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ABSTRACT

A prominent feature of inter-annual variability in middle
and high latitudes is the so-called "Greenland Seesaw", the well-
known tendency for winter temperatures to be low over northern
Europe when they are high over Greenland (GA), and vice versa (GB).
Well-defined mean pressuretanomalies over the North Pacific,
America, North Atlantic, and Europe are associated with these tem-
perature patterns. In this study tropical teleconnections asso-
ciated with the seesaw are discussed. It has been found that the
strength of mean sea-level westerlies in the central North Atlantic
Ocean during seesaw winters is highly correlated with that of the
northeast and southeast trades in the Atlantic, with the trades
being stronger (weaker) during GB (GA) winters. Similar associa-
tions exist with the trade winds in the North Pacific. There is a
statistically significant correlation between the strength of the
northeast and southeast trades in the Atlantic during the seesaw
winters, but not in other winters. The position of the subtropical
jet at 300 mb in the Northern Hemisphere appears to move north
(south) in the GB (GA) winters with the exception of a shift in the
opposite sense over Africa. A southward (northward) shift in the
position of the ITCZ in Africa, as defined by the belt of heaviest
precipitation, is seen during the winters when Greenland temperatures

are well below (above) those in northern Europe.



iv

Relative sea levels taken across the Gu]f.Stream indicate
that geostrophic velocity of the current decreases (increases) in
the GB (GA) winters. Significantly lower (higher) sea surface tem-
peratures exist across the tropical North Atlantic, North Pacific,
and Indian Oceans during GB (GA) winters. Atmospheric-related pat-
terns appear strongly only during seesaw winters, although small
magnitude pressufe énoma]y patterns of fhe type seen during seesaw
winters are present in autumns preceding those seesaw winters.

Trade wind anomalies seem to persist through all seasons prior to
and following 5eesaw winters south of 20°N, with the northern
fringes of the trade wind belt reacting mainly during seesaw winters.
In contrast, ocean-related features associated with the seesaw occur
at all Tlatitudes in summers and autumns preceding, and springs fol-

lowing, seesaw winters.



ACKNOWLEDGMENTS

This work would not have been possible without the sugges-
tions, comments, and assistance of Harry van Loon of NCAR and
Roger Barry of INSTAAR. Discussions with Roland Madden, James
McWilliams and Peter Gent were of great benefit. I would like to
thank Roy Jenne, Will Spangler and Paul Mulder for their advice and
assistance with the handling of the data. I would also like to
thank Warren washington; David Baumhefner and Robert Chervin for
their understanding and encouragement throughout this endeavor.
This research was supported by the National Science Foundation's
Climate Dynamics Program, Climate Dynamics Research section grant
#ATM-76-20508 to the Institute of Arctic and Alpine Research of the

University of Colorado in Boulder.



TABLE OF CONTENTS

LISTOF TABLES . . & ¢ ¢ v ¢ v v v v e e e o o o e o e o o

LISTOF FIGURES . . . . ¢« v v v v v e v it v e e e e o o

Chapter
1.

g W N

~N O

LITERATURE REVIEW AND HYPOTHESIS DEVELOPMENT
TRADE WIND SYSTEMS . . . ¢ « ¢« v ¢ v v v v v v o v
AFRICAN PRECIPITATION . . .« « « v v v v v v v o v o
OCEANIC RESPONSES
Sea level fluctuations as indicators
of Gulf Stream intensity . . . . . . . . . . ..
Sea surface temperature (SST) response . . . . ..
UPPER AIR PHENOMENA . . . . « « ¢ ¢ ¢ v v v v v v o .
LEADS AND LAGS: SUMMERS AND AUTUMNS PRECEDING
AND SPRINGS FOLLOWING SEESAW WINTERS . . . . . ..
Sea level Pressure . . « « « ¢ o + o o o 0 0 . s
Trade winds . . . . . . . . . v v o v v o oo .
Sea levels as indicators of Gulf
Stream intensity . . . . . . . ¢ oo oo 0.
Sea surface temperatures . . . . . . .. .. ..
Discussion of lead and lag seesaw

season results . . . . ¢ ¢ e b e b e e e

11
16
26
34



Page
10. CONCLUSIONS . . . . v . v i it e e e e e e e 85
BIBLIOGRAPHY . . . . . . . . . i e e e e e e e e e 92
APPENDICES

A. Equations . . . . . . . . . . ... 101
B. Computer programs . . . . . . . . . e e e e e e e 106

C. Method for computing geostrophic wind using
pressure values from a pair of stations . . . . . . 108

&

Sea surface temperature observation density

for 45 seesaw winters, 1854-1968 . . . . . . . . . 110



Table

LIST OF TABLES

Winters 1840-1977, minus 1852-1856, when the
whole season was GA/GBor BB/BA . . . . . . . . ..

Correlation of northeast and southeast trades . . . .
List of seesaw Januaries . . . . « ¢ v v ¢« « o« o o

Summary of tropical teleconnections for GB
winters (vice versa for GA winters) . . . . . . ..

ix

Page

25
27

87



Figure

LIST OF FIGURES

January mean temperature differences (OC)

(after van Loon and Rogers, 1978) .. . . . . .

Sea level pressure anomaly difference,

GB minus GA (mb) . . . . . . . . . .. .. ..

Correlation of sea level pressure between
the point 700N, 20°W and all other points
north of 200N for 26 winters, 1900-1975;

shaded areas indicate positive correlations . . .

Correlation of the zonal component of the
geostrophic wind at 52.59N, 25%W with the
numerical value of the zonal component
elsewhere for all seesaw winters; shaded
areas are above the 95% significance level

(after Rogers and van Loon, 1978) . . . . . . .

Percent increase in geostrophic wind normal
to axis of station pair, GB over GA, winters

Number of GB and GA winters available for

analysis at each station pair . . . . . . . ..

Analysis of January south Africa rainfall in
the vicinity of the January rainfall maximum

(greater than 200 mm.) . . . . . . . . . . ..

a) precipitation differences, GB minus GA
for January, stippled areas indicate
regions of positive differences. Dark
contour outlines area of rainfall

greater than 100 mm. . . . . . . . . . ..

b) precipitation differences, BA minus BB,
for January. Dark contour same as in

PArt @. . . .t v e e e e e e e e e e e

c) number of GB and GA Januaries available

for analysis at each station in part a. . . .

d) number of BA and BB Januaries available

for analysis at each station in part b. . . .

Page

17

19

21

22

29

29

29

30

30



Figure

10.

11.

12.

13.

14.1

14.2

14.3
14.4
14.5

14.6
14.7

Xii

Page

January mean low level circulation over
southern Africa. Single lines indicate
near surface flow, double 1ines indicate
3-km flow. Dashed Tines indicate ITC
and the Congo air boundary in January
and February 1958. Linked circles are
the troughs in the same months (after
Taljaard, 1972) . . . . ¢« v v v 4 e v e e e e 32

Relative sea level difference between
Bermuda and east coast United States
stations in mm. for nine GB minus GA,
winters . . . .. L. L 0000 L s e e e 37

Stations with sea level pressure records ‘
used to correct recorded sea levels . . . . . . . 39

Sea level difference in mm. corrected for
changes in sea level pressure for GB
minus GA winters . . . . . . . . . .00 . . 40

Sea surface temperature difference in %
for GB minus GA winters from 1854-1968.
Positive differences are stippled . . . . . . . . 42

Two tailed t test of SST differences in
Fig. 12. Shaded areas are above the
95% confidence level . . . . . . ¢ v v v v o« v . 43

Annual average héat gain (w m ) for the

North Atlantic. Shaded areas indicate

negative heat gain (after Bunker and

Worthington, 1976) . . . . . . . . . . . . . .. 46
Net oceanic heat gain (w m'z) for the

tropical Atlantic, December (after

Hastenrath and Lamb, 1978) . . . . . . . . . .. 47
Same as Fig. 14.1, except for January . . . . . .. 47
Same as Fig. 14.1, except for February . . . . .. 47
Total cloudiness in tenths for the tropical

Atlantic, December (after Hastenrath and

Lamb, 1977) . . . . &« ¢ i e e e e e e e e e 48
Same as Fig. 14.5, except for January . . . . . . . 48

Same as Fig. 14.5, except for February . . . . .. 48



Figure
15.
16.

17.

18.a)

19.a)

b)

20.a)

b)

21.a)

b)

22.

23.

24.

Sea surface temperature in the western
North Atlantic for February (after

Fuglister, 1947) . . . . . . . . . .. ...

Surface currents of the North Atlantic

Ocean (after Sverdrup et al., 1946) . . . .

Correlation of winter 700 mb latitudinal
temperature gradients with 300 mb
U-component geostrophic wind. Stippled
areas are above the 95% confidence level

700 mb 5° latitudinal temperature gradient
difference in °C, GB minus GA, for nine
seesaw winters. Positive differences are

stippled . . . . . . . . . . .. .0

Two tailed t test for 700 mb temperature
gradient differences in part a. Shaded
areas are above the 95% confidence level

Sea level pressure difference for summers
preceding seesaw winters, GB minus GA.
Stippled areas are positive differences.
North Africa, India, and central Asia
were not analyzed due to unreliable data

Confidence levels for the SLP differences in
part a. Shaded areas are above the 95%

confidence 1imit . . . . . . . . . « . . . ..

Same as Fig. 19.a, except for autumns pre-

ceding seesaw winters . . . . . . . . . . ..

Same as Fig. 19.b, except for autumns pre-

ceding seesaw winters . . . . . .+ . . . . .

Same as Fig. 19.a, except for springs fol-

lowing seesaw winters . . . . . . .. . ...

Same as Fig. 19.b, except for springs fol-

lowing seesaw winters . . . . . . . . .. ..

Same as Fig. 5, except for summers preceding

seesaw winters . . . . . . . . . . 00 e e

Same as Fig. 5, except for autumns preceding

seesaw winters . . . . . . . . o e e e e e .

Same as Fig. 5, except for springs following

seesaw winters . . . . . . .t i e e e e e e e .

Xiii

Page

50

52

58

59

60

63



Figure

25.

26.

27.

28.a)

29.a)

30.a)

31.

