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Abstract


Three decades (1970-2000) of hydrographic (temperature-salinity-depth) sampling at the coastal site, GAK1, near (60o N, 149o W) in the northern Gulf of Alaska provides an opportunity to investigate the seasonal and interannual variability within this water column.  Over this relatively deep shelf (260 m), the temperature and salinity are forced by solar heating, coastal freshwater discharge, winds, and El Niño-Southern Oscillation (ENSO) events. Seasonally, the water temperatures at the surface and bottom change out of phase with one another.  From about November until April, there are temperature inversions with thermal stratification increasing from April through August.  The upper layer (0-100 m) salinity closely follows the seasonal freshwater discharge with the annual minimum in October and maximum in March.  However, this is in sharp contrast with the lower layer (100-250 m) salinity that has an April minimum and October maximum. Water density cycles follow the salinity changes at this site, not the temperature changes.  The lower layer salinity cycle is the sum of responses to buoyancy and wind forcing.  Maximum freshwater discharge in autumn should enhance the entrainment through the strengthening of both cross-shelf and alongshore pressure gradients, causing a deep intrusion onto the shelf of relatively high salinity offshore water.  The contributions of the very weak, summer upwelling winds to the increased lower layer salinity are uncertain. The summer is a period when the hydrography on the shelf relaxes, since the non-summer winds are the downwelling-type.  They force less saline water downward, diminishing the lower layer salinity especially in late winter.  This downwelling will force relatively warm water downward until the temperature inversion occurs in November.  After that, the downwelling will be forcing cooler water downward.  This leads to the maximum lower layer temperature in November.
The interannual anomalies of temperature and salinity give insight into the potential forcing of this ecosystem.  Correlations between the forcing phenomena of local winds, freshwater discharge, Southern Oscillation Index (SOI) or patterns of sea surface temperature (Pacific Decadal Oscillation (PDO)) suggest that interannual subsurface temperature anomalies are linked to El Niño-Southern Oscillation (ENSO) events with a propagation time from the equator to the Gulf of Alaska of about 8 –10 months. There are no significant interannual temperature variations in the surface layers (0-50 m) correlated with ENSO events.  However, the interannual temperature variability throughout the water column does respond to the interannual variability of coastal freshwater discharge and also follows the PDO.  Additionally, the water column temperature anomalies are well correlated with local winds and wind regional winds up to about 1000 km eastward with delayed responses of 3-8 months. 

The salinity anomalies in the upper layer (0-100 m) correlate inversely with coastal freshwater discharge anomalies with a one-month delay.  In contrast, the behavior of the salinities in the lower layer (150-250 m) is opposite to the surface layers. The deep interannual salinity anomalies increase with increasing freshwater runoff, reflecting a possible strengthened cross shelf circulation. The salinity anomalies do not follow PDO or ENSO.  Winds over the eastern Gulf of Alaska are well correlated with the salinity anomalies, though lags approach 5 years.  

Interdecadal trends in these coastal temperatures and salinities are consistent with a general warming of the upper layer (0-100 m) of the water column with temperatures increasing by about 0.9o C since 1970 and 0.8o C in the lower layer (100-250 m).  During this same time period, the sea surface salinity decreased by about 0.3 and the upper layer salinity decreased by 0.06, while the lower layer salinity increased by about 0.04. Consequently, there is a tendency for the stratification to increase.  This has been accompanied by a tendency for less downwelling and increased freshwater discharge.  Both of these influences will tend to increase the coastal stratification.
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1. Introduction


Coastal hydrographic observations spanning nearly three decades at 59o 50.7' N, 149o 28.0' W (Gulf of Alaska, GAK1) in the northern North Pacific Ocean (Fig. 1) allow the investigation of hydrographic time scales that range from seasonal to interannual. Relatively large seasonal signals in the winds and moisture fluxes are present whereas the interannual time scales might respond to large scale atmospheric forcing and remote equatorial forcing from El Niño- Southern Oscillation (ENSO) events.  The seasonal atmospheric forcing of the northern North Pacific Ocean changes from a strong low-pressure system in winter to a weak high-pressure system in summer (Wilson and Overland, 1986).   In winter, high latitude storms spawn in the western North Pacific Ocean as dry, cold air outbreaks.  These storms propagate eastward across the Pacific into the Gulf of Alaska, gaining heat and moisture from the ocean.  Along the Pacific Northwest coastline, these storms encounter an extensive barrier of coastal mountains.  As they attempt to continue their passage eastward over the mountains, their relatively warm, moist air masses are lifted adiabatically causing very high rates of precipitation, occasionally exceeding 800 cm year-1 (Wilson and Overland, 1986).  The steep coastal terrain and relatively narrow coastal drainage area in Alaska does not allow the establishment of major river networks.  Instead of entering the ocean as large river discharges, the freshwater enters the coastal waters through a myriad of small coastal streams (Royer, 1982).  These sources sum to an annual average of more than 23,000 m3 s-1 for the Alaskan coastline alone, from its southern boundary with British Columbia to 1500 W.  

In concert with the seasonal precipitation variations, the coastal winds over the Gulf of Alaska undergo large seasonal changes. Low-pressure domination in winter assures the presence of downwelling winds and coastal convergences of the upper layer waters at that time of the year. This winter convergence helps to maintain a band of low salinity water along the shore (Xiong and Royer, 1984) that has been identified as the Alaska Coastal Current (Schumacher and Reed, 1980; Royer, 1981). As summer approaches, the storm tracks move northward into the Bering Sea (Whittaker and Horn, 1982) and the strong winter downwelling in coastal Gulf of Alaska is replaced by very weak upwelling.  

The relatively low water temperatures (averaging less than 100 C at the surface) and the range of temperatures enable the density to be more responsive to salinity changes rather than temperature changes.  High rates of coastal freshwater discharge in combination with downwelling winds throughout most of the year create nearshore horizontal and vertical coastal stratifications that drive  this alongshore flow cyclonically around the basin, averaging about 0.25 Sv (Royer, 1981, Schumacher and Reed, 1980) (1 Sv = 1x106 m3 s-1).  This coastal current has a width comparable to the internal Rossby radius of deformation, about 10-20 km (Johnson, et al., 1986). The hydrographic station, GAK1, is located within this coastal current.  Shelf depths here are relatively deep; usually greater than 100 m within less than a kilometer off the coast increasing to several hundred meters across the shelf.  This is quite unusual for a shelf to have such a rapidly increasing bathymetry; it is nearly a vertical wall.  Farther offshore, bottom topography variations might exert significant control on the circulation as onshore-offshore transports could be influenced by the numerous troughs and canyons on this shelf. 

