warmer than the 95th, with the mean 264 

and median similar and in between, except in the dead of winter, when all values are quite 265 

similar. The mixed layer salinity distribution (Figure 2k) is more sinusoidal than the temperature, 266 

with a maximum 95th percentile salinity of 34.37 g kg-1 in August and a salinity minimum of 267 

34.24 g kg-1 in February. The 5th percentile salinity is often considerably fresher than the 95th 268 

percentile salinity, again stressing the importance of fresher surface conditions during periods of 269 

shallower mixed layers. In this case some of that variability is likely to be spatial, as the surface 270 

mixed layer gets fresher and shallower toward the south within 500 km of this location. 271 

 272 

Finally, in the heart of the SPESTMW formation in the Southeast Pacific, 95th percentile mixed 273 

layer depth values (Figure 2d) reach a maximum of 218 m in August, and a minimum of 55 m in 274 

February. The mean and median values of mixed layer depth are fairly similar to each other. 275 

Again, the 5th percentile mixed layer depth values are larger than in the Northern Hemisphere 276 

subtropical EDW formation region, reaching maximum values of 64 m in July. Mixed layers 277 

deepen from March to August and shoal, more rapidly, from September to December. The 278 

annual harmonic is strong in the mixed layer temperature seasonal cycle here (Figure 2h), with a 279 

95th percentile (again, in terms of sorted weighted depths) maximum of 25.0 °C in March and a 280 

minimum of 20.7 °C in August. The 5th percentile temperature values are generally warmer than 281 

the 95th percentile values, especially in austral winter, with mean and median values fairly 282 

similar and in between the 5th and 95th percentile values. The mixed layer salinity values are also 283 

sinusoidal in character (Figure 2l), with a maximum 95th percentile value of 36.77 g kg-1 in 284 

March and a minimum of 36.22 g kg-1 in August. The seasonal cycle of salinity values at 5th 285 
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percentile depth mixed layers is muted compared to that for the 95th percentile depth mixed 286 

layers, reflecting the prevalence of high salinities in relatively deep summertime mixed layers, 287 

and relatively low salinities (but much colder temperatures) in deep wintertime mixed layers. 288 

 289 

Examination of the late-winter mixed layer properties sorted (and smoothed) as a function of 290 

mixed layer depth (weighted by distance, time, and depth difference from the grid point) is 291 

illuminating. In the Labrador Sea in mid-March, a substantial portion of the mixed layer depths 292 

is relatively shallow, with a smaller portion of very deep values (Figure 3a). Hence, the 293 

distribution is non-normal with a median value substantially less than the mean value, a 294 

skewness of 0.59 (positive, so a stronger tail of deep values) and a kurtosis of 1.95 (< 3.0, so 295 

relatively light tails). Shallower (5th percentile) mixed layer depths are associated with colder 296 

(Figure 3e) and fresher (Figure 3i) conditions, and deeper (95th percentile) mixed layer depths are 297 

near average in temperature and saltier than average. In the EDW formation region in March, the 298 

mean mixed layer depth (Figure 3b) is again larger than the median value, with a skewness of 299 

0.53 (again, a stronger tail of deep values) and a kurtosis of 2.08 (again, light tails relative to a 300 

normal distribution of 3). Shallower mixed layer depths are again associated with colder (Figure 301 

3f) and fresher (Figure 3j) conditions, and deep mixed layers with colder and saltier than average 302 

conditions. In the subantarctic southeast Pacific in mid-September, the mean and median mixed 303 

layer depths (Figure 3c) are quite similar, with a skewness of 0.07 (a faintly stronger tail of deep 304 

values) and a kurtosis of 2.90 (very close to the value of 3 for normal tails). Those values are 305 

consistent with a depth distribution that is very close to normal, as is visually apparent. The very 306 

shallowest mixed layers are associated with colder (Figure 3g) and saltier (Figure 3k) conditions, 307 

which is puzzling, whereas deeper mixed layers are more intuitively associated with near-mean 308 
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temperatures, but saltier than mean conditions. Finally, in the core of the SPESTMW formation 309 

region, the mid-September mean mixed layer depth value (Figure 3d) is slightly larger than the 310 

median, with a skewness of 0.24 (a slightly stronger tail of deep values) and a kurtosis of 1.86 (< 311 