Xiv

Page
Same as Fig. 9, except for summers pre-
ceding seesaw winters . . . . . . . . . . .. .. 74
Same as Fig. 9, except for autumns pre-
ceding seesaw winters . . . . . . . . . . . ... 75
Same as Fig. 9, except for springs fol-
1owing‘seesaw winters . . . . . .. ... .. 76
Same as Fig. 12, except for summers pre-
ceding seesaw winters . . . . . . . . . . .. .. 77
Same as Fig. 13, except for summers pre-
ceding seesaw winters . . . . . . . . . . .. .. 78
Same as Fig. 12, except for autumns pre-
ceding seesaw winters . . . . . . . . ... ... 79
Same as Fig. 13, except for autumns pre-
ceding seesaw winters . . . . . . . . .. . ... 80
Same as Fig. 12, except for springs fol-
lowing seesaw winters . . . . . . . . .. . ... 8l
Same as Fig. 13, except for spr1ngs fol-
lowing seesaw winters . . . . ... . . . ... .. 82

The number of cases per decade of the four
temperature categories in winter (DJF).
Asterisks denote incomplete decade (after
van Loon and Rogers, 1978) . . . . . . ... .. 90



Chapter 1
INTRODUCTION

"Sooner or later we shall catch the nimble imp that jeers
at us today, and, if I mistake not, when he is caught we shall make
him tell us something of the real secrets of these atmospheric re-
lationships.” W. N. SHAW, 1905

The problem of understanding what role tropical processes
play in the general circulation of the atmosphere has Tong been rec-
ognized as important. ‘In 1905 Shaw pointed out certain relation-
ships that seemed to exist between the Southeast Trade Winds in thé
Atlantic and rainfall in London. He felt that studying and under-
standing the tropics could lead to the prediction of midlatitude
weather. As he put it, it is important to "put our finger on the
pulse of that endless and complex process of transformation of solar
energy of which the weather of our islands [England] and elsewhere
is an expression."

C. F. Brooks (1931) traced European weather fluctuations,
which appeared to be strongly influenced by North Atlantic sea sur-
face temperatures (SST's), to varying intensities of Atlantic trade
wind systems and associated Gulf Stream transports. The relation-
ships between trade wind intensities, ocean current transports, and
midlatitude SST and weather patterns has recently been studied by a
number of investigators in the continuing effort to identify what
links the tropics have with midlatitude weather systems (e.g.,

Reiter, 1978). In a similar vein, several researchers have looked

at tropical SST's and their relation to trade wind intensities as



being symptomatic of variations in northward transports of heat and
momentum from the tropics to the midlatitudes by the Hadley Cell.
The end result of this chain of events is circulation anomalies and
associated global weather changes (e.g., Bjerknes, 1966; Nicholls,
1977).

There is no need to emphasize the ramifications that even a
minor fluctuation of climate can have on an econdmy or a society.
Yet, in order to predict a weather or climate anomaly, there must
first be a thorough understanding of how the atmosphere as a whole
works. Even a regional climate fluctuation, such as the Sahel
drought, is usually indicative of a global change of circulation
(Kidson, 1977). The underlying importance of understanding tropical
interactions with the general circulation was dramatically under-
scored by Rowntree (1976) when he showed that tropical forcing in a
numerical simulation was found to affect the entire circulation
throughout the troposphere in middle as well as high latitudes.

It is the purpose of this study, therefore, to investigate
the extent to which processes taking place in the tropics can be
linked directly to a major mode of mid]atitude} circulation called
the "Greenland seesaw" as defined by van Loon and Rogers (1978).
Midlatitude Tinks to tropical pressure and‘wind systems, African
ITCZ precipitation, fluctuations in Gulf Stream velocity, tropical
SST's, subtropical jet stream position as indicated by the upper
troposphere west wind maximum, and conditions in the seasons before
and after seesaw winters will be explored. Hopefully, further in-
sight will be gained into understanding the links between the tropics
and midlatitudes and their interactive role in influencing the

general circulation of the atmosphere.



Chapter 2
DATA

Sea level pressure data north of 20°N were taken from the
NCAR 5%x5° monthly mean historical sea level pressure grid. Indi-
vidual historical station data used for areas south of 20°N were
taken from the World Monthly Surface Climatology tape at NCAR.

The monthly mean sea level data were obtained from the
Permanent Service for Mean Sea Level (1977). Al11 existing sea level
data are collected in three volumes which include revised data from
previous IAPSO publications. Data from Volume 2: North, Central,
and South America are used in this study.

The SST data are on a tape obtained from the British Meteoro-
logical Office. This contains SST ship data from the TDF-11 deck at
the National Weather Records Center in Asheville, N.C. and monthly
mean 5° quadrangle averages for the Northern Hemisphere, 0°-80°N,
during the period 1854-1968.

The British Meteorological Office (1978) has recently pub-
lished the following procedures used in the quality control of the
SST data:

The observations for the whole period of record are grouped
according to the area and time of year. Averages and standard de-
viations are formed for each 1° latitude/longitude area (square)
and each of 73 five day periods (pentads). For each area the varia-
tions of the average and standard deviation through the year are
smoothed using the first two harmonics for the average and the first
four harmonics for the standard deviation. The smoothed data are
then combined to form long period averages for each 59 square and

each pseudo-month (a period of 6 pentads, 7 in August). The pentad
19 square means are expressed as fractions of the monthly 59 square



mean and these are stored for later use (A). The variance of the
?egtad 1° square means about the monthly 50 square mean is evaluated
B).

The observations for an individual year are grouped accord-
ing to 10 square and pentad. The mean for each group is multiplied
by the fraction at (A) above in order to produce a value which is
representative of the mid-month and mid-point of the 5° square. The
mean and variance of those values which relate to an individual 5°
square and pseudo-month (150 values, 175 in August) are then evalu-
ated. The mean is tested against the 1% confidence 1limits of the
distribution of values in different years. The variance is com-
pared, using Snedecor's F test, with the variance indicated by the
previous analysis covering the whole period of record (B). This
test identifies distributions in which the mean may have been af-
fected by an abnormally high proportion of outlying values. Ap-
proximately 10% of means or variances fail one or other of these
two tests; in either case the mean is replaced by a value inter-
polated from the two preceding and two following months.

For each 59 square a 12 column matrix is formed from the
array of monthly mean values and an eigenvector analysis is per-
formed. This separates the variation over the year into 12 orthog-
onal components, some of which are real variation and some spurious.
As sea surface temperature anomalies change only slowly from one
month to the next, only those eigenvectors together usually account
for over 90% of the total variance. Finally, the data are recon-
stituted from the products of the eigenvectors representing real
variation and their respective annual coefficients.

It is important to note that since the SST data have been
smoothed, the magnitude of any SST anomaly patterns can be expected

Al
to be less than if original unsmoothed data were used.

The 700 mb temperature data are from an NCAR tape of winter
mean 700 temperatures, 1947-1977 on a 50 grid. The 300 mb geo-
strophic winds were computed by an NCAR library subroutine which
utilizes the NCAR tape of monthly mean 300 mb heights during the
period 1963-1977 on a 50 grid interpolated from the original NCAR

47 x 51 octagonal northern hemispheric grid.



Chapter 3
THE GREENLAND SEESAW DEFINED

Ever since European explorers, missionaries, and settlers
have lived in Greenland and had contact with relatives and friends
in Europe, they have noticed an interesting phenomenon: in a sur-
prisingly large number of winters either Greenland has a relatively
severe winter when Europe has a relatively mild one, or vice versa.
This relationship has been investigated by various researchers in-
cluding Dove, Hann, Walker and Bliss (as part of their North Atlantic
Oscillation), ﬂngstrﬁm, and Loewe (see literature review in van Loon
and Rogers, 1978).

The most recent treatment of the Greenland seesaw is by van
Loon and Rogers (1978) (hereafter referred to as vLR), and it is
their definition of the seesaw which provides the point of departure
for this study. They define the seesaw in terms of long term tem-
perature records from Jakobshavn in Greenland and Oslo in north-
western Europe. The criteria for defining a seesaw winter are that
the difference in departures from the respective means of the two
stations be greater than or equal to 4°C and opposite in sign. The
magnitude of the threshold difference is designed to be sufficiently
large to filter out noise and give clearer pressure anomaly patterns.

The two modes of the seesaw are GB: Greenland below normal
and Europe above, and GA: Greenland above normal and Europe below.
Using the 4°C difference criterion, a list of GB and GA winters was

derived and appears in Table 1. During the period of record, there



TABLE 1

WINTERS 1840-1977, MINUS 1852-1856, WHEN THE WHOLE SEASON WAS
GA/GB OR BB/BA

e e e — e ettt et et e et e et e e e e et
s ———— ——————————— ——— ———— ]

WINTERS (DJF)

Greenland Greenland Both Both
Above Below Above . Below
1976-77 1972-73 1964-65 1969-70
1974-75 1971-72 1942-43 : 1967-68
1968-69 1970-71 1934-35 1953-54
1962-63 1948-49 1933-34 1896-97
1958-59 1936-37 1932-33 1867-68
1947-48 1924-25 1931-32 1848-49
1946-47 1920-21 1930-31 1844-45
1941-42 1914-15 1929-30 1843-44
1940-41 1913-14 1926-27
1939-40 1910-11 1912-13
1928-29 1909-10 1872-73
1927-28 _ -1908-09 1871-72
1925-26 1906-07 1850-51
1894-95 1905-06 1842-43
1892-93 " 1898-99
1880-81 1987-98
1878-79 1895-96
1876-77 1893-94
1874-75 1889-90
1870-71 1886-87
1869-70 1883-84
1860-61 1881-82
1859-60 1873-74
1846-47 1865-66
1840-41 1863-64

1862-63

1858-59

1857-58

1841-42

25 29 14 8




were 25 GA winters and 29 GB winters giving a total of 54 seesaw
winters and a 40.6% occurrence rate. As vLR point out, if winter
months are considered on an individual basis, there is a higher rate
of occurrence. However, the 4% criterion becomes more stringent
when applied to a three month average. Therefore, winter averages
(December, January, and February) were used to provide further fil-
tering to eliminate as much noise as possible and give clearer anom-
aly patterns. |

Figure 1 (after VvLR) depicts the January mean temperature
difference, GB minus GAvfor-stations with complete records since
1899. Much the same pattern exists for the winter temperature dif-
ferencé. There is the expected opposition of sign between Greenland
and northern Europe, but it is interesting to note that an in-phase/
out-of-phase pattern appears to set up around the Northern Hemisphere
with the eastern U.S. out of phase with Greenland; the western U.S.,
southern Mediterranean, Middle East and North Africa are in phase
with Greenland. The winter sea level pressure anomaly difference
for GB minus GA appears in Figure 2. The sign of the anomaly re-
sembles the GB mode. There is a large negative anomaly in the area
of the Icelandic Low, a positive anomaly near the Aleutian Low, and
positive anomalies stretching into the regions of the subtropical
highs in both the Atlantic and Pacific. As VLR note, the pressure
anomaly pattern in Figure 2 is very similar to the first eigenvector
of January sea level pressure from Kutzbach's (1970) analysis which
explains why the seesaw pattern has such a high rate of occurrence.
The larger numbers in Figure 2 are pressure anomaly differences for

individual stations with records prior to 1899. Record length for
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North American stations goes back to around 1873, and for European
stations to about 1840. It can be seen that in both sign and mag-
nitude the pre-1899 pressure anomaly differences fit the post-1899
pattern very well. This indicates that the same seesaw processes
were taking place prior to 1899, which will be important in later
sections when SST records dating back to the mid-1800's are studied
in relation to the seesaw.

