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ABSTRACT

A new foraminifer-based transfer function permits substantially faster rates of sample counting in the subpolar
North Atlantic. This is achieved by reducing to four the number of planktonic foraminiferal species recognized and by
quantifying all others as a fifth group. Although the new equation gives standard errors of estimate against atlas values
that are 50% larger for the summer and winter seasons than those from equation F13 of Kipp (1976), it still matches in
considerable detail all major downcore sea-surface temperature trends estimated from a variant of equation F13 intro-
duced by Ruddiman and Glover (1975) in two conventional piston cores and the record from one DSDP hole cored with
the hydraulic piston corer. Spectral analyses of sea-surface temperature signals based on the new equation also closely
reproduce orbital rhythms previously found in two North Atlantic cores. The new equation is applicable to cores lo-
cated north of 40°N and to records spanning most of the Pleistocene Era. Acceptable precision can be maintained with
as few as 200 to 250 individuals counted.

INTRODUCTION

Analytical techniques suitable for conventional pis-
ton cores 10 m in length may be too slow to process
much longer sections from hydraulic piston coring (HPC).
In particular, there is a need for more rapid census counts
to derive sea-surface temperature (SST) estimates from
transfer functions, although this is balanced by the con-
straint of maintaining adequate accuracy and precision.
Widely used North Atlantic transfer function F13 (Kipp,
1976) requires counts of all planktonic foraminifers larg-
er than 150 µm in aliquots of 300 or more individuals,
usually at the rate of about two samples per day (not in-
cluding preparation time). Our goal in this study was to
improve the counting rate of Pleistocene samples in the
subpolar North Atlantic without sacrificing critical pa-
leoenvironmental information. The key to this improve-
ment lies in reducing the number of species counted,
particularly the subtle taxonomic intergrades that slow
the counting process.

MEASURES OF EQUATION PERFORMANCE

We ran numerous tests in developing the new transfer
function (Table 1). For each test, we used two basic mea-
sures of equation performance: (1) ability to use counts
of foraminiferal assemblages in core tops to reproduce
modern atlas SST values (Table 2); and (2) ability to
match previously estimated SST values in downcore rec-
ords (Table 2). For the core-top work, transfer function
F13 of Kipp (1976) was the standard for evaluating ac-
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ceptable performance. For the downcore comparisons,
each new equation was tested against a slightly altered
version of F13 introduced by Ruddiman and Glover (1975)
and designated here as F13 ' .

For most of the tests run on surface-sediment assem-
blages, we used the standard procedures for deriving
transfer functions (Imbrie et al., 1973). These include:
factor analysis, regression of the factors against atlas
values of SST, estimation of SST at each site, and calcu-
lation of multiple correlation coefficients and standard
errors of estimate. Table 2 lists for each equation tested
the seasonal standard errors of estimate and multiple
correlation coefficients, the two most commonly used
measures of equation performance.

For the downcore testing, we used North Atlantic Pis-
ton Cores V30-97 and K708-7 (Fig. 1). Ruddiman and
Mclntyre (1981, 1984) published detailed records of esti-
mated SST over the last 250,000 yr. in both cores based
on equation F13' . These cores were chosen because their
upper Quaternary records encompass the range of as-
semblages likely to be found in the Pleistocene of the
mid- to high-latitude North Atlantic. The records also
clearly portray important aspects of the rhythmic response
of the subpolar ocean to orbital forcing: the strong
100,000-yr. cycle in both records; the modest 41,000-yr.
signal in K708-7; and the very strong 23,000-yr. signal
in V30-97 (Ruddiman and Mclntyre, 1984). For Core
K708-7, we actually based the downcore comparison on
a much longer record spanning the last 0.69 m.y., but
showing rhythmic characteristics generally similar to the
shorter 0.25-m.y. segment, except for somewhat dimin-
ished 41,000-yr. power (Ruddiman et al., 1986). We judged
it critical that the new transfer function reproduce the
orbital rhythms in these cores. There is, however, no
"ground truth" such as atlas SST temperature values
against which to judge equation performance downcore,
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Table 1. Description of tests made during development of equation F13 × 5.