3, so weaker than normal tails). Here deeper mixed layers are associated with colder (Figure 3h) 312 

and saltier (Figure 3l) conditions, and shallower mixed layers with warmer than average 313 

temperatures and saltier than average salinities. 314 

 315 

3.3 Late Winter and Late Summer Mixed Layer Properties at 95th Percentile Depths 316 

Northern Hemisphere mixed layer values are deepest in late winter to early spring, generally 317 

around mid-March. In that month mixed layer depth 95th percentile values (Figure 4a) exceed 318 

1600 m in the Labrador and Greenland Seas, 566 m in the western subtropical North Atlantic, 319 

and 400 m in the western subtropical North Pacific. They are less than 25 m in the eastern 320 

equatorial Pacific, and only exceed 200 m in a few isolated regions of the Southern Ocean, being 321 

less than 100 m deep across much of the subtropical Southern Hemisphere oceans during austral 322 

late summer, although exceeding 100 m in the central tropical South Pacific, where trade winds 323 

are strong. 324 

 325 

The ratio of mean to 95th percentile depths in March (Figure 5a) is smaller (so 95th percentile 326 

mixed layer depths are relatively deep compared to the mean values) in the Northern Hemisphere 327 

than in the south, with generally smaller values (0.3 to 0.4) in the western subtropics than in the 328 

tropics of that hemisphere. The subpolar North Pacific and Bering Sea have a relatively large 329 

ratio in March, about 0.6 to 0.8, so 95th percentile mixed layer depths are not so much larger than 330 

mean values. In contrast, in the center of the Labrador Sea of the subpolar North Atlantic, that 331 
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ratio dips below 0.2, so there 95th percentile mixed layer depths exceed mean values by a factor 332 

of more than five. In the Southern Hemisphere the ratio generally increases poleward, being 333 

about 0.4 near the equator, increasing to about 0.5 and 0.6 in the tropical Pacific and Indian 334 

oceans, closer to 0.6 to 0.7 in the eastern subtropical Pacific and tropical South Atlantic. Within 335 

and south of the Antarctic Circumpolar Current (ACC) the ratio exceeds 0.6 and even 0.8 in a 336 

few isolated locations. 337 

 338 

The temperatures and salinities for the 95th percentile mixed layer depths are not so different 339 

from many other climatologies, so they are not discussed here. Instead, temperature and salinity 340 

differences for the 95th percentile depths minus the mean mixed layer values of temperature and 341 

salinities are discussed to reveal some of what is driving the variations in mixed layer depths. 342 

Since the global average of the thermal expansion coefficient 𝛼𝛼 to the haline contraction 343 

coefficient 𝛽𝛽 at the surface is about 0.4, these temperature differences are contoured at 0.5 °C 344 

intervals and the salinity differences at 0.2 g kg-1. Hence, in the subtropics one contour of salinity 345 

difference is roughly equivalent in magnitude (although opposite in sign) with respect to the 346 

effect on density of one contour of temperature difference. At higher latitudes the contouring 347 

choice substantially overemphasizes the effect of temperature on density compared to salinity, 348 

since 𝛼𝛼/𝛽𝛽 at higher latitudes can fall below 0.1. In the tropics the contouring choice slightly 349 

underemphasizes the effect of temperature on density, since 𝛼𝛼/𝛽𝛽 can approach 0.5 there. 350 

 351 

In March deep (95th percentile) mixed layers are generally warmer (Figure 6a) and saltier (Figure 352 

7a) than mean mixed layer conditions in the western subpolar northwest Pacific, and 353 

anomalously fresh and cool mixed layers are shallower, as expected in a predominantly salt-354 
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stratified high-latitude pycnocline. In the eastern subpolar North Pacific and the Bering Sea the 355 

deeper late winter mixed layers are also saltier but slightly cooler too. In the subtropical North 356 

Pacific and North Atlantic deep mixed layers are cooler than the mean mixed layer values, but 357 

tend toward fresher in the west and saltier in the east (where subsurface salinity is higher). 358 