Figure 2 is also helpful in seeing the reason for the tem-
perature difference in Figure 1. A deepened Icelandic Low in the
GB winters increases northerly flow and cools Greenland, while at
the same time increased southerly flow warms Europe. The southern
Mediterranean and Mid East are cooled by more frequent outbreaks of
cold continental air. The eastern U.S., on the other hand, expe-
riences fewer cold polar outbreaks and remains mild and in phase
with'northern Europe during GB winters with the western U.S. out of

phase with northern Europe, and vice versa during GB winters.



Chapter 4
LITERATURE REVIEW AND HYPOTHESIS DEVELOPMENT

The trade winds seem to be a suitable starting point to re-
view tropical teleconnections to midlatitude circulation since they
have a direct re]ationship to several other parameters and are symp-
tomatic themselves of a number of important processes. The role the
trades play in determining SST's in the tropics has been discussed
by Bunker (1976) and Bunker and Worthington (1976). They took intq
account trade wind strength as a factor in the bulk aerodynamic
equations which determine heat transfer processes between air and
sea and, ultimately, SST's themselves. Barnett (1977), McCreary
(1976), Flohn and Fleer (1975), Wyrtki (1974), and Doberiti (1969)
emphasized the close coupling between the trades and the tropical
oceans. Davis (1976) pointed out that on time scales of one month
to one year the atmosphere most 1likely drives the ocean. A number
of investigators have established that trade wind intensity is
closely linked to ocean upwelling and associated SST patterns
(Hastenrath, 1977; Emery, 1976; Brown, 1963). Similarly, changes
in trade wind strength and the resulting tropical SST variations
have been pointed to by Bjerknes (1966, 1969) and later by Pittock
(1973) and Reiter (1978a) as the starting point for a chain of
events which ultimately influences midlatitude weather.

Tropical SST's and their possible re]étionships to mid-
latitude weather have also been considered on their own account

without causative link to trade wind variations. The position and



12

nature of the tropical SST maximum have been recognized as being
important to regional and global circulation patterns and processes
(Hastenrath and Lamb, 1977a and b; Lamb, 1977; Ramage, 1977, 1974;
Kidson, et al., 1969). Haworth (1978) established a strong connec-
tion between tropical SST's and midlatitude pressure patterns.

Another vital trade wind-related parameter in the tropics
whose influence spreads to extra-tropical latitudes are wind-driven
ocean currents. These have been recognized as being important in
the advection of warm water that influences weather not only .within
the tropics (Wyrtki, 1975, 1974, '1973; Namias, 1973; Hickey, 1975)
but in midlatitudes as well (Reiter, 1978a and b; Bjerknes, 1960;
Brooks, 1931). Reiter details how increased trade wind strength in-
creases current speeds and advection rates around the whole Pacific
gyre which eventually warms midlatitude SST's and affects weather
around the Northern Hemisphere. The concept of trade wind intensity
indirectly altering midlatitude SST's through ocean current advec-
tion is of great interest since a number of researchers have linked
northern ocean SST anomalies to variations in hemispheric weather
patterns (Namias, 1978, 1975, 1972, 1969, 1964, 1959; Ratcliffe and
Murray, 1970; Sawyer, 1965).

With the increased sophistication of general circulation
models in recent years, a number of studies have been done to try
and assess the influences of SST anomalies on weather, and, in par-
ticular, to what degree tropical SST anomalies affect global circu-
lation patterns. Rowntree (1972, 1976a and b) in a series of ex-
periments using both hemispheric and global general circulation

models found that SST anomalies in the tropics produced widespread
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global circulation changes. However, other numerical experiments
have produced somewhat contradictory results. Washington and Chervin
(1977) showed that altering Indian Ocean SST's in the NCAR general
circulation model (GCM) produced mostly local effects. Again using
the NCAR GCM, Houghton et al. (1974) and Chervin et al. (1976) pre-
scribed large midlatitude SST anomalies, which, as seen previously,
could possibly be the end result of tropical forcing. In both ex-
periments the results were inconclusive with most circulation changes
occurring in the immediate regions of the anomalies. However, both
studies agreed that important downstream teleconnections could exist
but were unclear due to the nature of the difficulties involved with
the numerical model used. Ramage (1977) addresses these difficulties
and points to the need for better parameterizations of the physical
processes involved in air-sea interaction.

In a slightly different vein, experiments performed by Salmon
and Hendershott (1976) using a simple atmospheric model Tinked to a
simple ocean model suggest that SST anomalies are the result of
atmospheric pressure anomalies on time scales of less than one year.
This would seem to indicate that on short time scales, the atmosphere
does not respond significantly to SST variations. In the words of
Salmon and Hendershott, the atmosphere is "too noisy" to be affected
by SST anomalies on time scales of less than one year.

However, the results of a recent experiment conducted by
Julian and Chervin (1978) seem to agree with the earlier hypotheses
of Bjerknes, Rowntree and others that tropical SST's are very closely
associated with midlatitude circulation. Using the NCAR GCM, Julian

and Chervin found that eastern Pacific SST's are closely linked to
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the strength of the westerlies, on seasonal time scales, and that
atmospheric circulation is probably more sensitive to changes in
tropical SST's than to changes in midlatitude SST's.

Another important tropical parameter to be considered is
rainfall. Since maximum values of tropical precipitation are gen-
erally associated with upward motion in the Intertropical Convergence
Zone (ITCZ) (Gbiffiths, 1972), variations in the excursion of the ITCZ
and resulting deficiencies in precipitation have been identified as
being responsible for major tropical droughts in South America and
Africa (Lamb, 1978; Kraus, 1977a; Hastenrath, 1976; Tanaka et al,
1975; Riehl, 1973). Migration of the ITCZ is obviously important in
the tropics, but it has also been suggested that the position of the
ITCZ is a function of the cross-equatorial energy flux and transport
of energy to higher latitudes (Kraus, 1977a and b; Newell et. al.,
1974). Excursion of the ITCZ, as defined by the area of highest
rainfall, could, therefore, play a vital role in determining mid-
latitude atmospheric circulation.

The position of the subtropical jet is thought to mark the
poleward edge of the equatorial Hadley cell (Palmén and Newton,
1969). The subtropical jet, as defined by the upper tropospheric
west wind maximum, is also considered to be a manifestation of trop-
ical westerly momentum transfer to the midlatitudes (Krishnamurti,
1961). Latitudinal position, therefore, is very important in terms
of extent of the Hadley circulation and the magnitude of wester]y‘
momentum being infused into the midlatitudes from the tropics

(Weinert, 1968; Bjerknes, 1966).
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A final consideration that could shed some 1ight on tropical-
midlatitude interactions is the reaction of a number of different
processes at various locations in seasons prior to and after seesaw
winters. Case studies have been conducted to try and ascertain what
events in various latitudes in preceding seasons lead up to an
anomalous circulation event (Namias, 1978; Reiter, 1978; Krueger and
Winston, 1975; Bjerknes, 1969; Bjerknes, 1966). It is obvious that
if indications of a forthcoming midlatitude circulation anomaly could
be documented, say, in the tropics (if the tropics "lead" the mid-
latitudes), then this could have important forecast value.

From the preceding ideas presented in the literature, it is
now possible to formulate the following working hypothesis which
will be tested and either confirmed or amended in the course of the
following investigation. For GB winters (vice versa for GA winters):
An expanded and strengthened Hadley cell in the Northern (winter)
Hemisphere is associated with stronger trades which Tower SST's in
the tropics and intensify ocean current circulations. In conjunction
with the vigorous Hadley cell, there is a southward excursion of the
ITCZ, a northward shift of the sub-tropical jet, and strengthened

midlatitude westerlies.



Chapter 5
TRADE WIND SYSTEMS

Since the pressure anomaly patterns of the midlatitude see-
saw winters shed significant Tight on defining seesaw circulation
processes, it seems reasonable to begin with pressure relationships
in the tropics to see in just what ways the midlatitudes and the
tropics are tied together during seesaw winters. The correlation
of sea level pressure betweén the key point TOON, 20°W and all other
points on the 59 grid for 26 seesaw winters appears in Figure 3.

The key point was chosen because it coincided with the largest pres-
sure anomaly difference in Figure 2. The most obvious feature of
Figure 3 is that the northern regions are out of phase with the sub-
tropical areas of the Northern Hemisphere. Most notably the Ice-
landic Low is out of phase with the Atlantic and Pacific subtropical
highs, which would imply that a deepening Icelandic Low would be
accompanied by a building of high pressure in the subtropics and
vice versa. This relationship is apparent in Figure 2, where posi-
tive pressure anomalies in the subtropics occur with negative anom-
alies in the Icelandic Low region in the GB winters, vice versa for
the GA winters. This strengthening and weakening of the subtropical
high pressure belt between GB and GA winters are very important be-
cause the stronger the subtropical high, the stronger are the trade
winds driven by it (Pittock, 1973). Similarly, the deeper the Ice-

landic Low, the stronger are the westerlies driven by it.
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To explore the relation of midlatitude westerlies and trop-
ical trade winds further, the zonal component of the geostrophic
wind at the key point 52.5%N, 25°W was correlated with the numerical
value of the zonal geostrgphic wind at 5° grid points throughout the
rest of the Northern Hemisphere for 26 seesaw winters (see Fig. 4).
This key point was chosen because it coincided with the strongest
gradient of the pressure anomaly difference in the westerlies.

