
Methodology

Three independent methodologies were used to calculate the deepest winter MLDs. The first was an 
algorithm based on the method used by Freeland et al. (1997). This involves the fitting of a step function to the 
upper ocean density distribution. The best fit of a two-layer structure is determined using a least-squares 
technique where the depth of the mixed layer (h), is found. While Freeland et al. (1997) used 300 m as the 
maximum depth of the two layer system (H), we have used our maximum depth of 263 m. However, Freeland et 
al. (1997) found that the method is not sensitive to a choice of ‘H’ between 200 and 500 m. Once ‘h’ is 
determined, the depth of the lower layer (H - h) is known and the mean densities of the upper and lower layers 
can be determined.  The aim was to compare the MLDs obtained by this method with those obtained by Freeland 
et al. (1997). 

The algorithm seems to give MLD values somewhere between the ‘local’ MLD and the ‘regional’ MLD.  
The maximum depth of the homogeneous layer from surface downwards is referred to as the local MLD. There 
are some homogenous layers found deeper within the water column and they are possibly relics of previous 
mixed layers.  These might be subjected to advective processes that could erase them from the surface layers, but 
they could represent the ‘regional’ winter MLD. Since the algorithm could not satisfactorily identify these 
regional MLDs, two independent, visual examinations of the density profiles were also made (referred to here as 
Set 1 and Set 2). The winter MLD for each year was chosen as the maximum MLD for that year. Thus three 
independent sets of MLD data were constructed (Fig. 2 a, b, c). However, the Mann test showed that the high 
correlations between the three sets of data were significant. The Mann statistic tests whether there is a 
statistically significant trend in a time series. It is a non-parametric test based on Kendall’s tau and is thus a more 
robust test than parametric ones. Trend analysis was also carried out for freshwater discharge, upwelling index 
and Pacific Decadal Oscillation (PDO) (Mantua et al. 1997) data during the same time period (Fig. 3 a, b, c). 

Acknowledgements

This work is supported by the U. S. GLOBEC Northeast Pacific 
Program funded by the National Science Foundation (NSF) and 
National Oceanic and Atmospheric Administration (NOAA) 
through the University of Alaska. Advice given by C. E. Grosch 
is gratefully acknowledged.

Conclusions

 The maximum winter MLD in the northern Gulf of Alaska does 
NOT show any significant trend from 1974 to 1998.

 The maximum MLD at GAK-1 appears to be controlled by local 
factors like upwelling and freshwater discharge rather than by regional 
ones like PDO.

MLDs in the North Pacific do not seem to be responding uniformly 
to external forcing.

Results

Null hypothesis: There is no significant trend in the data set.

Introduction

MLDs follow a seasonal cycle with maximum depths occurring in winter. Most previous 
studies of the Northeast Pacific have calculated MLDs from temperature data alone because 
upper layer temperature data are readily available. However, the upper ocean (< 300 m) density 
in the North Pacific is highly dependant on salinity, so salinity should be used to calculate the 
MLD, in addition to temperature. Time series of salinity measurements are very rare, but there 
are two in the northern North Pacific: the forty-four years (1961-1994) series along ‘Line P’ 
which includes Ocean Station Papa (OSP) and the twenty-nine year series (1970-1998, of 
which the first four years are bottle data) at Gulf of Alaska station 1 (GAK-1) (Fig. 1). Freeland 
et al. (1997) have analyzed the MLD at OSP and along ‘Line P’ based on both temperature and 
salinity data showing shoaling MLDs spanning approximately four decades. 

This study uses temperature and salinity data from CTD casts for the time period 1974 to 
1998 at station GAK-1. Station GAK-1 (60°N, 149°W) is situated at the head of Resurrection 
Bay, within the Alaska Coastal Current. Between 1974 and 1990 the sampling interval was 
quasi-random based on ship-of-opportunity sampling. Since 1990 the sampling interval has 
been approximately monthly. This can have some significance in the ability to capture 
maximum winter MLDs. The salinity influence on density is enhanced here by the low water 
temperatures, the high rates of coastal freshwater discharge and high rates of precipitation. This 
is a highly advective regime. Stagnating low pressure systems over the Gulf of Alaska in fall 
and winter lead to strong seasonality in coastal forcing. High rates of precipitation occur in the 
fall, creating an annual discharge of 725 km3/year. Intense downwelling takes place in winter, 
forcing a coastal convergence of this freshwater. These processes accelerate the Alaska Coastal 
Current. Since the freshwater discharge is nutrient poor, it is believed that the source of 
nutrients for the euphotic zone is the deep waters of the central Gulf of Alaska. The pycnocline 
acts as a barrier to turbulent diffusion of nutrients from these deep, nutrient rich areas to the 
surface euphotic zone. 