Test

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

17

18

19

20

21

22

23
24
25
26

27
28
29
30
31
32
33
34
35
36

37

38
39
40

41

42
43

Number of
core-tops
analyzed

191
191
119
111
124
124
124
124
124
124
124
124
124
124
124
117

114

119

107

112

109

102

124
105
124
126

124
119
111
124
111
111
111
124
124
119

129

111
111
138

132

124
124

Geographic
cutoff:

southern
limit

None
None
28°N
30°N
25°N
25°N
25°N
25°N
25°N
25°N
25°N
25°N
25°N
25°N
25°N
25°N:W/C
35°N:E
25°N:E/C
35°N:W
25 °N plus
38-42°N:W
25°N:C
35°N:E/W
25°N:W/C
35°N:E plus
38-42°N:W
25°N:E/C
35°N:W plus
38-42°N:W
25°N:C
35°N:E/W plus
38-42°N:W
25 °N
32°N
25°N
22°N:W/C
35°N:E
25°N
28°N
30°N
25 °N
30°N
30°N
30°N
25°N
25°N
30°N:W/C
25°N:C/E
30°N:W/C
10°N:C/E
30°N
30°N
32°N:W to
10°N:E
32°N:W to
20°N:C
20°N:C/E
25°N
25 °N

No.
sp.

4
5
5
5
5
4
4
3
7*
5
5
5
4
4
4
5

5

5

5

5

5

5

4
5
4
5

5
5
5
3
5
5
5
3
4
5

5

5
5
5

5

5
4

Species used

G.
rub

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X

X

X

X

X

X

X
X

X

X
X
X
X

c
c
s
X
X
X

X

c
c
X

X

X
X

G.
bul

X
X
X
X
X

X

X
X
X
X

X

X

X

X

X

X

X

X
X
X
X

X
X
X

X
X
X

X
X

X

X
X
X

X

X

N.
pac

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X

X

X

X

X

X

X
X
X
X

X
X
X
X
X
X
X
X
X
X

X

X
X
X

X

X
X

G.
inf

X
X
X
X
X
X

X
X
X
X
X
X
X
X

X

X

X

X

X

X

X
X
X
X

X
X
X
X
X
X
X
X
X
X

X

X
X
X

X

X
X

Oth

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X

X

X

X

X

X

X
X
X

X
X
X

X
X
X

X

X

X
X
X

X

X
X

Use
factor

analysis?

Yes
Yes
Yes
Yes
Yes
Yes
Yes
NF
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
Yes

Yes

Yes
No
Yes

Yes

No
No

Factor analysis

Number
of

factors

3
4
4
4
4
3
3

—
4
4
4
4
3
3
3
4

4

4

4

4

4

4

3
4
3
4

3
3
3
3
4
4
4
—
—
4

4

4
_
4

4

—
—

Use ‰ange
transformation?

No
No
No
No
No
No
No
—
No
Yes
No
Yes
Yes
No
Yes
No

No

No

No

No

No

No

No
No
No
No

No
No
No
No
No
Yes
Yes
_
—
No

No

Yes
—
No

No

—
—

Regression
analysis

POW
POW
POW
POW
POW
POW
POW

—
POW
POW
LIN
LIN
POW
LIN
LIN
POW

POW

POW

POW

POW

POW

POW

POW
POW
POW
POW

POW
POW
POW
POW
POW
POW
POW
LIN
LIN
POW

POW

LIN
LIN
POW

POW

LIN
LIN

Note: For geographic cutoff: W = west, E = east, C = central. For variable southern limit, latitudes in each sector (W, E, and C) are speci-
fied. For species used: No. sp. = number of species analyzed, X = ‰pecies, C = cube root of ‰pecies, S = square root of ‰pecies,
* = G. truncatulinoides (dextral and sinistral) varieties used. Species abbreviations: G.rub = G. ruber (white), G.bull = G. bulloides,
N.pac = N. pachyderma (s., sinistral), G.inf = G. inflata, Oth = other. For factor analysis: NF = will not factor. For regression analy-
sis: LIN = linear regression, POW = curvilinear regression. Dash indicates not applicable.

only the match of each test equation to the F13' stan-
dard.