2. Hydrographic Forcing Functions

2.1 Heat flux

The paucity of direct measurements of many of the atmospheric parameters over the Gulf of Alaska requires the use of proxy data sets.  The solar heat flux variability is assumed to follow the seasonal changes in solar declination with the maximum of about 250 W m-2 day-1 in late June at the latitude of GAK1 (Bryant, 1997). While the seasonal pattern of sensible heat flux generally follows the solar flux, in winter, there can be cold air outbreaks over the region that can extract more than 1000 W m-2 day-1 from the ocean surface (Namias, 1978).  Neglecting the seasonal changes in cloudiness but considering heat storage, the maximum sea surface temperatures should occur in late summer 1-2 months after the maximum solar heat flux.  A maximum surface water temperature in August is expected, similar to that found at Ocean Station P (50o N, 145o W) in the Pacific (Pickard and Emery, 1990).  Minimum surface temperatures should occur approximately six months later (i.e. February) according to a sinusoidal seasonal signal based on solar declination.  This signal might be skewed due to vertical mixing since heating from below is possible, which might delay the surface minimum.


2.2 Wind Stress

The absence of long-term direct wind measurements for the Gulf of Alaska requires that indirect estimates of the wind stress be used to describe the seasonal and interannual atmospheric forcing. Upwelling indices (www.pfeg.noaa.gov) are used as a measure of the local and regional winds (Bakun, 1973).  The upwelling index is an estimate of the onshore-offshore component (y-direction) of Ekman transport, My, where


My = τx/f,





(1)


where τx is the wind stress in the alongshore (x-direction, positive 



to right facing shoreward ), f is the Coriolis parameter, 2Ω sinφ, Ω 



is the rate of rotation of the earth and φ is the latitude.
The wind stress is calculated from the geostrophic winds using sea level pressure on a 3o x 3o grid.  These winds are reduced by 30% and rotated by 15o to the right to account for frictional effects.  Bakun (1973) pointed out some difficulties with the accuracy of these winds especially near mountainous coastlines. Luick et al. (1987) investigated the responses near to GAK1 using measured winds and found that the calculated winds needed additional corrections but that their temporal responses matched the actual winds at periods greater than 1.16 days.  For additional discussions of the upwelling indices, see Schwing, et al. (1996).  
The upwelling index at 60o N, 149o W from 1946 through April 2001 (Fig. 2, upper panel) shows that, with few exceptions, the winds are downwelling favorable (negative) with a distinct seasonal cycle (Fig.3, upper panel).  At other locations east and south along the coast (Fig. 3), the maximum seasonal downwelling always occurs in January though the intensity varies around the perimeter of the gulf from 48 N to 160 W (Table I).    The most intense downwelling occurs seasonally in January at 57o N, 137o W (Fig. 3, lower panel) with the maximum seasonal onshore transport of 192 metric tons per second along each 100 meters of coastline, as compared with 120 metric tons per second along each 100 m of coastline at 60o N, 149o W.  The maximum onshore Ekman transport decreases southward from 57o N to a minimum at 510 N.   In summer, the cyclonic atmospheric circulation weakens and the downwelling winds are replaced by upwelling winds, with much less strength than the downwelling winds.  Maximum upwelling (minimum downwelling) over the Gulf of Alaska occurs in July except at 600 N, 1460 W where it takes place in August.  Upwelling amplitudes are very small from the northern gulf boundary to about 540 N.  There is no significant monthly averaged upwelling at 57o N, 137o W.  Maximum monthly averaged upwelling (38 metric tons per second along each 100m of coastline) along the British Columbia-Alaska coastline occurs at 48o N, 125o W.  The seasonal variability of the upwelling index at each site was subtracted to yield the anomalies (Fig. 4).  Summer is characterized by a lack of downwelling rather than active upwelling.   Upwelling farther to the south was not incorporated into this study since it is believed that south this point will flow equatorward. 
The spatial coherence of the wind forcing was determined using correlation techniques to relate the upwelling index anomalies at 600 N, 1490 W with the indices along the coast (Table I).  There is a ‘break point’ at 510 N where the correlation coefficient drops below 0.20.  Thus, the coastal convergences along the coast of the Gulf of Alaska have similar variability from 51 N northward. 

The upwelling indices have large negative anomalies beginning in about 1950 until the early 1970s when a quiescent period was present until about 1979 (Fig. 4).  A 'normal' 5-year period followed.  However, since about 1984, large downwelling anomaly events (> 110 m3 /s/100 m of coastline) have not occurred at 60o N, 149o W and 60o N, 146o W whereas prior to 1985 such intense events took place every 2-3 years.  Off Southeast Alaska (57o N, 137o W), there were no corresponding changes in the frequency of large downwelling events. 

2.3 Freshwater Discharge

The freshwater discharge at the coast near Seward, Alaska (Fig. 5) was determined using a hydrology model based on precipitation and temperature that also incorporates snow and ice melt (Royer, 1982).  The hydrology model uses the monthly mean temperature and precipitation for the National Weather Service Southcoast and Southeast divisions.  The Southeast division runs from the southern Alaska border at British Columbia to a line south of Yakutat (Fig.1).  The Southcoast division runs from Yakutat to Kodiak Island.  The model allows seasonal (winter) and interannual storage of moisture depending on the air temperatures.  It requires that there be no net glacial accumulation or ablation. The lack of river discharge data for the entire period does not allow the incorporation of those flows into the model.  It is estimated that about 10-15% of the flow is due to those discharges.  It also excludes the influx of freshwater from regions other than Southeast or Southcoast Alaska, namely British Columbia and Washington. 


The seasonal discharge (1931-2000) (Fig. 6) is greatest in October coincident with fall storms and the highest precipitation rates for both Southeast and Southcoast Alaska.  The precipitation and discharge decrease throughout the winter, reaching the seasonal minimum in February-March.  There is a relatively rapid increase in the monthly mean discharge from March to May from the spring melting.  Throughout the summer, the rate is slightly below the annual mean (23,000 m3 s-1) until August when it begins climbing to the seasonal maximum.  The standard deviations of the freshwater discharge are greatest during the fall and winter months when the precipitation is greatest and least in June and July when the precipitation is least.  


The coastal freshwater discharge anomaly (Fig. 7) has some low frequency variations of 14-20 years superimposed on longer period variations of about 50 years, though the record length is insufficient to resolve adequately these time scales.  Beginning in 1970, there was an increasing trend in the discharge, reaching a maximum in 1987, with some declines in the 1990s followed by below normal dip in 1996 and increasing discharge in 1999 and continuing above normal in 2000.

The freshwater discharge and upwelling index anomalies (Table I) indicate that only the upwelling index closest to GAK1 (60o N, 149o W) and freshwater discharge have a significant positive correlation (0.16 with 342 effective degrees of freedom >99% CL (Confidence Level), with the freshwater leading the upwelling index by 25 months. The effective degrees of freedom are based on the autocovariance function (Emery and Thomson, 1998, p 262). There are no other correlations with > 95% CL with other time shifts for these two parameters at this location.  At other locations (Table I), there are significant negative correlations with upwelling and freshwater nearly in phase (upwelling anomaly leading freshwater discharge anomaly by one month).  This is reasonable since the hydrology model incorporates precipitation from Southeast and Southcoast Alaska with the Southeast discharge lagged by a month to represent its transit time to Seward (Royer, 1982). High rates of freshwater follow enhanced downwelling by about one month.  Storms in the coastal regions upstream of GAK1 should influence the freshwater discharge along this coast.  The discharge is most highly correlated with upwelling in the eastern portion of the northern Gulf of Alaska. The highest correlation with freshwater discharge (-0.49) is with the upwelling index anomaly at 57o N, 137o W (located off Southeast Alaska). Additional significant correlations between upwelling index and freshwater discharge at lower latitudes have the upwelling index leading by 4 years. Changes in large-scale atmospheric circulation systems could be responsible for these correlations.

