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Objectives: 

 To determine the information content in the global network of repeat expendable (and mechanical, when appropriate) bathythermograph, XBT (MBT) transects to:

(1) evaluate the need to continue occupation of repeat XBT lines based on the information content (i.e., signals resolved) in the time series and recognizing the possibility of the Argo array and satellite altimetry to provide similar data;

(2) provide nowcasts of the state of the ocean relative to various interannual and decadal signals such as the Pacific Decadal Oscillation (PDO) and those associated with the North Atlantic Oscillation (NAO); and

(3) improve the characterization of the upper layer temperature structure for model validation studies.

Background:

         Both mechanical and expendable bathythermograph (MBT and XBT, respectively) data will be used in this study.  MBT data are available from World War II to the mid-1960's when XBTs were introduced into oceanography.  Depending on ship speed and sea state, MBT’s can provide vertical profiles to 200-250 m.  Initial XBT’s sampled to 450 m.  In the early 1970's, 750 m XBT’s were introduced.

     Immediately after WW II, MBT coverage was primarily limited to the vicinity of the intense boundary currents of the northern western subtropics.  The majority of the data were collected during academic and military research cruises with limited repeat occupations of the same section.  For example, Figure 1shows MBT coverage in the Atlantic north of 20°N during two representative years.   Similarly, early applications of XBT sampling were directed primarily at basic research and military missions.  Few repeat transects were regularly occupied in the 1960's and 1970's.  

     As the role of the ocean in such coupled climate phenomena as ENSO became evident, the need for sustained and repeat observations was realized.  New sampling strategies that employed Voluntary Observing Ships (VOS), primarily commercial vessels, were developed.  Both the Tropical Ocean Global Atmosphere (TOGA) and World Ocean Circulation Experiment (WOCE) were responsible for the institution of regularly re-occupied VOS transects.

     Figure 2 shows the global TOGA/WOCE distribution of Low Density (LD), High Density (HD) and Frequently Repeated (FR).  XBT’s along LD transects are deployed by ship’s personnel with typical spacing of 150 to 250 km.   Desired temporal resolution is monthly, however, because of the vagaries of VOS routing (i.e., ships’ frequently change routes), this resolution is often difficult to obtain.  These sampling requirements are based on objective analyses of historical surface and subsurface temperature data (e.g., Sprintall and Meyers, 1991, Meyers et al., 1991, Festa and Molinari, 1992, and White, 1995).   

     HD lines were initiated to provide increased spatial resolution along select transects (Fig. 2).  Station spacing is eddy resolving with typical XBT separation of 50 km in the ocean interior, decreasing close to ocean boundaries and across major current systems.  Desired temporal resolution is seasonal.  FR lines are located in regions of large temporal variability such as in the tropics (Fig. 3).  Spatial sampling is the same as LD but temporal sampling is 18 times per year.  Figure 1 demonstrates the transition with time from primarily research cruise coverage in the 1960's and 1970's to primarily repeat transect coverage in the 1990's.

     Some lines have been occupied for many decades and through generation of time-distance plots the resulting data can be used to provide increased details of the evolution of the upper layer temperature field.  For instance, A-10 and A-7 in the Atlantic cross the Gulf Stream and subtropical gyre (Fig. 1).  By combining MBT and XBT data it is possible to generate time series from 1950 through 2003 to study decadal signals in the variability of these features.

     Figure 2 shows time-series of temperature at 150 m from A-10 and A-7.  Decadal signals are present along both lines.  Along A-10, the signal is concentrated in the vicinity of the Gulf Stream and is caused by north-south migrations in the core of the current (Molinari, 2004).  Along A-7, the variability is related to anomalies in the thermocline in the center of the subtropical gyre (Molinari et al., 19xx).

     Similar analysis is possible using data from lines in the Pacific.  For instance, a time-longitude plot of the temperature at 150 m along P-26 (Fig. 1) is shown in Figure 3.  The decadal variability in the temperature at this depth is probably related to the PDO.  Figure 4 summarizes the length of the time series available data along the WOCE/TOGA XBT lines of Figure 1.  Many lines have at least 30 years of coverage and should be suitable for identifying interannual to decadal signals. 

Methodology:

     The data for this study will be obtained from data files available at AOML and from the Levitus data-files.  Specifically, Molinari (2004) used data on-file at AOML in his study of the Atlantic Ocean.  Most of the Pacific data from Levitus is also ready for analysis.  Data from the Indian Ocean will be obtained from the latest update available from NODC.

     The data will be analyzed statistically to identify significant interannual to decadal signals.  For the lines that include MBT data, records can be generated back to the late 1940’s for the upper 200 m of the water column.  Those lines only including XBT data provide profiles to 450 m from the mid-1960’s and to 750 m from the early 1970’s.  Various variables will be analyzed (e.g., temperature on various depth surfaces, depth averaged temperature to various depths, etc.) to evaluate the 3-dimensional (depth, horizontal distance along the line and time) structure of the variability.  Confidence limits on these signals will be provided.  The statistical analyses chosen will also allow for the generation of the present state of the ocean relative to the interannual and decadal signals that may exist in a particular line.
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Deliverables:  One year from receipt of funding

(1) Characterization of the global upper layer temperature structure and variability from those lines with sufficient data to generate time-series.