To evaluate the downcore performance of the test equa-
tions, we report for each season in each core a measure
of the difference between downcore SST estimates made
by equation F13' and those made by the test equations

(Table 2). We also list in Table 2 the mean SST offsets
between each test equation and F13 ' .

In addition, we later compare SST estimates from the
chosen equation and from F13' in a segment of Hole
552A (Fig. 1) dated at 0.65 to 1.0 Ma (Shackleton et al.,
1984). This older record was chosen to assess whether
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Table 2. Statistical evaluations of equation performance on core tops and downcore (temperature in °C).

Test

1
2
3
4
5
6
7
β
o

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

Standard
error of
estimate

1.806
2.105
2.092
1.918
2.111
2.404
2.086

2.028
2.116
2.946
2.737
1.902
3.492
3.051
1.953
2.101
1.866
1.954
1.645
1.887
1.675
1.908
2.180
3.292
1.993
2.096
2.097
2.205
2.694
3.128
1.709
1.660
2.790
2.284
2.077
2.246
1.888
2.363
2.228
2.065
2.681
2.911

Equation statisticsa

SSTs

Multiple
correlation
coefficient

0.972
0.962
0.964
0.969
0.963
0.950
0.962

0.966
0.963
0.920
0.932
0.969
0.885
0.913
0.970
0.961
0.972
0.967
0.979
0.969
0.976
0.969
0.958
0.904
0.970
0.962
0.962
0.957
0.937
0.916
0.976
0.977
0.928
0.953
0.963
0.957
0.967
0.949
0.958
0.963
0.935
0.922

Standard
error of
estimate

2.114
2.112
1.424
1.249
1.413
1.407
1.360

1.377
1.457
1.823
1.810
1.204
2.337
1.947
1.379
1.377
1.340
1.324
1.301
1.319
1.260
1.575
1.753
2.559
1.509
1.376
1.433
1.591
1.914
2.404
1.348
1.242
2.112
1.802
1.329
1.820
1.591
1.687
1.833
1.437
1.784
2.149

SSTw

Multiple
correlation
coefficient

0.968
0.969
0.979
0.983
0.980
0.979
0.981

0.981
0.979
0.963
0.964
0.985
0.938
0.958
0.981
0.980
0.983
0.981
0.984
0.982
0.983
0.974
0.963
0.929
0.980
0.980
0.978
0.970
0.961
0.934
0.980
0.983
0.950
0.964
0.981
0.967
0.969
0.965
0.969
0.980
0.965
0.949

Downcore statistics:

V30-97

SSTs

Mean of
residuals

-1.60
-1.40

0.34
-0.59

0.29
-1.48
-0.14

-0.29
0.36
0.33

-0.27
-1.71
-1.36
-1.38

0.10
0.47

-0.55
0.10

-0.69
-0.15
-0.56
-1.01
-1.87

1.74
0.52
0.14
0.47
1.01

-2.51
-1.49
-2.88
-1.36
-1.34
-0.45

0.19
0.30

-3.47
-1.88

0.37
0.44

-0.93
-1.57

Measure
of

difference

2.39
3.47
1.62
1.79
1.58
2.55
1.54

1.61
1.49
1.48
1.22
2.28
2.35
2.16
1.62
1.68
2.03
1.66
2.11
1.82
2.00
1.58
2.66
2.63
1.73
1.41
1.43
1.76
3.20
3.24
3.29
1.79
2.53