Values of correlation coefficient r have been contoured in Figure 4,
and all shaded areas lie above the 95% significance level at r = 0.38.
As was anticipated in the discussion of the pressure correlations in
Figure 3, there is a very high correlation between the strength of
the mean westerlies near the key point, and the northeast trade winds
across the Atlantic and near Hawaii in the Pacific during seesaw
winters. -

Unfortunately, the sea level pressure 59 NCAR grids only
reach as far south as 20°N. The area of this coverage gives an ex-
cellent indication of how the northernmost reaches of the trade wind
belts are behaving in relation to the midlatitude westerlies but it
remains a mystery as to what is taking place between 20°N and the
equator, as well as what is going on in the region of the southeast
trades south of the equator. Therefore it becomes necessary to
choose various station pairs which straddle pressure gradients of
interest. The variations in the sea level pressure differences be-
tween pairs of stations give an indication of the fluctuation of the
calculated geostrophic wind speeds blowing perpendicular to the in-
terval between the respective pairs. When computing geostrophic wind

speeds very close to the equator, it has been pointed out that the
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Correlation of the zonal component of the geostrophic
wind at 52.59N, 250W with the numerical value of the
zonal component elsewhere for all seesaw winters; shaded
areas are above the 95% significance Tevel (after Rogers
and van Loon, 1978).
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geostrophic approximation begins to lose credibility due to the neg-
ligible Coriolis force (Holton, 1972). However for the purpose at
hand, a relative measure of trade wind intensity as indicated by
pressure gradient fluctuations between GB and GA winters is desired,
and therefore it can be assumed in this case that the use of calcu-
lated geostrophic winds for relative comparisons near the equator is
acceptable. ‘

The computed percent increases in geostrophic wind in GB
over GA winters for station pairs chosen according to position and
record length appear in Figure 5. A positive percent increase in-
dicates a stronger wind blowing during GB winters. Two pairs of
points from the NCAR sea level pressure grid used previously were
chosen at the east and west edges of the Atlantic and percent in-
creases were computed for them as well to compare to the station pair
values further south. A heavy black line drawn between a pair of
points indicates the pressure differences used to compute the geo-
strophic winds are significant at the 95% level. Before commenting
on features of Figure 5, it is helpful to look at Figure 6 which il-
lustrates the number of GB and GA winters available to compute the
pressure differences in Figure 5. A1l pairs ringing the subtropical
highs in the North and South Atlantic are fairly well represented,
with the three pairs of high significance (dark axis line) coinciding
with the pairs with the greatest degrees of freedom. The pairs from
the Pacific are very weakly represented, but are included to give
some indication of what could be taking place in that area. Other
station pairs are fairly well represented, and should be reasonably

reliable indicators of geostrophic wind strengths. Returning to
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Figure 5, it is interesting to note that in almost all station pairs
there is a positive percent increase indicating stronger trade wind
flow in the GB winters, and weaker flow in the GA winters.

Starting with the Atlantic, there are stronger trade winds
in the GB in all sectors. These pairs were chosen from the few
available stations with sufficient record length that straddle the
equatorial reaches of the subtropical highs. It was seen earlier in
Figure 4 that an increase in westerlies in GB winters was accompanied
by a similar increase of northeast trades.in the 20-30°N zone, and
vice versa for GA winters. . This result is verified by the present
method used to compute the large significant increases seen at 25°N,
75% -- 20°N, 70° and 30°N, 30°W -- 20°N, 20°W. It is also apparent
from Figure 5 that a similar relationship exists south of 20°N as in-
dicated by the positive percent increases at Port au Prince-Cristobal
in the Caribbean and 20°N, 20%W -- Lagos in the eastern Atlantic
sector. In the North Pacific, positive percent increases are seen
between Honolulu-Cristobal and Honolulu~Fanning. Thus, stronger
westerlies and stronger tropical Atlantic easterlies seem to be
linked with stronger northeast trades in the North Pacific. A sim-
ilar link seems to exist in the southeast Asian-Indonesian area.

This in-phase relationship appears to be the case in the
South Atlantic as well. Both pairs in this area are indicators of
southeast trade wind strength and undergo intensified flow in GB
winters in a similar sense to the Northeast trades in the North
Atlantic and North Pacific.

‘To explore the interrelationship between northeast and south-

east trades in the Atlantic further, correlations were computed for
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the pairs 20°N, 20° -- 30°N, 30% and Luanda-St. Helena (Table 2).
They were chosen as representative indicators of the intensities of
the northeast and southeast trade winds, respectively. It can be
seen in Table 2 that in 57 winters common to.both, the correlation
coefficient between the two pairs is'r = 0.34 which is significant
at the 95% level. However, taking only the 19 seesaw winters common
to both pairs, the correlation coefficient jumps to r = 0.64, which
is significant at the 99% level. Excluding seesaw winters from the
whole series (leaving 38 winters), the correlation coefficient drops
to r = 0.28 which is below the 95% significance level. Therefore,
assuming that these two pairs of data points are representative of
Atlantic trade wind activity, it would appear that in all winters
the northeast trades and southeast trades in the Atlantic are well
correlated, very highly correlated during seesaw winters, and weakly

correlated in non-seesaw winters.
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CORRELATION OF NORTHEAST AND SOUTHEAST TRADES
(20°W, 20°N-30°W, 30°N; Luanda-St. Helena)

Winters common Correlation Degrees of Significance
to both pairs coefficient r freedom

A1l winters 0.34 57 95%
Seesaw winters only 0.64 19 99%
Non-seesaw winters 0.28 38 -—

only




Chapter 6
AFRICAN PRECIPITATION

Position of the ITCZ has been mentioned previously as being
important in terms of cross equatorial fluxes of energy from the
tropics to higher latitudes in the wintef hemisphere (Kraus, 1977a;
Newell et al., 1974). It is, therefore, of interest to see if any
shifts of the ITCZ, as defined by the belt of maximum precipitation,
can be discerned between seesaw modes.

In this analysis it should be noted that seesaw Januaries
are used instead of seesaw winters for two reasons. First, the fur-
thest southward excursion of the ITCZ in Africa usually occurs during
January (Griffiths, 1972). Second, a comparison to another mode of
circulation (the BB and BA modes of the seesaw as defined by VLR) is
made possible by usihg Januaries since BB and BA winters during the
period of record are very infrequent compared to single BB and BA
Januaries. See Table 3 for a list of seesaw Januaries.

A GB or GA seesaw January is derived in the same manner as a
seesaw winter using the 4°C criterion described earlier. The two
other pattefns defined by vLR are used here for comparison: BB -
both Jakobshavn in Greenland and 0slo in northwestern Europe have Janu-
aries with below normal temperatures, and BA - both Jakobshavn and
Oslo have Januaries with above normal temperatures. The criterion
is that both stations must have temperature departures of at least
1°C above or below their respective long term January means. The BB
and BA winters listed in Table 1 were derived in a similar manner

except that winter means were used instead of January means.



TABLE 3

SEESAW JANUARIES
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GB GA BA BB
1902 1912 1916 1899
1904 1917 1926 1901
1905 1929 1927 1914
1906 1931 1928 1918
1909 1940 1930 1922
1911 1941 1934 1950
1919 1942 1935 1956
1923 1943 1936 1966
1925 1945 1939 1968
1932 1948 1962 1970
1933 1953 1964 1972
1937 1954 1965

1938 1959 1969

1944 1963 1973

1949 1975

1971

16 15 14 11
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The heavy contour drawn across southerﬁ Africa between about
10°S and 15°S on Figure 7 encloses the area that, on the average,
receives a January rainfall maximum in amounts greater than 200 mm
(taken from Jackson, 1961). Elsewhere, January rainfall is below
200 mm. Rainfall records for stations in the region of this January
rainfall maximum were analyzed and the differences are shown in
Figure 7 between GB minus GA Januaries (a) and BA minus BB Januaries
(b). The main difficulty encountered in this analysis was the short
period of record of a number of the stations. An indication of data
coverage can be gained in Figure 7c and d which illustrates the num-
ber of Januaries in each mode available for analysis. Due to the
dearth of historical data, as well as the high variance of the rain-
fall records, the standard two-tailed t test for significance of the
differences in Figure 7 is not very effective. However, a very in-
teresting pattern emerges from looking at the sign of the differences
in Figure 7a. The stippled area indicates a band of stations south
of the long term January precipitation maximum with positive devia-
tions indicating greater precipitation during GB Januaries. Stations
north of about 9°S cannot be considered here due to the fact that
those stations are in the area of a double rainfall maximum
(Griffiths, 1972). However, within the outlined January precipita-
tion maximum there are mostly negative precipitation differences.
This would seem to indicate that during GB Januaries(the belt of
maximum precipitation is shifted further south than during GA Janu-
aries. Assuming that the rainfall maximum is associated with the
position of the ITCZ (Griffiths, 1972), the ITCZ would appear

to shift south during GB Januaries. To compare the GB minus GA
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Figure 7.a Precipitation differences, GB minus GA for January,
stippled areas indicate regions of positive dif-
ferences. Dark contour outlines area of rainfall
greater than 100 mm.
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Figure 7.b  Precipitation differences, BA minus BB, for January.
Dark contour same as in part a.
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Figure 7.c  Number of GB and GA Januaries available for analysis
at each station in part a.
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Figure 7.d Number of BA and BB Januaries available for analysis
at each station in part b.
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precipitation differences to another mode of seesaw circulation, re-
fer to the BA minus BB precipitation differences in Figure 7b. The
pattern lacks the coherent shift seen in Figure 7a.

The position of the ITCZ in January is shown in Figure 8.
The east-west axis lies at about 15°-18°s. Referring back to
Figure 7, the precipitation maximum defined by Jackson lies between
10°S and 15°S which is to the north of the ITCZ itself. Nieuwolt
(1977) points out that the maximum precipitation usually occurs
within the air mass which carries the most moisture and not neces-
sarily at the location of the air mass discontinuity as defined by
the ITCZ. This characteristic is evident here because the major
moisture source for January rainfall in this region is the Congo air
mass to the north of the ITCZ (Taljaard, 1972). Since transport of
moisture over the African continent is thought to be primarily asso-
ciated with the mean wind (Peixoto and Obasi, 1965; Flohn and Korff,
1965) then, as can be seen from the streamlines of surface wind in
Figure 8, moisture is most likely being carried in from the tropical
Atlantic by the southeast trades which then turn south toward the
ITCZ. A secondary moisture source is the Indian Ocean east of Africa
but, as Taljaard (1955) points out, the topography of Africa is such
that most of the moisture from the Indian Ocean is rained out when
the air is Tifted near the east coast en route to the central plateau
area. It follows that a chief control on most of the moisture trans-
ported into the area of the January precipitation maximum in Africa
is the strength of the southeast trades off the west coast. It has
already been seen that during GB winters the southeast trades tend

to be more intense than during GA winters implying more vigorous
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Figure 8. January mean low level circulation over southern Africa.
Single 1ines indicate near surface flow, double lines
indicate 3-km flow. Dashed lines indicate ITC and the
Congo air boundary in January and February 1958. Linked
circles are the troughs in the same months (after
Taljaard, 1972.)
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~ transport of moisture toward the ITCZ which is positioned further

south.



Chapter 7

OCEANIC RESPONSES

Sea level fluctuations as indicators of Gulf Stream intensity

It was mentioned earlier that ocean current gyres may respond
to variations in wind stress (e.g., Reiter, 1978). Therefore, since
the Gulf Stream is an integral part of the Atlantic current gyre and
transports large amounts of heat northward from the tropics to the
midlatitudes, it is of intefest to assess the response of the Gulf
Stream to variations in trade wind strengths across the tropical
Atlantic.