3. Seasonal Variability of Water Temperature and Salinity

This description and explanation of coastal temperature and salinity in the northern Gulf of Alaska is an update of an earlier paper that deals with the first look at the seasonal variability in the Gulf of Alaska using less than a decade of data (Xiong and Royer, 1984).  Water column temperature and salinity at GAK1 in 263 m of water have been measured since 1970 at irregular temporal sampling intervals ranging from hours to months.  Since 1990, the sampling has been more regular, approximately monthly.  The initial sampling up until the mid-1970s utilized only Nansen bottles to sample at standard depths.  Later, instruments were employed that were capable of more frequent sampling; first STDs (salinity-temperature-depth) were used followed by modern CTDs (conductivity-temperature-depth). Only T and S at 10 standard depths from the surface to 250 m are used in this study to permit the longest possible time history.  For logistical reasons, the sampling site was originally selected because of its proximity to research vessel berthing facilities in Seward, Alaska.  Fortuitously, it was discovered the site is also located in the Alaska Coastal Current (Royer, 1981), ensuring good connection with the regional coastal circulation. The monthly means of salinity, temperature and density at standard oceanographic depths have been determined for the period from December 1970 through February 2000 (Figs. 8-10).   


The seasonal cycles of the upper layers (0-50 m) monthly mean temperatures (Fig. 8) all have their minimum in March.  This is in sharp contrast to their maxima that do not occur simultaneously.  Instead, the maximum at the surface of more than 13 C occurs in August followed by lesser maxima at depth up to 3 months later. Though the 0-50m temperatures decrease rapidly from October on into winter, the 100 m and 150 m temperatures peak in November with the 75 m temperatures in transition, holding steady in October-November.  The downward propagation of the seasonal surface warming appears to be less important below 75m. Insulation between the upper and lower layers is confirmed by the average seasonal penetration of the mixed layer depth being less than 150 m (Sarkar, et al., 2004).  In contrast to the surface waters, the maximum temperatures at 200 and 250 m occur in December and January, respectively, nearly 6 months out of phase with the surface temperatures.  The time interval between the occurrence of the maximum and minimum temperature at depth is 7 months at the surface decreasing to 3 months at 250 m. Except during July and August, thermal inversions with depth exist because the density is not strongly influenced by temperature here. The depth dependencies of the seasonal maximum and minimum temperatures are of opposite sign; the seasonal minimum temperature increases with depth while the maximum decreases with depth.  The surface heat fluxes and water column heat storage are responsible for these depth dependencies. As noted earlier, the seasonal thermal variability at 250 m is not sinusoidal, implying that more than one factor is affecting the temperature there.  Seasonally, the minimum temperature at the sea surface (March) coincides (within one month) with the minimum near bottom temperature that occurs in April (5.4 0 C). The highest temperature at 250 m occurs in Jan. (6.20 C). These characteristics of the vertical thermal structure imply the mixing of heat from below in winter. 

The impact of the temperature inversions on water column stratification is mitigated by the vertical salinity stratification.  Seasonal patterns of monthly mean salinity (Fig. 9) and density variability (Fig. 10) are similar because at low seawater temperatures the influences of salinity variations on density are larger than they are for warmer water.  This enhances the influence of freshwater on the ocean circulation at high latitudes. At the sea surface, the minimum salinity occurs in August, in phase with the maximum temperature.  Deeper in the water column, the minimum salinity occurs later in the year; at 10-30 m (October); 50 m (November), 75 m (December), 100-150 m (February) and 200-250 m (March).  Thus the minimum salinity below 75 m takes place about six months out of phase with the surface (Fig. 9).  Similar depth dependent phasing is found in the maximum salinity.  In the upper 30 meters, the maximum salinity is in February-March. and with increasing depth, it occurs later; 50 m (June), 75 m (July), 100-150 m (August) and 200-250 m (October). The minimum vertical stratifications of salinity and density are in March with the greatest stratification in August (Figs 9-10). Vertical inversions of salinity and density are not present in these monthly mean data.  

3.1 Analysis as a Two Layer System

Based on possible local surface forcing of the upper layers, the water column is considered as a two-layer system, the seasonal progressions of salinity and temperature in the upper (0-100 m) and lower layers (100-250 m) are out of phase with each other (Fig 11).  Maximum lower layer temperatures do not coincide with maximum upper layer temperatures, though as mentioned earlier, minimum bottom layer temperatures (April) almost coincide with the minimum surface temperature (March) (Fig. 11, upper panel).  Maximum salinities in the bottom layer coincide with minimum surface salinities (August).  Several possibilities exist for these contrasts.  First, the upwelling is greatest in June, July and August (downwelling is least).  This relaxation of the coastal wind driven convergence will allow high salinity offshore water to intrude onto the continental shelf in the lower layer, eventually finding its ways into the coast.  Second, the maximum freshwater discharge occurs in October (Fig. 6) and the minimum in the upper layer salinity occurs at that time. Accompanying an enhanced alongshore flow, there also should be an enhanced offshore flow (i.e. ageostrophic flow).  As the discharge enters the ocean along the coast, there will be an accumulation of freshwater as the flow progresses westward.  This will create an alongshore pressure gradient that will enhance the offshore flow especially in the upper layers.  This leads to speculation that an estuarine-type flow could exist across the shelf.  An upper layer offshore flow could, through entrainment (Tully and Barber, 1960), induce an onshore flow in the lower layer, advecting relatively warm, high salinity water across the shelf in fall, maintaining a relatively high salinity in the lower layer.  Later, in November-December, the downwelling type winds increase and the coastal convergence in the upper layers will force lower salinity water downward, causing the lower layer salinity to decrease, reaching its seasonal minimum in February.  Though this lack of downwelling has some of the characteristics of upwelling, it should not be considered the reverse procedure.  The coastal convergence with downwelling will accelerate the alongshore flow increasing the mixing due to frictional processes.  The high winds will also enhance wind mixing.  The lack of downwelling will not enhance the flows nor will it mix the upper layers.  However, relaxation of the winds should allow the excursion of deep water onto the shelf here.
The seasonal temperature cycles in the upper layer respond primarily to solar heat flux and wind mixing.  However, this mixing is also influenced by changes in the vertical density stratification from the freshwater discharge.  The upper layer temperatures follow the solar cycle in a delayed fashion with a September maximum and a March minimum.  The lower layer temperatures are affected by a combination of freshwater discharge, winter cooling and downwelling.  First, the summer relaxation of winds will allow the advection of relatively warm, high salinity water onto the shelf in the lower layer from the central Gulf of Alaska throughout the summer and into the fall.  However, why does the maximum lower layer temperature occur in November?  A possible explanation is that as the downwelling conditions increase in fall, they will force the nearshore upper layer waters downward.   This begins to reduce the salinity in the lower layer in fall (October-November).  The lower layer temperature will continue to increase in fall by the downwelling.  Downwelling will force warmer water downward since for most of the year the water column at GAK1 has a monotonically decreasing thermal structure with depth.  However, with winter cooling and increasing salinities, temperature inversions begin in November-December (Fig. 8).  After the temperature inversion is established, downwelling will cool the lower layer.  The result is the maximum temperature in the lower layer in November.    