;
;

.19

.56

.54

.78
L24
.58
.63
.56

2.22

SSTw

Mean of
residuals

-1.25
-1.28

0.50
-0.14

0.47
-0.73

0.63

0.02
0.57
0.28
0.09

-1.18
-0.91
-1.01

0.35
0.61
0.00
0.39

-0.09
0.24
0.01

-0.41
-0.67

1.67
0.63
0.67
0.87
1.24

-1.46
-0.52
-1.81
-0.67
-0.58
-0.01

0.44
0.47

-2.89
-1.04

0.49
0.57

-0.16
-1.02

Measure
of

difference

1.68
2.97
1.13
0.97
1.11
1.55
1.22

).97
1.15
1.17
1.04
1.64
1.86
1.76
1.03
1.23
.01

1.08
1.01
1.08
1.02
1.11
1.57
2.50
1.20
1.22
1.35
1.74
2.08
2.36
2.10
1.22
1.89
1.09
1.09
1.13
3.21

.47

.14

.18

.03

.74

residuals (F13 '-F13X5)

K708-7

SSTs

Mean of
residuals

-0.75
1.11
0.47
0.52
0.41

-0.10
0.55

0.49
-0.28

0.40
-0.30
-1.11
-0.32
-0.44

0.52
0.11
0.93
0.30
0.88
0.72
0.71

-1.27
-0.56
-1.09

0.25
0.29
0.02

-0.50
-0.43
-0.80
-0.38
-0.03
-0.35
-0.59

0.45
0.29
0.53
0.39
0.16
0.24

-0.62
-1.39

Measure
of

difference

1.66
2.08
1.50
1.26
1.44
1.35
1.57

1.30
1.53
2.16
2.41
1.97
1.50

:

;
;

:

.45
1.47
.49
.53
.43
.55
.47
.41
.72

1.31
1.11
.46
.41
.35
.46
.56

!.O3
.37
.11
.59
.39
.43
.35
.55
.53
.41
.47

2.24
2.47

SSTw

Mean of
residuals

-1.09
1.57
0.26

-0.27
0.26

-0.22
-0.19

0.31
-0.81

0.19
-0.22
-1.24
-0.47
-0.73

0.29
0.07
0.27
0.15
0.22
0.12
0.11

-1.46
-0.93
-0.82

0.22
0.02

-0.14
-0.40
-0.95
-1.35
-0.41
-0.20
-0.65
-0.43

0.29
0.06
0.20
0.53
0.06
0.21

-0.17
-0.99

Measure
of

difference

1.76
2.73
1.31
1.23
1.31
1.43
1.38

1.27

:

:

.03

.96
>.13
.98
.75
.80
.30
.30
.27
.28
.24
.32
.26

2.03
2.04
2.07
1.33
1.31
1.34
1.50
1.78
2.81
1.36
1.23
1.91
1.67
1.32
1.30
.38
.63
.33
.32
.97

2.14

Note: SSTs: sea surface temperature in the summer; SSTW: sea surface temperature in the winter. Dash indicates that no statistics were calculated,
j* Statistics are adjusted for degrees of freedom.

Measure of difference is equal to the sum of the residuals squared, divided by the number of residuals minus two.

the equation worked across a broader span of Pleisto-
cene time.

INITIAL SPECIES SELECTION

The starting point in SST equation development was
the set of counts of all foraminiferal species in 191 core
tops across the North Atlantic reported as equation F13
in Kipp (1976). Our goal was an equation usable across
the range of oceanic environments from the northern
subpolar gyre (65 °N) southward into the northern sub-
tropical gyre (30°N). Fortunately, several planktonic for-
aminifers occur in well-delimited regions and reach sub-
stantial abundances in the center of their geographic
ranges. From the outset, we focused on four species:
Neogloboquadrina pachyderma (the left-coiling form,
hereafter designated s. for sinistral), Globigerina bulloi-
des, Globorotalia inflata, and Globigerinoides ruber. The

abundance maxima of these species in surface sediments
span the range of environments of interest here (Fig 2;
after Kipp, 1976).