(2) Nowcasts of the state of the ocean along these lines. 
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FIGURE LEGENDS

Figure 1: The mean annual distribution of temperature (degrees C) at 150m.  Also shown are:  3-degree swaths enclosing the A-10 and 32.5N sections; and the locations of the hydrographic stations used by Curry and McCartney (2001), LAB and BER.

Figure 2: A schematic portrayal of the shallow recirculation gyre derived from the EOF analysis of satellite altimetry data by Wang and Koblinsky (1996) and the mean annual (solid line) and mean 1970 (dashed line, shallow intrusion north of 35N) and 1995 (dashed line, deep intrusion north of 35N) traces of the 18C isotherm at 200m.  Quadrangles A, B and C are those described in Curry and McCartney (2001) as regions of maximum increases in potential energy anomalies between years of maximum and minimum Gulf Stream transport.   Temperature data from quadrangle BER that includes Bermuda is used in place of temperature data from A in the text. 

Figure 3: Annual MBT (1950, 1960) and XBT (1970, 1980, 1990 and 2000) coverage for several representative years.  Only MBT data north of 20N were retrieved for this study.

Figure 4: WOCE/TOGA XBT transects in the Atlantic.  Two types of sampling are indicated low density and high density.  Frequently sampled transects include 8, 11 and 20.00  See text for description of sampling.

Figure 5: Location of temperature profiles by year derived from profiling floats deployed during Atlantic Climate and Circulation Experiment.

Figure 6: Mean annual vertical temperature (degrees C) section along A-10, upper panel, and 32.5N, lower panel (see Figure 1 for section locations).  Horizontal spatial resolution is 35 km along A-10 and 550 km along 32.5N.  Vertical resolution is 25 m to 400 m and 50 m from 400 to 750 m.  Grid points are indicated by dots.

Figure 7: Mean annual A-10 geostrophic velocity (m/s) section computed relative to a  reference level at 750m (see Figure 1 for A-10 location).  Horizontal spatial resolution is 22 km and vertical spatial resolution is as in Figure 6.  Grid points are indicated by dots.

Figure 8: Normalized by record length standard deviation, sd, mean monthly transports of (1) Gulf Stream transport at A-10 computed relative to 750m and smoothed with a 3-month box car filter, sd =1.48; (2) Florida Current transport at 27N smoothed with a 3-month box car filter, sd =0.94; and (3) Gulf Stream transport relative to 2000m from Sato and Rossby (1995) fit with an annual cycle, sd=2.69.

Figure 9: Normalized by record  length standard deviation, sd, mean monthly (1) easternmost location of the 18C isotherm at 200m, smoothed with a 3-month box car filter, sd =2.08; (2) residual sea surface height anomalies of the first EOF representing a shallow recirculation gyre south of the Gulf Stream from Geosat data (Wang and Koblinsky, 1996), sd = 1.01;  (3) A-10 geostrophic transports computed relative to 300 m and smoothed with a 3-month box car filter, sd = 0.27; (4)  transport of the upper 50 m derived from altimetric dynamic height differences across the Stream, see text for explanation, sd = 0.40; and (5) A-10 Gulf Stream position, sd=0.06.

Figure 10: Upper panel:  Depth averaged temperature of the upper 300m for the months of April and November.  Lower panel:  Depth averaged temperature of the 400 to 600m layer for the months of April and November.  The months represent minimum (April) and maximum (November) gyre size determined from the distributions of the 18C isotherm at 200m.

Figure 11: Normalized by record length standard deviation, sd, time series of (1) combined Gulf Stream and North Atlantic Current geostrophic transports computed relative to 2000m from Curry and McCartney (2001), CM transport, using the station positions shown in Figure 1, sd = 4.84; (2) NAO index from Hurrell (1995), smoothed with a 3-year box car filter, sd = 0.44; and (3) A-10 geostrophic transport computed relative to 450m and smoothed with a 3-year box car filter, sd =1.08.

Figure 12: Normalized by record length standard deviation, sd, time series of  (1) Gulf Stream position taken as the position of the 15C isotherm at 200m from the EOF analysis of Joyce, Deser and Spall (2000), JDS position, sd=1.53; (2) NAO index, smoothed with a 3-year box car filter, sd = 0.44; and (3) Gulf Stream position at A-10 taken as the position of the 15C isotherm at 150m, smoothed with a 3-year box car filter, sd =0.21.

Figure 13: Normalized by record length standard deviation, sd, time series of (1) Gulf Stream position at A-10, sd =0.21;  (2) easternmost extension of the 18C isotherm at 200m and north of 35N, sd = 2.39; and (3) Gulf Stream transport at A-10 relative to 450m.  All records were smoothed with a 3-year boxcar filter.

Figure 14: Same as Figure 10, except for the years of 1970 and 1975, representing extrema in gyre size (Fig. 13).