4. Temperature and Salinity Anomalies

To investigate further the relationships between the potential forcing functions and the hydrography at GAK 1, the monthly means were removed from the data to yield the anomalies of temperature (Fig. 12) and salinity (Fig. 13).  The temperature anomalies versus time and depth (Fig. 12) have a pattern of negative (lower than normal) anomalies throughout the water column from 1970 until about 1977 when alternating warm and cold episodes were established.   The largest temperature anomalies, especially the warm events, are found at depth.  For example, significant warm events occurred between 50 and 150 m in 1977, the early and mid 1980s, 1987 and 1992.  The largest warm event took place in 1998.  Unlike earlier subsurface warmings prior to the 1998 warm event, it was preceded by a surface warm event in summer of 1997.  Interspersed among these warm events are cold events though they are usually found at shallower depths than the warmings. These anomalies have fluctuations that do not have phase shifts with depth.  This lack of sloping isopleths suggests that, either 1) they are advected into the region rather than being induced by local surface evaporation, runoff, winds, heating and cooling, or 2) the temporal sampling (≥ monthly) is so coarse that is does not allow such slopes to be measured. Some long period (low frequency) trends are apparent.  Below normal water temperatures before 1975 were followed by a rapid warming centered in 1977.  Though there were brief below normal excursions, most of the 1980s were above normal followed by a cool period beginning in 1989. 

As determined by least squares sinusoidal curve fitting, the greatest amount of the variance was found for periods of the upper layer temperature anomalies of  5 years (containing less than 3% of the total variance) and 9 years (3%) with the majority of the variance contained in the interdecadal periods.  In the lower layers (150-200 m), a 5-year period fluctuation (10% of the variance) is accompanied by interdecadal fluctuations with a period of 19-20 years that accounts for about 30% of the variance. 

The pattern of salinity anomalies versus depth (Fig. 13) has a similar banded vertical structure as does the temperature.  There are alternating fresh and salty periods.  The greatest salty period (> 3) coincided with the early 1970s cold period.  Clearly, hydrographic conditions were unusual in the Gulf of Alaska.  At that time, there was also the 168-year record low air temperature at Sitka, Alaska (Parker, et al. 1995). 

The major periodicities of salinity at the surface are 4 and 9 years but only about 5 and 3 percent, respectively, of the variance is explained by fluctuations at these periods. ENSO is often associated with the 4-year period and the 9-year periodicities (Allan, et al., p.37, 1996). At 250 m, the 4-year period accounts for more than 8 percent of the variance while the fluctuations at 14-15 years can explain more than 10 percent.  The mechanisms of the interactions of ENSO and salinity here are unclear.

Correlative methods are employed to investigate possible relationships between the temperature and salinity anomalies and forcing functions of wind (upwelling), freshwater discharge and Southern Oscillation Index (SOI) (Tables II-IV). Upwelling index (Bakun, 1973) is used as a proxy for the local winds. As discussed earlier, Luick et al. 1985 compared the index at 60 N, 149 W with reasonable results.  Large scale indices such as NOIx (Schwing, et al. 2002) were not used in this analyses since a significant amount of its variability is correlated with SOI (0.77), North Pacific Index (0.57) and the Pacific Decadal Oscillation (PDO) (-067).  Also, correlations between NOIx and the temperature and salinity anomalies did not produce results that significantly different from those presented in this paper.  Correlations between the temperature and salinity anomalies and PDO are also included (Table III) though PDO is not a forcing mechanism but is instead a pattern of sea surface temperature in the North Pacific (Mantua, et al., 1997). 

4.1 Upwelling Index Responses
Temperature anomalies are inversely well correlated (Confidence Level (C.L.)> 99 %) with upwelling anomalies at 60o N, 149o W in the northern Gulf of Alaska at all depths (except 30 m)(Table II). The effective degrees of freedom are determined using coherence and autocorrelation properties of the data sets (Emery and Thomson, 1998; Chelton, 1983).  The lags in months of these maximum correlations are shown in parentheses with positive lags indicating that upwelling index anomalies lead the temperature anomalies.  The negative correlation in the northern Gulf of Alaska can be attributed to increased downwelling (negative upwelling) leading higher water temperatures throughout the water column.  Of course, this relationship is not followed during that portion of the year with temperature inversions as discussed previously.  The segregation of data with those conditions will be the subject of a future paper. For the upper 75 m, ocean temperature anomalies lag the upwelling index anomalies with a 99% C.L. as far south as 57o N, 137o W by 5-8 months.  The delay could be due to changes in the alongshore advection.  Increased downwelling with intense winter cyclonic activity might increase the advection of warmer water from the south.  This water would arrive during the following summer or fall, 5-8 months later.  South of 570 N, the correlation drops and the sign at the surface is reversed.  Farther south, the correlations are only significant at the 95 % C.L. for the upper 50 m and their signs are reversed (with one exception).  This is probably related to the 5 year periodicity found in the upper layer water temperature anomalies in the northern Gulf of Alaska. 
Below 75 m, the linkages between temperature and upwelling index anomalies are as strong as those in the surface layers but their responses are more rapid, 3-5 months (Table II). Additionally, the temperature anomalies in the lower layer (100-250 m) at GAK1 are most highly correlated with the upwelling indices at 57 N, 137 W, near Sitka, Alaska (Fig. 1) and the time lag is less.  Either the deep layers accelerate more rapidly than the surface layers or the alongshore thermal gradients are larger in the deep layers or other processes are present in the upper layer.   

The relationships between salinity and upwelling index anomalies add another dimension to this analysis since the direction of flow of the upwelled/downwelled water is generally parallel to the maximum salinity gradients (i. e., offshore/onshore). Generally, salinity anomalies are significantly correlated with upwelling anomalies (Table III).  In the upper layers, the salinity leads or lags the upwelling index by 6-57 months making their interpretation tenuous.  However, for the deep layers (100-250 m) the salinity anomaly lags the upwelling index anomaly by 2-3 months, very similar to the temperature responses.  Conceptually, increased downwelling leads to decreased salinity through the downward movement of low salinity upper layer water, though the thermal response to downwelling is more complex, as discussed earlier.  Additionally, a depression of the isohaline (isopycnal) surfaces will accelerate the alongshore baroclinic flow bringing higher temperature water northward and westward around the perimeter of the Gulf of Alaska.  Conversely, increased upwelling (decreased downwelling) will allow the excursion of higher salinity water onto the shelf and will elevate the nearshore isohaline surfaces decreasing the baroclinic flow in the upper layers. The upper 0-50 m might be responding to decreased downwelling (less storminess) with an increased salinity through less containment of low salinity water at the coast and less runoff.   South of 54o N, increased upwelling off British Columbia (more anticyclonic activity), accompanies decreased surface salinity in the northern Gulf of Alaska about 19 months later.  The salinity anomalies in the deepest layers (200-250m) increase with increased upwelling, very similar to the response in the northern part of the Gulf of Alaska.