In the following analysis, relative sea levels from pairs of
stations are used to give indications of changes in geostrophic sur-
face current strength. This method has been used by a number of in-
vestigators in a variety of applications (e.g., Niiler and Richardson,
1973; van Loon, 1972; McKee, 1971; Montgomery, 1938). The general
theory of why a sea level difference exists across an ocean current
stems from the fact that a geostrophic balance must exist between the
Coriolis force and the pressure gradient across the current as evi-
denced by a change in sea level. Niiler and Richardson (1973) give
the following equation which relates the change of sea level, NoL
across a distance L (between o and L), the velocity Vs of a current
such as the Gulf Stream flowing perpendicular to the axis of o and L,

and the Coriolis force f:
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L

= I
oL = g f Vs(x) dx

Lo

where g is the acceleration of gravity. The quantity oL is the ab-
solute change of sea level which can only be used if sea levels at o
and L are measured from the same bench mark.

There are a number of important factors that influence rela-
tive sea levels which can obscure results extracted from a study of
current speeds using difference in sea level. Among these are (1)
changes in local atmospheric pressure; (2) changes in the heat con-
tent and thus density of the water by variations of solar radiation,
wind cooling, or advection; (3) changes in water salinity; (4) Ekman
divergence or convergence, and (5) "set up" of water caused by wind
stress piling up water in one area (Hickey, 1975; Lisitzin and
Pattullo, 1961; Pattullo, 1960; Pattullo et al., 1955; Montgomery,
1938). Of these, Lisitzin and Pattullo (1961) concluded that iso-
static changes (water mass remains the same) of steric (density re-
lated) levels predominates sea level variations at low and subtrop-
ical latitudes, while in higher latitudes (greater than 40°-45°N)
isostatic responses to changes in local atmospheric pressure are
most important.

In this analysis, eight coastal stations stretching from
Miami Beach to Atlantic City were paired with Bermuda to try and
gauge the relative intensities of the Gulf Stream between modes of
the seesaw. Since east coast stations and Bermuda do not have a
common reference bench mark, only a relative measure of the geo-

strophic surface current is possible. It is safe to assume that all
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pairs straddle the Gulf Stream because it has never been observed
east of Bermuda (Stommel, 1960). Bermuda's sea level records date
back only to 1932 (which is longer than any other recording location
in the Caribbean) making it the only island station practicable for
use in this analysis. In Figure 9, the relative difference of sea
level in millimeters for each station, GB minus GA winters, is la-

_ beled on the axis of each pair for five GA winters and four GB win-
ters. Generally, the greater the difference in sea level between
two stations, the greater the relative velocity of the current flow-
ing between the two stations (Niiler and Richardson, 1973). Al1l
station pairs chosen show negative differences, with the pairs
Bermuda-Hampton Roads and Bermuda-Portsmouth significant above the
95% level. The negative differences indicate that a stronger gra-
dient exists during GA winters implying that the Gulf Stream flows
faster during those winters. Therefore, it appears that during the
GB winters increased trade winds in the Atlantic are associated with
decreased Gulf Stream velocities and vice versa for GA. This result
would seem to contradict the theory of wind-driven ocean current
circulation as treated by Munk (1950) and others which states that a
circulatory current system, such as the North Atlantic, responds
directly to the curl of the wind stress acting upon it. Bjerknes
(1960) and Stommel (1951) even speak of intensification of the trades
and westerlies having the effect of "speeding up" the North Atlantic
gyre of which the Gulf Stream is a part. However, there is a degree
of confusion in the literature concerning phase relations between
ocean currents and winds in the Atlantic (Gill and Niiler, 1973;

Kellerman, 1965; Niiler and Richardson, 1973; Stommel, 1960, 1953).
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Relative sea level difference between Bermuda and east
coast United States stations in mm. for nine GB minus

GA winters.
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There remains the possibility that the observed differences
in sea level between Bermuda and the U.S. stations are due to some
other, non-trade wind related process. It was mentioned earlier
that steric effects and variations in air pressure are probably two
of the most important factors in determining sea levels (Lisitzin
and Pattullo, 1961). In a study involving sea levels in the Indian
Ocean and South Pacific, Fairbridge and Krebs (1962) corrected sea
levels for changes in sea level pressure (SLP). To check out the
possibility that SLP variations determine the change of relative sea
levels in this analysis, a correction factor of 1 cm change in sea
level for each 1 mb change in atmospheric pressure was applied to the
observed sea levels for each station (Lfsifzin and Pattullo, 1961).
SLP records were used either from the individual stations with both
sea level and SLP records, or interpo]atéd from nearby stations with
SLP records (see Fig. 10). SLP anomalies used for the sea level
corrections were computed by subtracting the respective winter de-
partures from the annual means.

‘The corrected sea level differences appear in Figure 11.
Comparing Figures 9 and 11, it can be seen that the corrected dif-
ferences in Figure 11 are slightly smaller than the uncorrected ones
in Figure 9, but the signs are still all negative which indicates
stronger flow in GA and weaker flow in GB as before. This result
seems to confirm Lisitzin and PattuT]o's (1961) contention that vari-
ation of air pressure is not the most important consideration in de-
termining sea levels at latitudes south of 40-45°N. In the next
section, steric influences will be examined in relation to the ob-

served sea Tevel variations.
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STATIONS WITH SLP RECORDS
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Figure 10. Stations with sea level pressure records used to

correct recorded sea levels.
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Sea_surface temperature (SST) response

In the literature review earlier it was seen that many in-
vestigators have tried to link SST's and atmospheric circulation to
clarify exactly what takes place in the complex set of processes
that make up air-sea interaction. In this section, 59 area averages
of wfnter SST's are examined to see in what ways the surface tem-
perature of the tropical oceans react during seesaw winters. The
SST differences for GB minus GA winters during the period 1854-1968
in °C appear in Figure 12. Once again, ;he sign of the difference
carries the sign of the GB winters. It is important to repeat at
this point that (1) even though SST's analyzed here extend back to
1854, it was illustrated in Figure 2 that seesaw processes appear to
be the same prior to 1899 when better Northern Hemisphere data cover- -
age begins, and (2) the SST data are smoothed a great deal in the
course of the quality control procedure described in an earlier sec-
tion. Therefore, SST anomaly patterns can be expected to be of less -
magnitude than if original unsmoothed data had been used.

A number of interesting features are evident in Figure 12.
First, an area of negative SST differences (colder water in GB,
warmer in GA) covers the Atlantic between about 10°N and 35°N. These
differences are statistically significant as can be seen by referring
to Figure 13. Positive differences exist in the Gulf of Mexico, in
a small area off the Georgia coast, and in a strip stretching across
the northern Atlantic near 40°N. Another positive area lies between
5% and 10°N and 33%-45°%W. In the Pacific, a band of negative dif-
ferences reaches almost all the way across the tropical regions south

of 25°N with the exception of an area of positive differences in the
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Figure 12. Sea surface temperature difference in °C for GB minus
GA winters from 1854-1968. Positive differences are
stippled.
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Two tailed t test of SST differences in Fig. 12.
Shaded areas are above the 95% confidence level.
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eastern tropical Pacific near 120°W from the equator to 10%. A
large area of positive differences covers most of the North Pacific.
It should be noted, however, that data coverage from the Pacific has
only been fairly adequate since World War II. (See Appendix D for
SST observational density). From Figure 13 it can be seen that the
differences off the coasts of Baja, California and Central America
as well as the ones in the Hawaiian region are significant above the
95% level. Another area of large significant negative differences
also exists in the Indian Ocean.

From the data presented in Figures 12 and 13, it is clear
that the oceans of the world are closely related in some way to the
atmospheric processes previously described. The first and most ob-
vious way SST's respond to atmospheric forcing is through latent and
sensible heat loss which is directly proportional to the wind speed
as described by the bulk aerodynamic equations listed in Appendix A.
Therefore, with an increase in wind; an increase in latent and sen-
sible heat loss at the ocean's surface can be expected and lower SST's
result (Bunker, 1976). A second control over SST's which is also
wind-related is upwelling. This process occurs when wind stress is
applied to an ocean surface. Ekman driftvof the surface water then
begins, and vertical motion of subsurface water is necessary to re-
place the water removed at the surface (Hastenrath, 1977; Bjerknes,
1960). Since subsurface water temperatures are generally less than
surface temperatures, lower SST's are observed in areas of increased
wind stress (Brown, 1963).

A third factor influencing SST's is radiational exchange at

the ocean surface (see Appendix A for radiation exchange equation).
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One of the major controls on the radiation balance is cloudiness --
more clouds result in less solar radiation reaching the ocean, and
an observed decrease 1in SST even though cloud cover does tend to
hold in some of the outgoing longwave radiation (Bunker and
Worthington, 1976). Finally, local SST's can change depending on
advection rates or positions of ocean currents (Stommel, 1970).
Looking again at Figure 12, it is probable that the large negative
SST differences seen across the tropical Atlantic are due to the
stronger trade winds described in Section 4 which increase losses of
latent and sensible heat and enhance vertical mixing.

The small area of positive differences between 5° and 10°N,
even though it is not statistically significant, is of interest be-
cause it coincides almost exactly with an area of net oceanic heat
loss given by Bunker and Worthington (1976) (see Fig. 14.1) and
Hastenrath and Lamb (1978) (Fig. 14.2-14.4). Bunker (1976) explains
that this is an area very sensitive to changes in cloud cover from
the ITCZ which Ties near this region during winter as seen in Figures
14.5-14.7 (Hastenrath and Lamb, 1977). If the c]oﬁdiness maximum as-
sociated with the ITCZ was further south during GB winters, this area
would receive more solar radiation and be relatively warmer than dur-
ing GA winters, thus producing the positive SST difference seen in
Figure 12. Results presented in the preceding section indicate that
the ITCZ shifts further south over the African continent during GB
winters. Recent evidence presented by Lamb (1978) suggests that
shifts in position of the ITCZ over Africa are probably 1linked to
similar shifts over the tropical Atlantic. It does seem a possi-

bility in this case, then, that an ITCZ shift to the south over
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Figure 14.1 Annual average heat gain (w mhz) for the North
Atlantic. Shaded areas indicate negative heat
gain (after Bunker and Worthington, 1976).
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Figure 14.2 Net oceanic heat gain (N m'z) for the tropical
Atlantic, December (after Hastenrath and Lamb, 1978).

Figure 14.4 Same as Fig. 14.2, except for February.
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Figure 14.5 Total cloudiness in tenths for the tropical Atlantic,
: December (after Hastenrath and Lamb, 1977).

Figure 14.6 Same as Fig. 14.5, except for January.