Figure 15: Upper panel: Temperature depth plot from a 3X6 degree quadrangle surrounding Bermuda (BER on Fig. 2).  Solid lines represent normalized temperature records at 100m intervals from the surface (top curve) to 700m (bottom curve).  Normalization factors range from about .15 to .20C in the upper 500m to .30 to .35C below 500m.  The dashed lines represent normalized time series of NCEP surface heat fluxes from Hakkinen (2000), Bermuda sea level from Sturges and Hong (1995) and the easternmost position north of 35N of the 18C isotherm at 200m.  Lower panel:  Same as upper panel, except for quadrangle B of Figure 2.  Only temperature data to 400 m are used because of the paucity of data at greater depths.

Figure 16: Comparison of mean bimonthly contours of the 18C isotherm at 200m derived from XBT (solid contours) and profiling float (dashed contours) observations.  Data availability on a 2 degree by 2-degree grid is also indicated.  Bi-month 1 = January-February, Bi-month 2 = March-April, etc.

Figure 17: Comparison of mean annual contours of the 18C isotherm at 200m derived from XBT (solid contours) and profiling float (dashed contours) observations.  Data availability on the 2 degree by 2-degree grid is also indicated.  

Figure 18: Demeaned annual cycles of Gulf Stream transport (1) relative to 2000m from Sato and Rossby (1995), mean = 71.4 Sv; (2) relative to 750m, through A-10, mean = 37.9 Sv see Figure 1 for location; (3) at 35N, 70W from the model of Anderson and Corry (1985), mean = 2.91 Sv and (4) in the Straits of Florida at 27N, mean = 32.0.  All records were smoothed with a 3-month boxcar filter.

Figure 19: Time-longitude plot of the depth-averaged temperature of the upper 100 along 32.5N (+/-2.5 degrees).  Longitudinal resolution is 5 degrees for comparison with the results of Watanabe et al. (1999).  The time series have been detrended and smoothed with a 3-year boxcar filter.  Grid points are indicated by dots.

Table 1: Data Sources and Record Lengths

(T/P = Topex/Poseidon)

Data Type                                              Source                          Record Length    

Mechanical                                      www.nodc.noaa.gov/          1960-1966            

Bathythermographs                         OC5/pr_wodv2.html 

Expendable Bathythermographs www.aoml.noaa.gov 1967-2001           

Profiling floats                                WOCE Data Products          1998-2001

                                                          Committee (2002)           

NAO index                                           Hurrell (1995)                 1865-2000           

NCEP surface fluxes                          Hakkinen (2000)               1958-1997

Gulf Stream position from

    a) Subsurface temperature data        Joyce et al. (2000)          1955-1998          

    b) SST data                               Taylor and Stephens (1998)   1966-1988

   c) Subsurface temperature data         This study                       1950-2001

Gulf Stream transport from

    a) Hydrography                            Sato and Rossby (1995)      1932-1988

    b) Hydrography                    Curry and McCartney (2001)      1954-1997

    c) XBT and climatological

          salinity data                                  This study                      1967-2001

    d) Direct velocity observations   Halkin and Rossby (1985)    1980-1983

    e) Geosat altimetry data                    Kelly (1991)                    1986-1989










Florida Current transport                Baringer and Larsen (2002)   1982-2002     

Size of shallow recirculation gyre  Wang and Koblinsky (1996)

    a) T/P data                                                                                 1993-1994

    b) Geosat data                                                                            1987-1988

Table 2: Mean and range of annual and decadal signals from selected time series

See Table 1 for record lengths and Figure 1 for data locations.

Variable                              Source                 Annual signal               Decadal signal 

                                                                        Mean/Range                 Mean/Range                                                

Florida Current            Baringer and Larsen

transport (1)                 (2002)                          32.0/2.7Sv                          N/A

Gulf Stream transport

> A-10

   Relative to 300m (1)   This paper                    5.1/0.8Sv                         N/A

   Relative to 450m (1,3)This paper                  11.3/1.1Sv                      11.3/2.8Sv

   Relative to 750m (1)   This paper                   37.9/4.6Sv                         N/A

> 73 W (Fig. 1)              Sato and Rossby (1995)

   Relative to 300m (2)                                        4.5/0.6Sv                          N/A

   Relative to 2000m (2)                                    71.4/7.4Sv                          N/A

> Relative to 2000m Curry and McCartney(2001)     N/A                     60/10.6Sv

> Upper 50m transport

    from altimetry (2)        Kelly (1991)                6.9/1.1Sv                           N/A

Gulf Stream position

> A-10 (1,3)                    This paper                   36.7N/14km               36.7N/48km 

>                              Joyce, Deser and Spall (2000)     N/A                      N/A/100km

Shallow recirculation gyre size             

>(1,3)                                 This paper                49.2W/5.9deg long    49.2W/5.5deg     

(1) Monthly mean values smoothed with a 3-month boxcar filter

(2) Monthly mean values fit with an annual cycle.

(3) Annual mean values smoothed with a 3-year boxcar filter.  Range taken as average of difference between extrema after 1970. 
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