4.2 Freshwater Responses

The variations of freshwater discharge with T and S are examined (Table IV) along with SOI and PDO.  As expected, increased freshwater discharge decreases the upper layer (0-100 m) salinity anomaly at GAK1 (Table IV).  Changes in freshwater discharge anomaly lead the salinity changes by one month, though there are significant correlations (> 99% C.L.) with freshwater leading salinity by 22-23 months.  In the deep layers (150-250 m), the salinity responds in the opposite sense, that is, the correlation coefficient is positive. Higher rates of freshwater discharge correlate with higher salinities in the deep waters about 30 months years later.  This time lag at >99% C.L. is present from 150 m to the bottom.  There are also highly significant correlations with salinity leading freshwater (negative lags) at 13, 18 and 19 months.  The combination of the significant correlations at –18 and +30 months suggests a time scale of about 48 months, similar to the time scales that separate the upwelling indices in southern Gulf of Alaska from the freshwater discharge responses in the northern gulf near Seward (Table I).    

Surprisingly, the responses of the temperature anomalies to freshwater discharge anomalies are more definitive than those of salinity.  Significant positive correlations exist throughout the water column with the temperature lagging the freshwater by 1-3 months (Table IV).  With the exception of the surface temperature, the longer lags are found in the deeper layers (75-250 m).  Elevated temperatures can accompany increased freshwater discharge through an accelerated alongshore flow, either with increased barotropic flows with increased sea level slope or increased baroclinic flows with changes in the density structure.

What alongshore accelerations within the ACC are necessary to produce the observed temperature fluctuations? To determine this, the alongshore thermal gradients must be determined.  Alongshore synoptic data for the Gulf of Alaska are rare, but using nearshore measurements over 7 sections east of GAK 1 to Yakutat, Alaska, an alongshore thermal gradient of 0.026 oC/km (increasing eastward) was determined on the 1025.8 isopycnal layer.  This layer was selected because it was below those depths with significant seasonal temperature signals at GAK 1.  The hydrographic sections used in this gradient determination were from July and October 1974, February and June 1975.  The selected isopycnal of 1025.8 was found at 200 m at GAK 1 and shoaled eastward.  A shallower depth would have intersected with the seasonal mixed layers and concurrent upstream density data at the coast do not exist for 250 m.  Salinity changes on this density surface were an order of magnitude less than the temperature changes. Using this thermal gradient and assuming a steady state thermal field and thermal gradient, to increase advectively, the temperature at GAK 1 below 100 m by one degree C (e.g. 1977), an increased flow of 0.05 ms-1 westward is required.       

4.3 Pacific Decadal Oscillation Response

The Pacific Decadal Oscillation (PDO) Index, the leading principal component of North Pacific monthly sea surface temperature variability has the strongest correlation with temperature throughout the water column (Table IV.).  The GAK1 temperatures lag the PDO by 2-4 months reflecting a delayed high latitude response.  It is surprising that the entire water column responds to this pattern.  Therefore, the influences of PDO are not restricted just to the sea surface in this coastal region, but they extend throughout the water column.  The correlations of salinity variability with PDO are not as significant as the temperature variability.  Generally, the correlations are negative, suggesting that increases in PDO (higher SST) are associated with decreases in salinity.  This is consistent with increased precipitation and runoff during warm periods.  However, the sea surface salinity does not have a significant correlation with PDO.  At 10 and 20 m, the PDO leads the decrease in salinity by 2 months.    The strong PDO-water column provides evidence that the PDO reflects not just the sea surface temperature variability but also the upper water column heat content in the northern Gulf of Alaska.   
4.4 El Niño -Southern Oscillation Response    

As mentioned earlier, the water temperatures might be responding El Niño-Southern Oscillation (ENSO) events of 1977, 1982-3, 1987, 1992 and 1997-8 and a five year periodicity in ENSO is apparent.  Correlations between temperature and salinity at GAK 1 and the Southern Oscillation Index (SOI) www.cpc.ncep.noaa.gov/data/indices/index.html indicate that the upper layer (0-20 m) temperature anomalies are not significantly correlated with SOI (Table IV).  The most significant correlations were for the 75-150 m temperature anomalies when they lagged SOI by 8-10 months.  The correlation coefficients are negative, which is consistent with an ENSO event (negative SOI) relating to a positive temperature anomaly.  A pattern of 7-10 month lags was found throughout the water column except in the 0-20 m layer. Based on the transit time after the ENSO event, the speed of propagation from the equator would be 0.54 m/s to 0.41 m/s. The salinity anomalies are not as well correlated with SOI and their lags do not have a consistent pattern and have no significant correlations at 200 and 250 m (Table IV).


The elevated temperatures at GAK 1 following an ENSO event could be propagated through either the ocean or atmosphere or both. Atmospheric forcing should be greatest in the upper layers or in those portions of the water column that contain the thermocline since upwelling and downwelling might play an important role.  An earlier study (Royer, 1982) emphasized the lack of response of either the sea surface temperature or 150 m temperature anomalies to local wind stress or wind stress curl but that study failed to include upstream responses to conditions in Southeast Alaska. It appears that the atmospheric teleconnections between the winds (upwelling indices) over the eastern Gulf of Alaska, freshwater discharge, SOI, and PDO of the eastern Gulf of Alaska are as significant as those atmospheric conditions near Seward (Table V).  Approximately 1 month prior to ENSO, there is likely to be increased downwelling (negative upwelling) at 57o N and southward (Table V).  This is supported by Emery and Hamilton (1985) who suggest that weak winter atmospheric circulation prior to major ENSO events is followed by a rapid strengthening of the atmospheric circulation, i.e. increased downwelling.  Using the 150 m temperature as a proxy for the deep portion of the GAK1 water column, this downwelling could lead to elevated GAK 1 150 m temperature anomalies four months later (Table II).  However, since the sum of these phase shifts is only three months rather than the most significantly correlated lag of 8 months (Table IV), evidence for a local, atmospherically forced ENSO signal at GAK 1 is lacking.  Therefore attention is directed to baroclinic coastal oceanic processes.  

Focusing on the temperature anomalies at 150 m (Fig. 14; upper panel), they contain the early 1970 cold event followed by several warm events that exceeded one standard deviation (0.7150 C) (Fig.14, dashed line) in 1977, 1982-3, 1987, 1992-3 and 1997-8. This depth was selected because it contained the large amplitude temperature anomalies (warm) and it is well removed from any local sea surface warming. SOI during this period (Fig. 14, lower panel) contains minima that are associated with ENSO events. These ENSO events coincide with temperature maxima at 150 m approximately eight months later.  The 1972 ENSO event is not evident and it has been noted that it did not propagate to high latitudes (Enfield and Allen, 1980) and the event for late 1978 could have been missed due to inadequate temporal hydrographic sampling.  The last warm event (1997-98) was more than 2 standard deviations above normal.  It reached its maximum (1.600 C) in February 1998 and was back below one standard deviation (the ENSO threshold) by May.  A cautionary note on the temporal sampling is that since September 1990, sampling has been approximately monthly rather than irregularly as was the case with the “ship of opportunity” sampling from 1970 to 1990. Therefore ENSO events are better resolved after 1990. 
 It is uncertain as to whether the ENSO signal propagates only in the subsurface layers or whether it propagates throughout the water column but is masked by other forcing in the upper layers. However, an internal Kelvin wave is a possible mechanism for the propagation of this thermal signal. ENSO signal propagation by a Kelvin wave mechanism along the west coast to Oregon was initially reported by Enfield and Allen (1980). More recently, Johnson and O’Brien (1990) discussed the movement of the 1982-3 ENSO event from the equatorial region to about 50o N.  Their average Kelvin wave velocity was about 40 cm/s that agrees with a travel time of about 10 months.  Additionally, this Kelvin wave speed agrees with a wave propagation of 40 cm/s observed along the Oregon coast in 1982 (Huyer and Smith, 1985). 