Around the edges of the Labrador Sea, east of Canada’s Maritime Provinces and USA’s New 359 

England, and in the vicinity of the North Atlantic Current, deep mixed layers are generally 360 

warmer and much saltier than mean mixed layer values, again reflecting the stratifying influence 361 

of cold, fresh surface waters in the region. In the tropics, and very prominently in the Bay of 362 

Bengal, deep mixed layers are generally slightly cooler, and saltier, again reflecting the 363 

stratifying influence of shallow fresh surface mixed layers there. In the subtropical Southern 364 

Hemisphere, deep March mixed layers are substantially cooler (and usually slightly saltier) than 365 

mean mixed layers, likely reflecting the importance of insolation in creating shallow mixed 366 

layers in winter, probably during calm conditions, as precipitation is relatively uncommon there. 367 

At higher southern latitudes, deep March mixed layers are often warmer and saltier than mean 368 

mixed layer properties, again reflecting the importance of freshwater near the surface in setting 369 

the subpolar stratification. 370 

 371 

In mid-September, 95th percentile mixed layer depths (Figure 4b) are deepest north of the 372 

Subantarctic Front, exceeding 800 m south of Australia and New Zealand and in a very small 373 

region of the Southeast Pacific. They exceed 400 m in a portion of the subtropical gyre in the 374 

South Atlantic Ocean, and 283 m in the subtropical Southeast Pacific Ocean. In the Northern 375 

Hemisphere, September mixed layer 95th percentile depths are generally shallower than 100 m, 376 

except in small portions of the western subtropical North Pacific, the subpolar North Atlantic, 377 
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and again in the central tropical Pacific under the trade winds. In the Pacific they reach values 378 

shallower than 35 m in isolated regions of the central North Pacific, south of Baja, west of 379 

Central America, and the eastern equatorial Pacific. In the Atlantic in September the 95th 380 

percentile mixed layer depth is shallower than 35 m east of the Amazon, and west of Africa on 381 

both sides of the equator. 382 

 383 

The ratio of 95th percentile to mean mixed layer depths in September (Figure 5b) in the Northern 384 

Hemisphere subtropical and subpolar regions generally exceeds 0.5 or 0.6 (and in a few locations 385 

of the subpolar North Pacific tops 0.7). This ratio is lower in the Arabian Sea, where it dips 386 

below 0.4, consistent with some relatively deep mixed layers at the end of the Southwest 387 

Monsoon season, but with more frequent shallower mixed layers as well. In the western portions 388 

of the Southern Hemisphere subtropical regions the ratio drops to below 0.4 in places, and even 389 

below 0.3 in the western South Atlantic, off Southeast Australia, and off South Africa. South of 390 

the ACC the ratio exceeds values of 0.6 in many locations and 0.8 in some locations, so the mean 391 

and 95th percentile depths are not so different in this location in late winter or early spring (mid-392 

September). 393 

 394 

In mid-September in the subpolar North Pacific and subpolar North Atlantic the temperatures at 395 

mixed layer 95th percentile depths (Figure 6b) are substantially lower than the mean mixed layer 396 

temperatures and corresponding salinity values (Figure 7b) are only slightly saltier. This is to be 397 

expected since warmer shallower mixed layers will be prevalent in these months, punctuated by 398 

colder, deeper, and saltier mixed layers during the first autumn storms. Moving south into the 399 

subtropics deep (95th percentile) mixed layers appear associated with substantially saltier, but 400 
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only slightly colder mixed layers in the North Pacific, whereas in the interior of the subtropical 401 

North Atlantic deep mixed layers in mid-September are substantially colder, but not much saltier 402 

than the mean. Off the east coast of North America deep mixed layers are much saltier and 403 

warmer, reflecting the correlation of cold, fresh, subpolar waters with shallower mixed layers in 404 

that region. In the tropics of all three oceans, deep mixed layers are saltier, but generally not 405 

much different in temperature from the mean values, reflecting the association of fresh surface 406 

conditions with shallower mixed layers. This pattern includes the Bay of Bengal and east of the 407 