Only one of these species involves significant taxo-
nomic intergradations. Globigerina bulloides, a. cold-wa-
ter species, intergrades with Globigerina calida, a rare
species widespread south of 40°N, and with Globigerina
falconensis, a more abundant species with a coherent
core-top maximum near 40°N. Our selection of only
these four species to speed species identification is an a
priori constraint on the development of the equation.

The relative abundances of several of the species cho-
sen are negatively correlated. This could mean that we
have imposed too much redundancy and should have
used species with weaker correlations to increase the to-
tal information content. As we will show later, however,
the statistics for the chosen equation indicate substan-
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60

60° 50° 40°

Figure 1. Location of cores used to evaluate downcore performance of equation F13×5 developed in this study. Core V30-97 is from 41°00'N,
32°50'W; Core K708-7 from 53°56'N, 24°05'W; and Hole 552A from 56°03'N, 23°14'W.

tial success despite losses to redundancy. Also, the four
species have clear associations with discrete surface-wa-
ter conditions, and their relative abundances should be
environmentally useful independent of limitations on use
of this transfer function back through time. Coulbourn
et al. (1980) designated these four species, along with N.
pachyderma (d.) and Globigerina quinqueloba, as key
"eco-indicators" in the North Pacific.

The species culled from the equation account for a
somewhat larger fraction of the fauna in most core tops
than the four species that remain. Important species re-
moved are Globigerina quinqueloba, with a distribution
similar to G. bulloides, and Neogloboquadrina pachy-
derma (right-coiling or "d."), with a strong abundance
maximum west of Great Britain (Kipp, 1976). There are
good reasons for omitting both species. G. quinqueloba
is small and dissolution-susceptible. The inter gradation
of N. pachyderma (d.) and Neogloboquadrina dutertrei
through the "P/D" form (Kipp, 1976) is probably the
most difficult problem in the taxonomy of modern plank-
tonic foraminifers.

We obtained some benefit from the culled species with-
out counting them individually by summing their abun-
dances, calling the sum "Other," and entering it as a
fifth "species" in the equation. Use of this lumped cate-
gory "Other" may seem odd; however, its distribution
within the geographic limits of the core-top data set for

the equation ultimately chosen shows a fairly coherent
abundance maximum ranging from southern subpolar
to northern subtropical waters (Fig. 3A). Despite the ad-
mixture of many species, this distribution is similar to
that of G. ruber (Fig. 2), except for a northward offset
of the region of most rapid abundance change.

The relationship of "Other" and SST (Fig. 3B) is char-
acterized by: (1) negligible values in the coldest waters;
(2) rapidly changing abundances in cool subpolar wa-
ters; and (3) a broad plateau of maximum abundance in
warmer waters to the south. The southern limit chosen
for the equation eliminated the worst scatter of the per-
centage of "Other" against warm SST values at lower
latitudes (Fig. 3).

EQUATION DEVELOPMENT

Initial Culling of Equations

We ran a total of 43 tests (Table 1), altering the fol-
lowing factors one at a time, or in various combina-
tions: core-top samples included in the calibration data
set (tests 1-5, 16-22, 24, 26, 36, 37, 40, 41); removing or
adding species (tests 6-9, 23, 25, 30); use of the percent
range transform from Imbrie and Kipp (1971) to express
all surface-sediment species abundances as a percentage
of their total range, rather than using untransformed spe-
cies counts (test 10); prelinearizing the abundance trends
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Globigerina bulloides

40'

20'

×ifm

i / ~ ~ ~ ~ - - ~ ~ - / - - j ^ * • . •

40'

20'

60°

- • •

40° 20° 60° 40° 20°

Neogloboquadrina pachyderms (s.) Globorotalia inflata

40'

20'