Applying the theory of nonlinear Kelvin wave dynamics after Allen and Hsieh (1997) to the Kelvin wave bore, it is assumed that there are two layers (100-150 m) and (150 –200 m) with the GAK 1 average respective densities of 1025.28 kg m-3 and 1025.61 kg m-3.  The calculated baroclinic wave speed is 0.40 m s-1.  Of course this is a local speed and does not necessarily apply for the entire Kelvin wave transit from the equator that depends on the stratification and water depth.  The current speed associated with this bore is dependent on the amplitude of the interface displacement between the two layers.  If a 10 m displacement is assumed, the current speed increase should be 0.056 m s-1.  As mentioned previously, an alongshore temperature gradient of 26.3 x 10-4 0C/km exists on the 1025.8 kg m-3, decreasing westward.  An increase of 1.30 C in the water temperature anomaly over 0.4245 year as was observed in 1997-8 at 200 m, would require a displacement of isotherms of 494 km.  This translates to an increase in the coastal current of 0.037 m s-1.  Thus the internal Kelvin wave speed and the required horizontal displacement are very similar.  A more precise determination is impossible since the exact horizontal isopycnal temperature gradient is unknown, but this does suggest that the temperature changes could be a result of the Kelvin bore.  This is consistent with Melsom, et al. (1999) who found enhanced eddy generation in the Gulf of Alaska under ENSO conditions due to increased alongshore flows.  In summary, the arrival time of the temperature signal at GAK 1 is consistent with Kelvin wave dynamics and the temperature elevations are consistent with a Kelvin wave bore.   

5. Linear Trends in Water Properties


Did significant changes in the water properties at GAK1 occur during the period of these observations?  To simplify this analysis, the two-layer water column (0-100 m and 100-250 m) is revisited.  Linear fits to the temperature and salinity anomalies and the freshwater discharge and upwelling indices (Table VI) reveal highly significant changes in the temperature and freshwater anomalies.  The upper layer (0-100 m) linear temperature anomaly has a slope 0.032 0 C year-1, that accounts for 14% of the variance with the total linear response over the period of the study of +0.94 0 C.  The lower layer has a slope of 0.026 0 C year-1 accounting for 15% of the variance or about +0.78 0 C for the study.  As noted earlier here and by others elsewhere (Hare and Mantua, 2000), the pre-1978 temperature behavior appears to be different than the 1978-2000 changes.  Indeed, the slopes of the early portion of the record for the upper and lower layers were +0.269 and +0.249 oC year-1, respectively, an order of magnitude greater than the overall average.  These linear trends are responsible for more than 42% of the variance and were >99% significant.  Since 1978, the temperature anomaly slopes have been 0.0182 and 0.0112 0 C year-1 for the upper and lower layers respectively accounting for 3-4 % of the variance, though once again >99% significant.  The average temperature anomaly change pre-1978 of about 1.5 0C was about 5 times the change since 1978. Thus an analysis of water temperature changes in the Gulf of Alaska using the 8 years of measurements from 1970 to 1978 would not reflect the more “typical” variations in the temperature since that time.    


The salinity anomaly linear trends are in contrast to the monotonic depth structure of the temperature anomaly trends.  The upper layer (0-100 m) has diminishing salinities (-0.00219 year-1) while the lower layer salinities are increasing at a slightly lower (+0.00127 year-1).  The surface freshening rate of –0.011 year –1 is very close to the rate of surface freshening along the British Columbia coast of about -0.009 year-1 (Freeland et al. 1997).   These linear salt changes account for less than 0.5% of variance and have lower significance levels (> 77%).  However, it does suggest that since the salinity trends in the upper and lower layers are of opposite sign, so the stratification of the water column will be increasing.   Such changes in stratification most likely occur primarily at the coast so that the cross-shelf density gradient will increase.  This will accelerate the alongshore current, bringing warmer water from the south producing higher water temperatures.  This warming supports the feedback mechanism developed in  Royer et al. (2001) that involves an increased freshwater discharge accelerating the alongshore flow and increasing the cyclonic activity in the Gulf of Alaska. 

These low frequency temporal variations of temperature and salinity are consistent with 1) increased freshwater discharge, 2) increased alongshore circulation advecting warmer water at all depths, 3) enhanced estuarine-like flow that decreases the upper layer salinity and increases the lower layer salinity (offshore upper layer/onshore lower layer).


The upwelling indices form 1971 to 2001 have a trend of decreased downwelling along the northern boundary of the Gulf of Alaska, especially at 600 N, 1460 W.  However, off Southeast Alaska, the tendency is for increased downwelling (though statistically not significant).  The decreased downwelling  immediately upstream of GAK1 will allow increased onshore flow of deep, relatively warm and saline water, which is consistent with the water mass changes for the two layers outlined in Table VI. 

6. Conclusions


. Water column temperature and salinity in the northern Gulf of Alaska respond to seasonal changes of heat flux, wind and freshwater discharge. The responses of the water column to these changes are complicated by the high rates of freshwater discharge and relatively low water temperatures. The maximum freshwater discharge in fall precedes the maximum downwelling winds in winter.  Thus, the maximum vertical density structure is created about 3 months prior to the peak alongshore wind stress.  They combine to drive an intense coastal current. The freshwater upper layer creates a system that can be considered as estuarine analogy for this coastal system as was suggested by Tully and Barber (1960). Since the heat flux, wind and freshwater all contribute to the density structure and their amplitudes and phases are not necessarily dependent on each other, changes in their relative phasing are possible.  This could alter the timing and intensity of the vertical density distribution.  This, in turn, could affect the primary production in the upper layers through changes in the nutrient flux from below and the retention of phytoplankton in the euphotic zone. 