Amazon, where shallow fresh mixed layers of riverine influence may also be prevalent. The one 408 

exception in terms of mixed layer temperatures in the tropical band is the eastern equatorial 409 

Pacific, where deep mixed layers are also substantially warmer. This occurs because in this 410 

region upwelling cold waters are generally associated with shallower mixed layers, and deep 411 

warmer mixed layers can more easily form when or where that upwelling is not present. In the 412 

Southern Hemisphere subtropics there is not a clear large-scale pattern of temperature or salinity 413 

with deep mixed layers. However, just north of the ACC, deep mixed layers are generally colder 414 

and fresher in the Atlantic and Indian oceans, but colder and slightly saltier in the Pacific Ocean 415 

in mid-September. Within the ACC, deep mixed layers are substantially warmer and saltier in the 416 

Atlantic and Indian oceans, and substantially warmer but only a bit saltier in the Pacific Ocean. 417 

This pattern reflects the association of cold and fresh Antarctic waters with shallower mixed 418 

layers in these regions, and the relatively fresh subsurface waters in the Pacific compared to the 419 

other oceans. South of the ACC deep mixed layers are generally substantially warmer, but only 420 

slightly saltier. 421 

 422 

3.4. Skewness and Kurtosis of Mixed Layer Properties 423 
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Mixed layer depth skewness and kurtosis are both strongest in the transitions between spring and 424 

summer, when very shallow mixed layers often form but much deeper mixed layers are 425 

occasionally still present. In mid-May, skewness (Figure 8a) exceeds +1 in most of the Northern 426 

Hemisphere, and is often higher, even exceeding +3, in small portions of the North Atlantic 427 

Current, the Labrador Sea, and the Greenland-Iceland-Norwegian (GIN) Sea. In all these regions 428 

with positive skewness, the tail of the deep mixed layer values is strong, consistent with 429 

prevalence of shallower values in times of restratification, punctuated by a few much deeper 430 

values which constitute that strong tail. In the Southern Hemisphere in mid-May, skewness is 431 

generally negative, but only falls below -1 or -2 in a few small regions. Hence, while deeper 432 

mixed layers are favored in this time period, shallower mixed layers are also not infrequent. 433 

Kurtosis in mid-May (Figure 9a) is generally high when skewness is high or low, so mixed layer 434 

depth tails are generally stronger when the distribution is either positive or negatively skew in 435 

that month. Hence, kurtosis is higher than normal (> +3, and indeed > +5 and much more in 436 

many locations) in much of the extratropical Northern Hemisphere in mid-May where skewness 437 

is positive and large, and kurtosis is also high in smaller portions of the Southern Ocean where 438 

skewness is large and of either sign. Kurtosis is almost never < +1 in this month. 439 

 440 

In November mixed layer depth skewness (Figure 8b) is positive throughout much of the 441 

Northern Hemisphere tropics and almost all of the Southern Hemisphere. It exceeds +1 in many 442 

Southern Hemisphere locations, and exceeds +2 in some parts of the ACC. It is also mildly 443 

positive in much of the subpolar North Atlantic and the GIN Sea. Hence, shallow mixed layer 444 

depths are more prevalent in these locations, with more infrequent deep mixed layers on the 445 

positive side of the distribution. Mixed layer depth skewness is mildly negative in most of the 446 
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subtropical North Pacific and North Atlantic, and most of the Subpolar North Pacific as well. 447 

However, it is less than -1 in only very limited scattered regions. Kurtosis in mid-November 448 

(Figure 9b) exceeds +3 along the equator in much of the Southern Hemisphere subtropics, and 449 

exceeds +5 in smaller areas of these regions, but it is highest in the ACC, where mixed layer 450 

depth tails are large (and positively skewed). So, in this transition month in the ACC, shallower 451 

mixed layer values are prevalent, but there are strong positive tails because of a few much deeper 452 

values. Kurtosis in mid-November is < +3 in large portions of the Northern Hemisphere 453 

subtropical gyres, in the tropics (excepting the equator), and south of the ACC, but it is never 454 