—i±J-

* *

L / T——X- •„

40c

20'

60°

Mi^m\wx

θαav
40° 20° 60° 40° 20°

Figure 2. Geographic distribution (contours of percentage abundance) of four species chosen for use in transfer function F13×5. Distributions
based on 191 North Atlantic core tops reported in Kipp (1976). Dashed line shows southern limit of samples included in equation F13 × 5.

of G. ruber before factoring to reduce scatter in the later
regression against sea-surface temperature (tests 31-33);
truncation of the factor analysis at a three-factor solu-
tion for the five variables (test 27); use of linear, rather
than curvilinear, regression of factor scores against sea-
surface temperature (test 11); direct regression of species
percentages against sea-surface temperature without fac-
tor analysis (test 34); and combinations of the above
(tests 12-15, 28, 29, 35, 38, 39, 42, and 43).

About half of the tests failed badly on either the sta-
tistical measures of performance or in the visual match
to downcore sea-surface temperature trends derived from
reference equation F13'. For many of these tests, there
was an improved statistical performance in one season
or in one downcore record, but in all cases there was a
more severe degradation in the other season or in the
other downcore records. The only tests to survive this

initial culling were the 3-factor solution (test 27), the re-
gression of SST against unfactored species abundances
(test 34), and a large number of tests with variable south-
ern geographic limits to the calibration data set. The
many kinds of failure included the following: excessively
large core-top or downcore standard errors; a consistent
shift of downcore SST estimates toward warm or cold
values (the mean residuals in Table 2); inability to repro-
duce the coldest or warmest estimates in the downcore
trends; and unrealistic exaggeration of extreme high or
low SST values.

In test 23, the "Other" category was found to be par-
ticularly critical in matching the downcore trends in Core
K708-7; this category appears to provide needed infor-
mation in the range of subpolar waters south of abun-
dant N. pαchyderma (s.) and somewhat north of the max-
imum of G. inflata. G. bulloides is abundant in this area,
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Figure 3. A. Geographic distribution (contours of percentage abundance) of lumped category "Other" used in new transfer function F13 × 5. Distri-
bution derived from core-top data in Kipp (1976). Dashed line shows southern limit of samples included in equation F13 ×5. B. Percent abun-
dance of lumped category "Other" from data in Kipp (1976) plotted against atlas values of winter and summer SST for each core location. Cir-
cles mark samples included in equation F13 × 5; triangles are samples excluded.
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but its lack of strong percentage gradients across the re-
gion appears to reduce its usefulness in the equation.

In the remaining tests that gave reasonably good re-
sults on all measures of equation performance, the ma-
jor variable was the southern geographic limit of sam-
ples included in the calibration data set. For these tests,
a basic trade-off became apparent between the core-top
statistics and the downcore statistics (and visual SST
matches). Those tests with lowest standard errors of es-
timate for the core tops were not the tests with best down-
core statistics and visual matches to reference equation
F13 ' . We interpret this to mean that much of the statis-
tical scatter in the relationship between core-top assem-
blages and atlas SST values reflects variability inherent
in the imperfect linkage of these two parameters in the
real world. This variability may derive from the impact
of a number of environmental factors not closely related
to sea-surface temperature; shifts in seasonal productiv-
ity may be particularly critical at high latitudes (Tolder-
lund and Be, 1971; Loubere, 1982).

It follows that the core-top statistics may be improved
by removing from the calibration data set those core tops
that contribute to this scatter, but only at the expense
of suppressing some of the real environmental informa-
tion. As a result, these equations generate unrealistic
SST estimates at some levels in the downcore reconstruc-
tions. Therefore we downgraded the importance of core-
top statistics in the final stages of selecting an optimal
equation, and we accepted somewhat higher standard
errors of estimate. We stressed instead both the down-
core statistical measures and the visual comparisons of
downcore performance.