Very significant changes in temperature and salinity occur here on a decadal basis.  The hydrographic record began during a relatively cold, dry period in the early 1970s.  Rapid increases in water temperature accompanied the 1977-8 ‘regime’ change that accompanied the 1976-7 ENSO.  This was immediately followed by a series of ENSO events in the 1980s’. ENSO correlates best with temperatures of those portions of the water removed from the upper layers and these responses lag ENSO by 7-10 months. Water temperature anomalies at GAK1 reflect each of the ENSO events since 1977.  These ENSO responses appear to be an alongshore displacement of the coastal temperature gradient.  These fairly brief responses, on the order of months, are superimposed on other long term thermal changes. The relatively brief duration (on the order of months) of the ENSO events and their GAK1 responses are phenomena that require more frequent sampling than was provided in most of this study. However, the 1997-8 ENSO event is best resolved though the spring sampling interval was greater than one month.  Beginning in 2000, a fixed mooring has been installed at GAK1 so that the temporal sampling interval has been much reduced and future ENSO events should be resolved better. Additionally, the cross-shelf hydrographic responses to ENSO events from October 1997 until August 2004 will be measured as part of the Northeast Pacific GLOBEC program.  The program consists of seven cruises per year with nutrient, primary production and zooplankton sampling concurrent with the hydrographic sampling across the shelf to beyond the shelf break.

A weak link in the analysis of the wind forcing as discussed is the uncertainty of the winds over this shelf.  Chelton, et al. (2004) have reported small scale variability in the global wind stress curl since 1999 using satellite scatterometer data and show that the Seward Line (GAK1) is has a very strong curl. Comparisons with the NCEP reanalysis winds indicate some failure to resolve the small scale variability. Also, Ladd and Bond (2002) suggest that the NCEP winds are inadequate near boundaries.  So, the upcoming GLOBEC analysis will use the winds either from the scatterometer or the mesoscale model five (MM5) winds (N. Bond, Pacific Marine Environmental Laboratory) in the atmospheric forcing study.  
While the similarity of the GAK1 surface temperature and the Pacific Decadal Oscillation was expected, it was surprising to find high correlation between PDO and temperature throughout the entire water column.  This suggests that the PDO can be used to represent water column changes here, not just the SST.  Since the PDO-type warm water at GAK1 is found also below the seasonal thermocline, it is likely that increased alongshore coastal advection brings this warm water to GAK1 from the east where it has been brought northward along the southeastern coast of Alaska. ..     

Over the 30 year period of these observations, there have been statistically significant increases in the temperatures of both the upper and lower layers, along with an increase in the freshwater discharge. The increased freshwater is consistent with enhanced alongshore advection.  There has been a less significant decrease in the upper layer salinity and increase in the lower layer salinity.  These salinity changes are consistent with the increased freshwater discharge.  They also are consistent with an increased upwelling (decreased downwelling) determined 300 km east of GAK1. 

The freshwater discharge model (Royer, 1982) used in this analysis, did not allow any net glacial ablation or accumulation from 1931 to 1981.  However, Arendt, et al. 2002) estimate that for some of the glacial fields in coastal Gulf of Alaska, there is a contribution of more than 50 km3 year-1 to the runoff from ablation.  In the past decade this ablation has increased to more than 90 km3 year-1.  New computations of this coastal freshwater discharge should be incorporated along with the missing components from gauged rivers and the influxes from British Columbia and the coasts farther south.  The impacts of these long term changes on the hydrographic structure, circulation, nutrient fluxes and biological productivity need to be investigated further.
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Figure Captions

Figure 1.  Gulf of Alaska with GAK1 and upwelling index sites indicated.

Figure 2.  Average annual cycle of coastal upwelling indices from 1970 to 2000 from three locations bordering the northern Gulf of Alaska as determined according to the method of Bakun (1973) with standard deviations.
Figure 3.  Monthly mean Bakun upwelling indices at three locations bordering the northern Gulf of Alaska.

Figure 4. Monthly mean Bakun upwelling index anomalies at three locations bordering the northern Gulf of Alaska. 

Figure 5.   Monthly coastal freshwater discharge for the northern Gulf of Alaska estimated offshore of Seward, Alaska (after Royer, 1982). Heavy line is 5 year filtered (Butterworth) discharge.
Figure 6.  Seasonal variability of coastal freshwater discharge for the northern Gulf of Alaska estimated offshore of Seward, Alaska (after Royer, 1982) with one standard deviation.
Figure 7.  Anomalies of coastal freshwater discharge for the northern Gulf of Alaska estimated offshore of Seward, Alaska (after Royer, 1982).  Heavy line is 5 year filtered (Butterworth) discharge anomaly. 
Figure 8.  Seasonal variability of temperature at GAK1.

Figure 9. Seasonal variability of salinity at GAK1.

Figure 10 Seasonal variability of density at GAK1.

Figure 11.  Seasonal variability temperature and salinity within the upper and lower layers.

Figure 12.  Temperature anomalies versus time and depth at GAK1.

Figure 13.  Salinity anomalies versus time and depth at GAK1.

Figure 14.  Temperature anomalies at 150 m (upper panel) with SOI (lower panel). One standard deviation is indicated with dashed line.  ENSO events are noted with vertical lines between panels.

Table I.  Upwelling Indices for the Gulf of Alaska (after Bakun, 1973). Units are cubic meters/s per 100 m of coastline.  Negative indices are downwelling and positive indices are upwelling.  Correlations are for anomalies of upwelling indices and freshwater discharge with the phase shift in months in parentheses with positive indicating that upwelling is leading. All correlations are > 99% Confidence Level (CL). 

	                       
	Maximum Downwelling
	Maximum Upwelling
	U. I. Corr. Coeff.

relative to 

60 N 149 W.
	U.I. Corr. Coefficient/ Discharge

	Location
	Month
	Index
	S.Dev.
	Month
	Index
	S.Dev.
	
	

	60 N 149 W
	1
	-120
	79
	7
	5
	4
	1.0
	 0.16 (-25)

	60 N 146 W
	1
	-155
	102
	8
	2
	5
	0.74
	-0.29 (1)

	57 N 137 W
	1
	-192
	106
	7
	0
	8
	0.57
	-0.49 (1)

	54 N 134 W
	1
	-99
	82
	7
	1
	12
	0.48
	-0.23 (1)

	51 N 131 W
	1
	-65
	74
	7
	17
	19
	0.19
	-0.16 (48)

	48 N 125 W
	1
	-95
	76
	7
	38
	21
	0.23
	-0.14 (48)


Table II.  Correlations of monthly GAK1 water temperature and monthly upwelling index anomalies around the Gulf of Alaska.  Effective degrees of freedom are calculated using coherence and autocorrelative techniques (Emery and Thomson, 1998).  Numbers in parentheses are lags in months with positive values representing upwelling index leading the temperature anomaly.  Bold=>99% Confidence Level, Regular= (99%>CL>95%), Blank= CL< 95%.  
	Depth, m
	60 N, 149 W 
	60 N, 146 W
	57 N, 137 W
	54 N, 134 W
	51 N, 131 W
	48 N, 125 W

	0
	-0.19 (6)
	-0.20 (6)
	-0.20 (6)
	0.19 (63)
	0.15 (63)
	0.14 (57)

	10
	-0.20 (6)
	-0.19 (6)
	-0.20 (6)
	-0.15 (7)
	0.14 (-6)
	0.14 (53)

	20
	-0.19 (6)
	-0.18 (7)
	-0.22 (7)
	-0.14 (2)
	0.14 (57)
	0.15 (57)

	30
	-0.17 (7)
	-0.20 (8)
	 0.22 (7)
	-0.14 (2)
	0.16 (57)
	0.19 (57)

	50
	-0.19 (5)
	-0.22 (8)
	-0.21 (8)
	
	
	0.14 (57)

	75
	-0.23 (5)
	-0.21 (9)
	-0.20 (8)
	-0.17 (4)
	
	

	100
	-0.22 (5)
	-0.21 (5)
	-0.23 (5)
	-0.18 (2)
	
	-0.13 (11)

	150
	-0.21 (4)
	-0.24 (3)
	-0.27 (3)
	-0.20 (2)
	
	

	200
	-0.21 (3)
	-0.24 (4)
	-0.26 (3)
	-0.18 (11)
	
	

	250
	-0.20 (3)
	-0.22 (4)
	-0.25 (4)
	-0.17 (12)
	
	


Table III.  Correlations of monthly GAK1 salinity and upwelling index anomalies.  Positive lags in (  ) indicate that upwelling index leads salinity.   Bold are more than 99% significant. Regular face are less than 99% CL but greater than 95% CL. Blank are less than 95% CL.