<+1. So, in these regions in mid-November the tails are weaker than they would be for a normal 455 

distribution. 456 

 457 

Regional patterns in mixed layer temperature skewness and kurtosis (not shown) are generally 458 

not as striking as those for mixed layer depth. Mixed layer temperature is strongly positively 459 

skew with high kurtosis around Antarctica in the austral winter through spring because most 460 

mixed layer temperatures are near the freezing point of seawater, so any warmer values that are 461 

present create a strong positive tail. In addition, there is strong negative skewness and strong 462 

positive kurtosis in winter and spring off the east coast of North America, probably owing to 463 

occasional offshore sampling of cold high latitude water masses usually found near the coast. 464 

Mixed layer salinity distributions exhibit large negative skewness and high kurtosis in that same 465 

region, present year-round, owing to the freshness of these same high latitude water masses. 466 

There is also considerable structure in salinity skewness north of much of the ACC, with bands 467 

of positive and negative skewness, each associated with high kurtosis, and low kurtosis between 468 

them. This pattern is especially prominent in the Indian Ocean sector of the Southern Ocean, 469 
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where conditions in the northern negative skew band are on the whole relatively salty but 470 

occasional fresh conditions create strong tails, and conditions in the negative skew band to the 471 

south are on the whole relatively fresh but occasional salty conditions favor strong tails. Some of 472 

this pattern may be local and temporal, but some is very likely to be spatial, a result of the ~500 473 

km length-scale used in the weighting extending across fronts. 474 

 475 

4. Summary 476 

We constructed a global monthly mixed layer climatology by applying the Holte and Talley 477 

(2009) density algorithm to Argo data and putting the mixed layer depths, conservative 478 

temperatures, and absolute salinities obtained on a grid using a weighting of nearby data 479 

considering differences of location, time, and bottom depth between the data and the grid points. 480 

In addition to computing weighted means, variances, skewness, and kurtosis for these properties 481 

at each grid point at each month, we sorted by all three variables by mixed layer depth, weighted 482 

them all in terms of distance, time, and depth difference from the grid point, and then smoothed 483 

all three depth-sorted variables  to find values at the 5th, 50th, and 95th percentiles of mixed layer 484 

depth. 485 

 486 

The mean number of data points used for each grid point is 122, although there is substantial 487 

spatial variability (Figure 1a). Since the sum of the weights for the grid points is on average 488 

about ¼ of the sum of the number of samples used at each grid point, the mean sum of the 489 

weights is 30, again with spatial variability (Figure 1b). 490 

 491 
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Seasonal cycles (Figure 2) of 5th, 50th, 95th, and mean values of depth, temperature, and salinity 492 

at the centers of four mode water formation regions (one each in the subtropics and subpolar 493 

regions of each hemisphere) reveal the striking asymmetry where seasonally mixed layers 494 

deepen more slowly during the fall than they do in spring. They also show that in a few locations 495 

and times the 95th percentile depth values can exceed mean values by a factor of five or more. 496 

Additionally, sometimes the median mixed layer properties can differ substantially from the 497 

mean values. Late winter mixed layer depths at 95th percentiles can be more than three times the 498 

mean values in some regions (Figure 5), but there is again considerable spatial variability. Late 499 

winter temperatures of the 95th percentile depth mixed layers (Figure 6) are often lower than 500 

mean mixed layer temperatures in the subtropics, and late winter salinities of the 95th percentile 501 

depth are often higher than the means in the subpolar regions and portions of the tropics. These 502 

patterns are consistent with the importance of temperature in upper ocean stratification in the 503 

subtropics and salinity in the subpolar regions. While mixed layer depth distributions are rarely 504 

close to normal, they tend to be most skew (Figure 8) with the highest kurtosis (Figure 9) in the 505 

spring transition months of May (in the Northern Hemisphere) and September (in the Southern 506 

Hemisphere), when frequent shallow mixed layer depths are punctuated by occasional deep 507 

mixed layers. 508 

 509 

The monthly climatological values for mixed layer depth, temperature, and salinity we make 510 

available (at https://www.pmel.noaa.gov/gosml) include the usual means and variances. In 511 

addition, skewness and kurtosis allow assessment of how non-normal the variable distributions 512 

are in a given location and month of the year. Values of temperature, salinity, and depth at the 513 