Figure 14.7 Same as Fig. 14.5, except for February.
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Africa during GB winters could be accompanied by a similar shift
over the tropica1 Atlantic, and vice versa for GA winters.

Another small area of positive differences occurs just off
the Georgia coast. This area on first inspection seems unreliable
becéuse of the unusually large SST difference (almost a 1.5°C gra-
dient between it and neighboring values) plus the fact that there
are less reported data there than for the surrounding regions. How-
ever, two points can be made to suggest that the SST in this area is
not spurious. First, it must be remembered that the SST data used
here are smoothed area averages for each 50 square of latitude and
Tongitude. Observations taken for the area in question can only be
included from a small oceanic corner of the 5° square bounded by 80°
to 85% longitude, and 30° to 35°N latitude. This fact automatically
increases the resolution of the data coverage since only a small seg-
ment of that particular 50 square lies over the ocean. Secondly,
Figure 15 shows that the small portion of this 5° square contains an
extremely steep gradient of the contours of surface temperature re-
sulting from the rapid decrease of SST between the core of the Gulf
Stream and the U.S. coast. .There is no other 5° square with similar
resolution containing such a steep gradient because, as can be seen
in Figure 15, the strongest gradient lies very near the coast and
other 5° squares in the region have sufficiently large areas tb in-
clude expanses of warm water to the east of the tightest gradients.
Due to the smoothing and averaging, the larger areas of warmer water
in the other 5° squares would effectively drown out any signal from
changes in gradient between the Gulf Stream core and the coast. The

exceptions would be 50 squares lying further north where the Gulf
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51

Stream gradients occupy a significant portion of their areas. This
is exactly where a band of positive differences lies to the north of
Cape Hatteras extending two thirds of the way across the North
Atlantic, areas of which are statistically significant at the 95%
level. This would seem to hint at the possibility that the entire
tropical and subtropical Atlantic gyre (refer to Fig. 16) is expanded
radially outward during GB winters. If this were the case, the SST
gradient between the core of the Gulf Stream and the United States
east coast would be pushed west giv%ng a positive SST difference in
the area off the Georgia coast. Similarly the increased radia] ex-
tent of the gyre would shift the SST gradient further north near 40°N
giving the positive SST differences seen in Figure 12 in that region.

A possible explanation for radial expansion of the gyre in
GB winters could be traced to the stronger trade winds observed in
the Atlantic in those winters. As stronger trades remove heat from
the central Atlantic, upwelling takes place, isotherms move upward,
and the surface current layer would be compressed. To conserve mass,
the North Atlantic gyre would expand radially outward and, to con-
serve vorticity, slow down as evidenced by the slower Gulf Stream
speeds observed in GB winters. However, there is no evidence to
support the contention that the surface current layer compresses in
the manner necessary to maintain an outward radial expansion of this
magnitude.

The band of positive differences across the North Atlantic
near 40°N, and the decreased Gulf Stream flow during GB winters,
could also be explained in terms of wind stress. In Figure 4 the

area from 20-40°N is covered by negative correlations indicating
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that, since this is an area of mean westerlies, there are weakened
westerlies during GB winters. The sea level differences across the
Gulf Stream (Fig. 9) show that the negative differences become
larger, and associated Gulf Stream flow slower, as one progresses
north up the east coast of the United States. This could be due to
change in the angle of the section with reference to the coast and
current, but could also be due to weakened westerlies northeast of
Cape Hatteras which would slacken Gulf Stream outflow. Decreased
wind stress in that area would also result in a decrease of latent
and sensible heat loss and vertical mixing which could produce the
higher SST's seen there during GB winters.

The pattern of SST's in the Bermuda-east coast United States
region suggests that the sea level variations observed in the pre-
ceding section may be due to sterfc effects. To investigate this
possibility, sea level changes were computed for the Bermuda and east
coast United States stations using observed SST's for GB and GA win-
ters. The mixed layer is assumed to be isothermal and the water
temperature at the surface representative of the temperature through-
out the mixed layer. Based on observations, the mixed layer in win-
ter near Bermuda is assumed to be 300 meters, and for the east coast
it is taken to be 200 meters (Stommel, 1960). It should be noted
that mixed layer processes change as the total water depth decreases
near the coast, but a 200 meter mixed layer is used here to obtain a
relative measure of sea level change. Salinity near Bermuda is taken
to Ee 36 2/50, and 35 %/bo near the coast (Stommel, 1960). For the
Bermuda vicinity, the SST observed during GB winters is 19.6°C and

20.1°C for GB winters. Using a chart of temperature versus salinity
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(Bryan and Cox, 1972), a density of 1.0257 g/cm3 was obtained for
the GB winters, and 1.0255 g/cm3 for GA winters. Assuming a one
centimeter square column of water in a 300 meter mixed layer has a

4

constant mass of 3 x 10" g, the height of the column is given by

H = (3 x 10* g) (1 cmz) (1)
p

where H is the height of the column in centimeters and p is the
density of that column. Computing H for GB and GA and tﬁen differ-
encing the two quantities (GB minus GA) give AH = 5.7 cm at Bermuda.
The negative sign means that sea level is higher there during GA
winters.

Following the same procedure for the ocean areas off ‘the
east coa;t of the United States west of Bermuda and using a GB SST
of 18.9°C and a GA SST of 17.6%C, the respective densities for the
same salinities are 1.0251 g/cm3 and 1.0255 g/cm3. Substituting
these densities into Equation 1 and differencing GB minus GA, the
change in height is found to be AH = + 7.6 cm. The positive sign
indicates lower sea levels during GA winters. Therefore, the net
change of sea level for GB minus GA between the east coast of the
United States and Bermuda, computed purely from steric considera-
tions, is -13.31 cm which is very close to the largest observed
differences seen in Figure 9. Therefore, Lisitzin and Pattullo's
(1961) contention that steric effects are the most important deter-
mination of sea level variation south of 40-45°N seems to be valid
in this case.

In the Pacific, the large band of negative and, in some areas,

statistically significant SST differences (see Fig. 13) stretching



55

from Baja, California westward past Hawaii toward the Philippines
can again probably be atéributed to the increase of northeast trade
wind intensity during GB winters causing cooling through more latent
and sensible heat flux and increaéed vertical mixing. Moving south
toward the equator, data become more and more sparse, but the area
of positive SST differences near 120°W and south of 10°N is worth
noting because, as seen earlier, the theories of Bjerknes and others
ascribe vital importance to SST's in this area of the Pacific in
terms of eventual links to midlatitude weather. Another major fea-
ture of the Pacific SST differences in Figure 12 is the huge area of
positive differences extending most of the way across the northern
Pacific. Due to high variance and data scarcity, these large dif-
ferences are not statistically significant, but again are of interest
in light of other investigators' theories of Pacific Ocean inter-
actions between the tropics and midlatitudes. It is interesting to
note that the pattern of large positive SST anomalies in the North
Pacific during GB winters and negative ones for GA winters has been
verified by several case studies of individual winters such as the
GA winter of 1957-58 (Bjerknes, 1966), the GB winter of 1971-72
(Namias, 1972), and the GA winter of 1976-77 (Namias, 1978).



Chapter 8
UPPER AIR PHENOMENA

The position of the subtropical jet stream is thought to mark
the poleward edge of the Hadley circulation and is an important in-
dicator of the amount of westerly momentum being tkansferred from the
tropics to the midlatitudes (Palmén and Newton, 1969; Kri§hnamurti,
‘1961b). In this‘section the position of the subtropical jet stream
at 300 mb, as defined by thé west wind maximum at that level, is com-
pared between GB and GA winters.

The subtropical jet stream is a relatively constant feature
whose axis ranges in latitude from 20°N‘to 35°N and whose maximum
speeds occur near 300-200 mb (Krishnaﬁurti, 1961a). Weinert (1968)
found that the average subtropical jet axis in the Ausﬁra]ian region
varies by no more than 6° from month to month. Murray (1960) ex-
plains 1large local variations of monthly mean flow in the subtrop-
ical jet by displacements of a few degrees in latitude without regard
to changes in velocity. However, Troup (1961) adds that changes in
intensity can also play a role in addition to small shifts in posi-
tion of the jet axis.

Data from the NCAR upper air tapes were used here but 300 and
200 mb data only go back as far as 1962. Since 1962, there have been
only six seesaw winters. Therefore, 700 mb temperature data dating
back to 1947 (9 seesaw winters) were used instead to provide more
cases and to give an indication of the position of the subtropical

jet stream at upper levels by invoking the thérma] wind relationship
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(see Appendix A for thermal wind equation) where temperature gra-
dients at lower levels in the atmosphere are indicative of geo-
strophic flow at upper levels. To verify that this approach was
valid, 5° latitudinal 700 mb temperature gradients were correlated
to 300 and 200 mb geostrophic u component winds at 50 grid points.
Both levels had high correlation values, but the 300 mb ones were
slightly higher (Fig. 17). Correlation coefficients are well above
.7 (and iﬁ some areas above .9) virtually all around the lower lat-
itudes of the Northern Hemisphere, except in a small area north of
Palestine where unreliable upper air data could be a factor. The
Himalayan area was not analyzed since this region rises above 700 mb.
It should be safe to assume, therefore, that 700 mb latitudinal tem-
perature gradients can give an indication of u component 300 mb geo-
strophic winds.

The difference map of GB minus GA winter 700 mb temperature
gradients and the associated significance levels are shown in Figures
18a and b. Once again the sign of the difference is indicative of
the sign of a GB winter. There is a general tendency toward negative
differences between 20-30°N with positive differences directly to the
north from 30-50°N. The most obvious exception to this pattern is
over North Africa and Europe where the regions of positive and neg-
ative differences are in the opposite sense.

van Loon and Williams (1977) found that a weakening of 700 mb
temperature gradients is associated with a southward displacement of
the region of most frequent storm tracks. Here, the intensified 700
mb temperature gradient across the North Atlantic during GB winters

would indicate that more low pressure centers track further north,
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Figure 18.b Two tailed t test for 700 mb temperature gradient dif-
ferences in part a. Shaded areas are above the 95%
confidence level.
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which was noted by Rogers and van Loon (1978), resulting in the in-
tensified Icelandic Tow and the milder winters observed in Europe
during the GB mode. 1In addition, it was noted in Figure 12 that a
band of positive SST differences stretch across the Atlantic near
40°%. This would intensify the SST gradients to the north of 40°N,
weaken them to the south, and coincide with the northward displace-
ment of the 700 mb baroclinic zone and associated storm track path.
Using the 700 mb temperature gradients as indicators of 300
mb u winds leads one to conclude that the 300 mb u wind maximum
shifts north in all regions. of the Northern Hemisphere, with the ex-
ception of a southward shift over Africa during GB winters, and vice

versa in GA winters,



Chapter 9

LEADS AND LAGS: SUMMERS AND AUTUMNS PRECEDING
AND SPRINGS FOLLOWING SEESAW WINTERS

Sea-level pressure

Sea-level pressure difference maps for the two seasons pre-
ceding and the one following seesaw winters were computed as a first
step in determining if there are any indications of a following see-
saw winter or whether any features persist beyond a seesaw winter.
Regions over North Africa, India, and central Asia were not analyzed
due to inhomogeneities in the data (Madden, 1976). The SLP dif-
ference map, GB minus GA, for summers prior to seesaw winters is
shown in Figure 19a. Small positive pressure anomalies are evident
in the vicinity of the subtropical highs in the Atlantic and Pacific,
as well as over northern Canada. The statistical significance of
these differences can be seen in Figure 19b.