	Depth, m
	60 N, 149 W 
	60 N, 146 W
	57 N, 137 W
	54 N, 134 W
	51 N, 131 W
	48 N, 125 W

	0
	0.15 (6)
	0.19 (45)
	0.19 (45)
	0.19 (45)
	-0.20 (19)
	-0.19 (19)

	10
	0.15 (45)
	0.16 (8)
	0.19 (8)
	0.14 (44)
	-0.19 (57)
	-0.20 (57)

	20
	0.16 (-51)
	0.17 (8)
	0.20 (8)
	0.16 (-51)
	-0.19 (22)
	-0.18 (57)

	30
	0.18 (-52)
	0.16 (-52)
	0.16 (-51)
	0.22 (-51)
	0.18 (-52)
	-0.16 (19)

	50
	-0.19 (33)
	-0.17 (33)
	0.17 (0)
	0.18 (-50)
	0.20 (-5)
	0.17 (-51)

	75
	0.21 (-37)
	-0.20 (22)
	0.20 (-2)
	0.17 (-1)
	0.20 (-27)
	0.15 (32)

	100
	0.16 (3)
	0.15 (3)
	
	
	0.17 (11)
	0.18 (11)

	150
	0.19 (2)
	0.18 (2)
	0.13 (2)
	0.15 (1)
	0.16 (-27)
	0.19 (11)

	200
	0.26 (2)
	0.25 (2)
	0.17 (2)
	0.22 (3)
	0.16 (2)
	0.16 (2)

	250
	0.25 (2)
	0.28 (2)
	0.22 (2)
	0.29 (2)
	0.21 (2)
	0.19 (2)


Table IV.  Correlations of monthly temperature (T) and salinity (S) anomalies with freshwater discharge at Seward (F), Southern Oscillation Index (SOI) and Pacific Decadal Oscillation (PDO). Numbers in parentheses are lags in months with positive values representing freshwater discharge anomaly, SOI or PDO leading the temperature or salinity anomaly.  Bold = >99% Confidence Level, Regular = (99%>C.L.>95%), Blank = C.L.< 95%. 

	Depth, m
	T/F
	T/SOI
	T/PDO
	S/F
	S/SOI
	S/PDO

	0
	0.30 (3)
	None
	.44 (2)
	-.22 (1)

-.24 (22)
	.20 (46)
	None

	10
	0.30 (1)
	None
	.45 (3)
	-.30 (1)

-.23 (22)
-.19 (32)
	.23 (-27)
	-.27 (2)

-.27 (25)

	20
	0.31 (1)


	None
	.47 (3)
	-.34 (1)

-.21 (23)
	.24 (-17)
	-.23 (-22)

-.23 (2)

	30
	0.32 (1)


	-.27 (7)
	.43 ((3)
	-0.35 (1)

-.18 (22)
	-0.21 (39)
	-.23 (3)

	50
	0.34 (1)


	-0.30 (7)

-0.28 (51)
	.35 (2)
	-0.34 (1)
	-0.24 (37)
	None

	75
	0.33 (2)
	-0.36 (10)


	.43 (3)
	0.21 (-11)

-0.28 (1)
	0.20 (6)
	-.22 (-40)

.23 (18)

	100
	0.34 (3)
	-0.37 (8)

-
	.49 (2)
	0.25 (-12)

-0.28 (1)
	0.24 (7)
	None

	150
	0.37 (2)
	-0.37 (8)


	.52 (2)
	0.20 (-13)

.18 (1)

0.20 (30)
	-0.21 (18)
	-.22 (-1)

	200
	0.38 (3)
	-0.36 (8)
	.53 (2)
	0.23 (-34)

0.24 (-19)

0.23 (30)
	None
	-.22 (-2)

.24 (28)

	250
	0.39 (3)
	-0.32 (10)


	.47 (4)
	0.23 (-18)

-.18 (-2)

0.25 (30)
	None
	-.26 (0)

.26 (29)


Table V.  Correlations of Upwelling Index Anomalies with various parameters.  Bold are greater than 99% C.L. Positive lags indicates upwelling index anomalies lead parameter.  

	Location
	Freshwater Discharge 
	SOI
	PDO

	60 N 149 W
	 0.16 (-25)
	None
	None

	60 N 146 W
	-0.30 (1)
	None
	None

	57 N 137 W
	-0.48 (1)
	0.15 (1)
	-0.27 (1)

	54 N 134 W
	-0.22 (1)
	0.18 (2)
	-0.27 (1)

	51 N 131 W
	 0.15 (12)
	0.21 (2)
	-0.31 (1)

	48 N 125 W
	-0.14 (22)
	0.19 (2)
	-0.25 (2)


Table VI.  Linear fits to anomalies of sea surface water properties (TA0 and SA0), upper and lower layer temperature and salinity, freshwater and upwelling indices with F statistic test.   

	Parameter
	Slope
	F
	Significance

	TA0
	+0.0327 0 C year-1
	34.10
	>99 %

	SA0
	-0.0107 year -1
	2.22
	>86 %

	Freshwater
	+182 m3 s-1 year-1
	14.05
	>99 %

	Upper Layer T
	+0.0315 0 C year-1
	57.63
	>99 %

	Lower Layer T
	+0.0262 0 C year-1
	59.20
	>99 %

	Upper Layer S
	-0.00219 year-1
	1.57
	>78 %

	Lower Layer S
	+0.00127 year-1
	1.50
	>77 %

	Upwelling Indices
	
	
	

	60 N 149 W
	+0.300 m3 s-1 (100m)-1 year-1
	1.85
	>82 %

	60 N 146 W
	+0.665 m3 s-1 (100)m-1 year-1
	6.36
	>98 %

	57 N 137 W
	-0.225 m3 s-1 (100m)-1 year-1
	0.59
	>55 %

	54 N 134 W
	-0.173 m3 s-1 (100m)-1 year-1
	0.39
	>46 %

	51 N 131 W
	-0.188 m3 s-1 (100m)-1 year-1
	0.65
	>57 %

	48 N 125 W
	-0.441 m3 s-1 (100m)-1 year-1
	3.03
	>91 %
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