5th, 50th, and 95th percentiles of mixed layer depth are useful for studying the mixed layer under a 514 
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variety of states. First, the 95th percentile values are of interest as they are representative of 515 

ventilated conditions, robust to extreme outliers and more statistically uniform than the average 516 

of the three deepest samples in a bin (Holte et al., 2017). The 50% values may be useful as 517 

alternatives to, or for comparison with the mean values, since mixed layer property distributions 518 

are often non-normal. Those interested in the ocean state when mixed layers are shallow may 519 

find the 5th percentile values of use. Finally, the differences between the 5th and 95th percentile 520 

values give alternative indicators of the ranges of conditions experienced in a given month and 521 

location, perhaps better suited than the mean and variance for non-normal distributions. 522 
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Figure 1. (a) Number of profiles used at each grid point and (b) sum of weights for profiles for 594 

the mid-March maps contoured at roughly logarithmic intervals (see colorbar). Formation 595 

regions (magenta pentagrams in a) for mode waters at which the seasonal cycles of mixed layer 596 

properties and late winter mixed layer property distributions are examined include, from north to 597 

south: Labrador Sea Water (LSW), Eighteen Degree Water (EDW), South Pacific Eastern 598 

SubTropical Mode Water (SPESTMW), and SubAntarctic Mode Water (SAMW) in the 599 

southeastern Pacific Ocean.  600 
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 601 

Figure 2. Seasonal cycles of mixed layer depths (top row), conservative temperature (middle 603 

row), and salinity (bottom row) for LSW (far left column), EDW (middle left column), 604 

SPESTMW (middle right column), and SAMW (far right column) in the southeastern Pacific 605 

Ocean (see magenta pentagrams in Figure 1a for locations). Raw values (black dots), mapped 606 

monthly values corresponding to 95th percentile mixed layer depths (blue line with circles), 50th 607 

percentile mixed layer depths (orange line and crosses), 5th percentile mixed layer depths (yellow 608 

line and plusses), and mean values (purple line and diamonds) are shown.   609 
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 610 

Figure 3. Late winter mixed layer depth (top row), conservative temperature (middle row), and 612 

salinity (bottom row) distributions for LSW (far left column) and EDW (middle left column) in 613 

mid-March, as well as SPESTMW (middle right column) and SAMW (far right column) in the 614 

southeastern Pacific Ocean in mid-September (see magenta pentagrams in Figure 1a for 615 

locations). Raw values (black dots) sorted by mixed layer depth and weighted by distance, time, 616 

and depth separation from the grid point, and lowess smoothed values for those properties using 617 

a length scale of 25% (black lines) are shown.  618 
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 619 

Figure 4. (a) Mid-March and (b) mid-September 95th percentile mixed layer depths contoured on 621 

a logarithmic scale (colorbar) from 25 to 1600 m.  622 
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 623 

Figure 5. (a) Mid-March and (b) mid-September ratios of mean to 95th percentile mixed layer 625 

depths contoured at 0.1 intervals (colorbar).  626 
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 627 

Figure 6. (a) Mid-March and (b) mid-September differences of conservative temperature for the 629 

95th percentile mixed layer depth minus the mean mixed layer temperature contoured at 0.5 °C 630 

intervals (colorbar).  631 
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 632 

Figure 7. (a) Mid-March and (b) mid-September differences of absolute salinity for the 95th 634 

percentile mixed layer depth minus the mean mixed layer absolute salinity contoured at 0.2 g kg-635 

1 intervals (colorbar).  636 
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 637 

Figure 8. (a) Mid-May and (b) mid-November mixed layer depth distribution skewness 639 

(colorbar). Positive values (yellow to red) indicate a strong tail of deeper mixed layer values, and 640 

negative values (green to blue) indicate a strong tail of shallower mixed layer values.  641 
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 642 

Figure 9. (a) Mid-May and (b) mid-November mixed layer depth distribution kurtosis (colorbar). 644 

Values exceeding three (yellow to red) indicate that mixed layer depth tails are stronger than for 645 

a normal distribution and values less than three (green to blue) indicate that mixed layer depth 646 

tails are weaker than for a normal distribution. 647 
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