Figure 20a is the SLP difference map for GB minus GA lead
autumns prior to seesaw winters. As in the preceding map, small posi-
tive pressure anomalies appear in the subtropical regions of the
Pacific and Atlantic as well as over the Aleutians and northern
Canada, with an area of small negative differences over Greenland.
Statistical significance associated with these anomalies is illus-
trated in Figure 20b.

A statistically significant area of positive SLP differences
across the North Atlantic can be seen in Figure 21 for springs fol-
lowing seesaw winters. Small positive differences still dominate the

subtropical eastern Pacific and subtropical Atlantic.
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tral Asia were not analyzed due to unreliable data.
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< PRESSURE ANOMALY DIFFERENCE
AUTUMNS PRECEDING SEESAW
WINTERS, CONFIDENCE LEVELS

Figure 20.b  Same as Fig. 19.b, except for autumns preceding
seesaw winters.
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PRESSURE ANOMALY DIFFERENCE
SPRINGS FOLLOWING SEESAW
WINTERS , GB-GA

Same as Fig. 19.a, except for springs following
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Figure 21.b  Same as Fig. 19.b, except for springs following
seesaw winters.
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Trade winds

In a similar procedure to that carried out in Chapter 5, geo-
strophic winds were computed from surface pressure differences be-
tween pairs of stations or grid points to give an indication of the
increase or decrease in trade wind strengths for lead and lag seasons
preceding and following seesaw winters. Stations were chosen for the
Atlantic and eastern Pacific from the pairs used earlier. In Figure
22, weak increases in trade wind intensity are seen in the Atlantic
and Pacific for summers preceding GB winters with the exception of a
slight decrease in the northern Caribbean and a large decrease in the
South Pacific for the Apia-Rorotonga pair. As was mentioned in
Chapter 4, the Apia-Rorotonga and Honolulu-Fanning results should be
viewed with a degree of caution due to short record lengths. The
percent increases of resulfant geostrophic wind for autumns preceding
seesaw winters in Figure 23 show fairly large increases for lead GB
autumns for the pairs south of 20°N -- Hono]u]u-fanning, Honolulu-
Cristobal, and Cristobal-Port au Prince. In fact, the magnitude of
the increases for those pairs is greater than the values computed for
seesaw winters in Figure 5. The same quantity computed for springs
following seesaw winters appears in Figure 24. It appears that any
discernable responses have weakened for the Pacific pairs as well as
for the pairs north of 20°N in the Atlantic where very large in-
creases were seen in GB winters in Figure 5. However, the two
Atlantic pairs south of 20°N and the Luanda-St. Helena pair in the
South Atlantic still show fairly lafge pércent increases in trade

wind strength for springs following GB winters.
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Figure 24. Same as Fig. 5, except for springs following
seesaw winters.
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Sea 1evels as_indicators of Gulf Stream intensity

Four of the eight pairs used in Chapter 6 were chosen to ex-
amine Gulf Stream response in seasons preceding and following seesaw
winters. Differences were computed in the same way and appear in
Figures 25-27, GB minus GA, for summers and autumns preceding and
springs following seesaw winters. It can be seen that all pairs reg-
ister negative differences in all the lead and lag seasons with the
exception of the lag spring Bermuda-Jacksonville pair in Figure 27.
Following similar arguments presented in Chapter 6, this would seem
to indicate that the Gulf Stream is flowing at a reduced rate in

seasons before and after GB winters.

Sea surface temperatures

Sea surface temperature differences were computed in the same
manner as in Chapter 6 for lead seesaw summers and autumns and lag
seesaw springs and appear respectively in Figures 28a, 29a, and 30a
with associated statistical significance levels in part b of each
figure. The most persistent feature present on all the difference
maps as well as on the winter SST difference map in Figure 13 is the
area of negative differences across most of the tropical Pacific,
Atlantic, and Indian Oceans indicating cooler SST's during seasons
before, during and after GB winters. One interesting region of posi-
tive differences that appears on all the SST difference maps is near
120% between the equator and about 8°N. Another positive difference
area lies in the North Pacific. It expands and intensifies from
season to season while it slowly.moves away from the west coast of
the United States. A third group of positive differences spreads

across the North Atlantic near 40°N as the seasons progress. A final
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Figure 28.a Same as Fig. 12, except for summers preceding
seesaw winters.



78

SEA SURFACE TEMPERATURE
®  DIFFERENCE (°C), SUMMERS
PRECEDING SEESAW WINTERS,
GB -GA. CONFIDENCE LEVELS

Figure 28.b  Same as Fig. 13, except for summers preceding
seesaw winters.
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Figure 29.b Same as Fig. 13, except for autumns preceding
seesaw winters.
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Figure 30.a Same as Fig. 12, except for springs following
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area of interest is near 40°W in the tropical Atlantic. Here, a
small area of positive differences persists in the region of ITCZ
cloudiness discussed earlier through all the seasons represented in

Figures 12, 28, 29, and 30.

Discussion of lead and lag seesaw season results

From the preceding results several points of interest emerge.
First, and most obvious, is that the basic qcean-re]ated features
appear two seasons before seesaw winters and persist into the follow-
ing springs. Gulf Stream flow is slower through all seasons and neg-
~gative SST's dominate'theVsﬁbtropica1-areas of all three oceans. Mid-
latitude SST features also appear two seasons before seesaw winters,
then slowly alter form and position as seasons progress (i.e., the
positive SST anomalies in the North Pacific and North Atlantic).

The atmosphere does not seem to behave with as much persis-
tence as the ocean even though basic seesaw patterns (of smaller
magnitude) are evident in autumns before seesaw winters. Comparing
the pressure anomaly differences in Figure 2 (seesaw winters, GB-GA)
with the ones in Figure 20 (autumns preceding seesaw winters, GB-GA),
positive differences over the Aleutians, extreme northern Canada,
and the subtropical areas of the Pacific, Atlantic, and India, as
well as negative differences over the Greenland area are common to
both, even though the preceding autumn differences are only from one
half to one fourth the size of the winter values.

Geostrophic wind flow as indicated by the station pair anal-
ysis seems to indicate a building of trade wind intensity in the deep
tropiés south of 20°N in seasons preceding GB winters'except for a

possible breakdown in the South Pacific as indicated by the Apia-



84

Rorotonga pair in preceding autumns with the more northern areas of
the trade wind belt reacting strongly only during seesaw winters.
Judging from the SST patterns in seasons-precéding the see-

saw, it seems possible that some degree of predictability may be
possible (e.g., Ratcliffe and Murray, 1970) and preliminary attempts
were made to assess the prospects of gaining forecast skill from the
SST's in seasons prior to individual seesaw winters. However, it
must be remembered that the SST patterns presented here are dif-
ferences of long term averages. When dealing with the yearly SST's,
there are problems inherent with noise and year-to-year variation

which tend to make forecasting schemes impractical.



Chapter 10
CONCLUSIONS

It has been established that a number of parameters in the
tropics can be linked directly with the major mode of midlatitude
circulation called the Greenland seesaw which occurs in approximately
40% of the winters observed over the last 133 years. These observed
responses in the tropics include: (1) stronger (weaker) trade winds
in the Atlantic and the Pacific during GB (GA) winters; (2) a large
highly significant correlation of northeast and southeast trade wind
strengths during seesaw winters, but not during other winters; (3)
the ITCZ in Africa, as defined by the belt of heaviest precipitation,
shifts south (north) during GB (GA) winters; (4) the speed of the
Gulf Stream, as implied by sea level differences between Bermuda and
U.S. east anst stations, is slower (faster) during GB (GA) winters;
(5) significantly lower (higher) SST's are seen across the tropical
North Atlantic, North Pacific, and Indian Oceans during GB (GA)
winters; (6) the position of the subtropical jet stream (at 300 mb),
as defined by 700 mb temperature gradients, shifts north (south) dur-
ing GB (GA) winters everywhere except over Africa where a shift in
the opposite sense occurs; (7) examination of SST's during summers
and autumns prior to, and springs following, GB (GA) winters indi-
cates cooler (warmer) tropical Atlantic, Pacific, and Indian Ocean’
SST's in the lead and lag seasons and a slower (faster) Gulf Stream;
(8) seesaw winter SLP anomaly patterns in both the tropics and mid-

latitudes are weakly present in autumns prior to seesaw winters;
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(9) trade winds in the deep tropics (south of 20°N) are stronger
(weaker) in the two seasons prior to seesaw winters and especially
in autumns preceding seesaw winters; (10) trade winds in the northern
fringes of the tropics 20°N-30°N seem to react strongly only during
seesaw winters, and weakly in the lead and lag seasons. (See Table 4
for summary of results).

Bésed on these results from the tropics coupled with mid-
latitude data presehted here and in VLR, a number of hypotheses have
been put forth in an effort to amend or confirm the original working
hypothesis. As was originally suspected, stronger trades appear to
decrease SST's in the tropics. What was not anticfpated was that
stronger trades are, in this case, associated with reduced Gulf Stream
velocity. As a possible explanation, it was postulated that reducing
SST's over a large area of the Atlantic Ocean current gyre by in-
creased trades increases upwelling, compresses the surface current
layer, and causes the whole gyre to expand and sldw down due to mass
and vorticity conservation. This theory helps to explain the positive
SST's seen off the Georgia coast and across the North Atlantic during
GB winters (Fng 12). However, it appears that the observed sea level
differences during seesaw winters can be accounted for by steric ef-
fects associated with the SST's in the vicinity of the Gulf Stream.
This SST pattern seems to be reinforced in the following springs
(Fig. 30) with larger areas of positive differences off the east coast
and across the North Atlantic. The positive sea level préssure anom-
aly (Fig. 21) 1ying over the positive SST differences in the North
Atlantic would provide a positive feedback with less clouds, fewer
storms, less vertical mixing, more solar heating of the ocean surface

and higher SST's.
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The postulated expansion of the Hadley cell during GB winters,
presumed to be associated with increased trade winds, seems to be as-
sociated with an apparent southward shift of the ITCZ in Africa as
seen by the precipitation maximum movement in Figure 7, a possible
similar southward shift over the Atlantic as seen by areas of positive
SST's in the vicinity of the ITCZ cloudiness maximum, and a northward
movement of the west wind maximum at 300 mb everywhere in the Northern
Hemisphere except over Africa.