Thus the depth of MLDs affects productivity by changing the amount of new production. 
Shoaling of the maximum MLDs means a reduction in the amount of nutrients entrained into 
the upper ocean in winter.  Increasing the depth of penetration of the winter (maximum) MLDs 
on the other hand, permits greater vertical flux of nutrients into the upper layers, possibly 
enhancing biological productivity. 

Abstract

From 1974 to 1998, CTD (Conductivity - Temperature - Depth) profiles have been 
made at the head of Resurrection Bay at station GAK-1 (60°N, 149°W; water depth 263m) 
in the northern Gulf of Alaska. These data are used to calculate the nearshore, maximum 
winter mixed layer depths (MLDs). Decadal variations of MLDs are the result of the low 
frequency changes in the coastal freshwater discharge, ocean circulation and atmospheric 
forcing. The trends in these MLDs are then compared with the result obtained by Freeland 
et al. (1997) at Ocean Station Papa (OSP) (50°N, 145°W). The MLDs at OSP show a 
significant shoaling but the MLDs at GAK-1 do not show a similar trend. Instead, a non-
significant deepening trend was found. Freshwater discharge and upwelling index for the 
northern Gulf of Alaska also show similar non-significant trends. However, the Pacific 
Decadal Oscillation (PDO) shows a significant trend during this period. We suggest that 
MLD trends in the northern Gulf of Alaska that are influenced by freshwater discharge and 
upwelling do not respond to the regional PDO forcing. This could have implications on 
the supply of nutrients into the euphotic zone.
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Discussion
Freeland et al. (1997) found shoaling density trends at OSP 
which were significant at the 95% confidence level (Fig. 4). 
Their maximum MLDs corresponded well with the 
pycnocline, although the top of the deeper pycnocline was 
selected instead of the core. They observed a steady decline 
of MLDs over almost four decades (1956 - 1994). They 
computed a linear trend from this, of 63 m/century, with a 
95% confidence interval of ±28 m/century. The study also 
predicted that as the MLDs were shoaling, there should be a 
declining trend in upper mixed layer nitrate concentrations. 
The reason for the nutrient reduction would be reduced 
winter entrainment. Since the nutrients in this shallower 
upper layer could be depleted, this would have an adverse 
effect on biological productivity. Such a reduction would 
eventually affect the fisheries and the entire N. E. Pacific. In 
contrast, our study produces low positive values of Kendall’s 
tau which suggest deepening trends of maximum winter 
MLDs for all of the three data sets generated (Fig. 2 a, b, c). 
The rates for the deepening trends range from over a 100 
m/century for the data set returned by the two-layer algorithm 
and set 1, and the value is about 50 m/century for data set 2. 
However, these trends are NOT significant as the probability 
of being able to accept the null hypothesis of no significant 
trend is very high. Over the sampling period, there is no 
significant change in the winter MLD in the coastal Gulf of 
Alaska. The values of the maximum MLD obtained by all 
three methods, when superimposed on the contours of density 
time series (Figs. 5, 6, 7), do not seem to catch the local 
pycnocline. This suggests that other processes, such as 
advection, which are non-local influences, may be coming 
into play at station GAK-1. This is also evident from the 
density profiles. The density profiles contain a number of 
step-like features reminiscent of earlier mixed layers. As a 
result, it is difficult in many cases to actually identify the 
deepest winter MLD (Fig. 8). The Mann test for trend 
analysis on the most likely local influences on MLD, 
freshwater discharge and the upwelling index, also show no 
significant trend during 1974 - 1998. However, PDO does 
show a marginally significant trend during this period, 
although this ‘trend’ may be a part of a longer cycle since 
PDO appears to have a periodicity of 40 - 50 years. Thus we 
conclude that at GAK-1, the MLDs are forced by local 
processes and that larger scale atmospheric processes such as 
PDO are not important, and the winter MLD in the northern 
Gulf of Alaska has not changed significantly from 1974 to 
1998.

Data Set Deepening
trend

/century
(m)

Kendall’s
Tau

Probability
that null

hypothesis 
is true

Significance

Algorithm 116 0.147 0.302 no
Set 1 114 0.223 0.118 no
Set 2 52 0.060 0.673 no

Data set Kendall’s
tau

Probability
that null

hypothesis
is true

Significance

Upwelling
Index

0.177 0.215 no

Freshwater
Discharge

0.102 0.484 no

PDO 0.259 0.070 yes

Figure 4. From Freeland et. al., 1997

Figure 5. Contours of Sigma-t at GAK1 with maximum
MLD values from algorithm over-plotted.

Figure 6. Contours of Sigma-t at GAK1 with maximum
MLD values from algorithm over-plotted.

Figure 7. Contours of Sigma-t at GAK1 with maximum
MLD values from algorithm over-plotted.
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