AThe large area of positive SST's in the North Pacific is
present to some degree two full seasons before a GB winter, and one
season before the first indications of a GB SLP anomaly pattern. If
the SST anomaly pattern is already in place, the overlying atmosphere
is affected (Davis, 1978) because SST gradients influence atmospheric
baroclinic zones, associated areas of cyclogenesis, and storm track
positions (Namias, 1975). Therefore a large area of positive SST's
in the North Pacific would tend to weaken and steer storms south due
to decreased south to north temperature gradient (Namias, 1972). The
result could be the negative SLP anomaly seen over the western U.S.
and the positive SLP anomalies in the Aleutian areé. Contrary to
what is happening in'the Aleutian area, the SST pattern in the North
Atlantic is conducive to deepening the Icelandic low in the mean by
steering storms northward as was seen earlier. Therefore, there are
an observed deepening of the Icelandic Tow and an increase in wester-
Ties in the North Atlantic during GB winters.

In any discussion of tropical-midlatitude interactions, the
inevitable question of "what comes first" always arises. Here, it

appears that the SST pattern has a great deal to do with the onset of
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the seesaw winters since the seesaw SST anomaly pattern is present

in summers preceding seesaw winters one season prior to the first
indications of the seesaw SLP anomaly pattern in autumns preceding
seesaw winters. This seems especially plausible in 1ight of Davis'
(1978) finding that over the North Pacific autumn and winter SLP
anomalies can be predicted from prior SST data. However, the next
question is how does the SST anomaly pattern get there in the first
place? This cannot be answered conclusively from this study. Namias
(1978), in discussing the causes of the GA winter of 1976-77, feels
that the SST patterns of that winter were set up a year or more in
advance. Lead seasons that far in advance are very difficult to
study in the case of the seesaw due to the overlap of some of the
consecutively occurring seesaw winters. The fact that SST winters

of one mode or the other (GB or GA) tend to occur together over peri-
ods of years (vLR, see Fig. 31) tends to lend credence to Namias'
hypothesis because one mode of SST pattern would reinforce and main-
tain seesaw winters of that mode. Similarly, Elsberry and Garwood
(1978) show how a persistent SST anomaly pattern can be determined

by the frequency and intensity of atmospheric storms during ‘the
spring.

A clue as to how an SST pattern of hemispheric extent could
be set up was given by Bjerknes (1966). He felt that a breakdown in
the'southeast trades in the Pacific could cause positive SST anom-
alies and increase the northeast trades setting off a chain of tele-
connections on a hemispheric scale. Even though Bjerknes felt this
series of events could take place within one season, this type of in-

teraction remains a possibility here since (1) the strength of the
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northeast and southeast trades in the Atlantic were shown to be
strongly correlated during seesaw winters, but weakly correlated dur-
ing other winters and (2) northeast trade wind strength in the deep
tropics seems to persist two seasons before a seesaw winter. This
implies that a breakdown of, say, the southeast trades in the
Atlantic a year before a seesaw winter could set up tropical SST
patterns that‘cou1d influence the northeast trades, alter SST's fur-
ther north, and set up a hemispheric SST pattern over a period of a
year culminating in a seesaw winter. Of course it remains a mystery
as to why the southeast trades would behave this way in the first
place. The eventual answer may lie in the vast data sparse areas of
the southern hemispheric oceans.

It was the original intent of this study to investigate the
extent to which processes taking place in the tropics could be 1linked
directly to a major mode of midlatitude circulation called the "Green-
land seesaw". A number of direct links have been identified, and
several processes have been hypothesized to explain these teleconnec-
tions. An interesting application of these results would be to see
if a general circulation model could duplicate the hemispheric pat-
terns observed during seesaw winters using seesaw boundary conditions
to initialize the model. This type of interaction between empirical
and theoretical studies has begun to be tried with recent attempts to
model the Walker Circulation (Julian and Chervin, 1978; McWilliams
and Gent, 1978). In any event, the vital role the tropics play in
determining midlatitude circulation has been underscored, and it is
hoped that future research will either verify or alter the hypotheses
put forth in this study as more gnd better tropical data are made

available.
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APPENDIX A

Equations

a. Statistical equations

Several programs have been developed during the course of
this study that use statistical equations to evaluate relationships
between sets of data; a 1ist of the programs appears in Appendix B.
The following is a list of the equations in the computational form

in which they appear in those programs.

t value:
X - %,
1T .1 2 21 . [w 2 2
“n‘l*?fz LX) ‘(2‘11')]*[2}‘21 '(ZXZi)
I'Il nz
Ny +n, -2

where Xq and X, are 2 sets of data, ny and n, are the number of ob-
servations in-each set, and X134 and X are individual observations
within each set.
note: the computational t value equation was developed from
the general t value equation of the form given by Barry

(1971):
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where Xq and X, are two sets of data, n1 and n, are number of ob-

servations in each set and oy and o, are standard deviations of each

set and where

='Z@i-ﬂ)2

Ny

correlation coefficient:

(i - %)
VI(T - 5 ) 2(T - R

where x1 andvx2 are two sets of data and xli and Xp; are individual

x11 xz)

observations within each set.
note: the computational correlation coefficient was de-

veloped from the equation for the general correlation coefficient

between two variables x and y:

(1))
\/—[Z x - YR -X(r - 7)2]

as given by Brooks and Carruthers (1953).

To arrivé at the correlation coefficient computationally,

first compute covariances since

covariance (X.i, XJ)

w/fcovariance (xi, xi) covariance (xj, xj)

correlation (%i’ xj) =
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It is necessary to accumulate sums of products and squares

of the covariance terms:

covariance

]
N
1
el
V
o
)
x|
[
~~

the mean of a mean is simply that

mean (i.e. = ')?1.>, and

S Xy - Xy Xz = Xs Xz + Xi Xg
Xj X5 = X3 Xy = X3 X5+ Xg X;

|

*. covariance = m——— = -

LI IS B
Ifj=i [as encountered in computing cov(%ix{> for examp]e]
then '
covariance = X; X; - X5 X;
X = ;;?'_ ;}2

where X is called the variance which is the covariance with sub-
scripts equal.

significance test for correlation coefficient:

95% limit = 230
NI
99% 1imit = 2228

W/ N
where N is the number of pairs being correlated (Jenkins and Watts,

1968).
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Other equations

geostrophic wind:

= .1 ap
Vg of n

where Vg is the computed geostrophic wind blowing perpendicular to

n, p is air density, f is the Coriolis force, and ap/an is the pres-

sure gradient along n (Holton, 1972).

thermal wind

for zonal component u,

. R (& Po
TN/, (:p;)

where T is the mean temperature in the layer between pressure Po and

Py R is the gas constant, f is the Coriolis force (Holton, 1972).

bulk aerodynamic equations

momentum: T=p CD Ulo2

e ¢ (45 - 910) V1o
o &y cp (Ts - T10) Y10

water vapor: E

sensible heat: S

where 1, E and S are averages of momentum, water vapor, and sensible

heat; p is air density, CD’ CE and CH are empirically determined ex-

change coefficients for momentum, water vapor and sensible heat;

U10 is the average wind speed at 10 m or ship anemometer level; qg

and 9, are averages of mixing ratios of air in contact with salt

water and at 10 m of deck level; and Ts and T10 are average tempera-

tures of sea surface and air at the upper level (Bunker, 1976).
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net radiational exchange
R=Q(1-a)-IR

where Q is incoming solar radiation, o is albedo of the

ocean surface and IR is outgoing infrared radiation (Bunker, 1976).



APPENDIX B

Computer programs

The following are brief descriptions of the computer programs
developed and written for this study. Listings of these programs are
available from the author.

(1) PCORR: takes SLP for a given set of individual months
and correlates a desired point of the pressure
grid to.all other points and produces a spatial
correlation field.

(2) SPCORR: same as PCORR except for winters.

(3) WINDCOR (a): for individual months -- computes U and V compo-
nent geostrophic winds from SLP grid, then cor-
relates desired key grid point to all other
points producing a spatial correlation field
similar to PCORR and SPCORR.

(4) WINDCOR (b): same as WINDCOR (a) except for winters.

(5) SSTEMP (a): uses 5° grid of sea surface temperatures and
differences two sets of individual months; also
computes t values for individual months.

(6) SSTEMP (b): same as SSTEMP (a) except for winters.

(7) SSTEMP (c): same as SSTEMP (b) except for seasons other than
winter.

(8) SSTEMP (d): produces a count of individual observations per

50 square.



(9) UPLEVS:

(10) TGRAD7:
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correlates winter 700 mb temperature gradients
computed and averaged from tape of 50 latitudinal
monthly 700 mb temperatures with upper level u
winds computed and averaged from a tape of 50
monthly upper level heights. ‘

computes 700 mb temperature gradients from sea-
sonal 5° 700 mb temperatures, differences 2 sets
of gradients from desired seasons, and performs

a t test on the differences.



APPENDIX C

Method for computing geostrophic wind using pressure values from a
pair of stations

Given a pair of stations, A and B, it is desired to compute
the resultant geostrophic wind (&Q) blowing perpendicular to the
axis between those two stations using SLP data from each station.

The general geostrophic wind equation given in Appendix A is

=..1 3%
vg pf . &n

The form used in this computation is

=1 4
g pf An

where Ap is the pressure difference between stations A and B, An is

the geostrophic distance between A and B, p is air density and taken

to be 1.225 x 10"3 g/cm3; and f is the Coriolis force given by
f=28sin¢

where Q is the angular velocity of the earth (7.292 X lo'ssec'l),

and ¢ is the latitude of the ﬁidpoint of the axis between A and B

which, if ¢ and A are latitude and Tongitude, lies at 1/2(}B-¢A)

(see figure below)

1
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To compute the linear distance An from station A to station
B, the length of the sides of the triangle ABC must be determined.

Length of side AC is given by

2 TR ("A - }‘B) (cos q’A)
X = 360

where R, the radius of the earth, is taken to be 6.371229 x 108 cm.

The length of side BC is given by

y = 2 TR (¢B - ?A)

360

The distance from A to B (An) can then be determined by

An = sz + y2

After values of Ap are computed from station records, all
the preceding quantities are substituted into the geostrophic wind

equation and the resultant geostrophic wind is computed.
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Sea surface temperature observation density for 45 seesaw winters,

1854-1968.
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