Regions of Downcore Mismatch

For the remaining equations with variable southern
geographic limits, similar regions of downcore match or
mismatch recurred in every comparison. To clarify dis-
cussion of these problem areas, we compare in Figure 4
the downcore SST estimates derived from the test equa-
tion ultimately selected (test 37) and those from refer-
ence equation F13 ' .

The systematic mismatches in the remaining tests were
concentrated at five levels in the two downcore SST rec-
ords. Some of these mismatches persisted with little dif-
ference from equation to equation, but others varied sig-
nificantly between equations (stages 7 and 13 in K708-7,
stage 7 and transitions between stages 5 and 6 and stages
1 and 2 in V30-97) and formed the basis for the selec-
tion of the final equation. All of these mismatch levels
are labeled with the names of the stages on Figure 4.

In Core K708-7, most of the stage 7 SST estimates
(5.0 and 5.4 m depth in core) were too warm, especially
in summer. This mismatch was large and varied little be-
tween equations. In the same core, stage 13 SST esti-
mates (10.6 m) were consistently too cool for the sum-
mer season. For the winter season, some equations were
able to match this part of the record.

In Core V30-97, the stage 6-5 and 2-1 transitions were
generally poorly estimated, with the estimates too cold
late in glacial stages 6 (6.0 m) and 2 (0.5 m) and too

warm in the succeeding early interglacial stages 5 (5.7 m)
and 1 (0.3 m). In both these cases, the degree of mis-
match varied substantially between tests, and it was pos-
sible to select equations to minimize the offset.

In part, this was done by avoiding equations that ex-
aggerated SST overshoots in both directions due to ex-
cessive culling of core tops. For example, we found that
choosing a southern limit at or north of 30 °N produced
large SST overestimates, but selecting a limit farther south
gave less extreme overshoots. We also attempted to bal-
ance the amount of overestimation of SST in either the
warm or cold directions. This optimal balancing occurred
in equations for which the calculated mean SST offset
for the records as a whole was also minimized (Table 2).
We were not able, however, to eliminate these mismatch-
es entirely in any equation.

For the upper part of stage 7 in Core V30-97 (7.8 m),
the equations yielded SST estimates that were generally
too cool, giving the SST curve a somewhat different ba-
sic trend. The SST minimum in one of the fluctuations
at the 23,000-yr. period was deepened considerably, and
the following SST maximum was shifted higher in the
core (Fig. 4).

All of the equations were more successful in estimat-
ing winter temperature values (SSTw) than summer val-
ues (SSTs), both in the core-top statistical measures and
in the downcore statistical and visual measures of per-
formance. The downcore SST mismatches for both sea-
sons tended to occur at the same levels in the cores, but
with greater exaggeration for the summer season. Be-
cause of the high correlation of winter and summer SST
at middle and high latitudes today, we decided to focus
on selecting the equation that produced the optimal down-
core estimates for SSTw. As it turned out, this equation
also did as well as any other in the estimates of the
downcore SSTs.

Final Geographic Culling of Core Tops

After the earliest testing, we had used southern limits
for the calibration data set in the range of latitudes be-
tween 20° and 32°N. This limit was chosen because the
broad plateaus of abundance for percentages of G. ru-
ber and "Other" in the warm waters at lower latitudes
(Figs. 2, 3) suggested that little additional information
could be gained at lower latitudes. This is also a reason-
able choice in view of the unlikelihood of encountering
fully tropical temperatures within the temperate North
Atlantic during the Pleistocene.

Several additional insights developed from compar-
ing the geographic truncations used in the remaining tests.
Removing cores from the area of the Gulf Stream (test
26) significantly improved the core-top statistics but cre-
ated very large SST overestimates in the stage 5 and
stage 1 problem areas delineated in Figure 4, especially
for the summer season (SSTs). In the Gulf Stream re-
gion, the high summer temperatures that normally pro-
duce high percentages of G. ruber alternate with unusu-
ally low winter temperatures that suppress G. ruber (Tol-
derlund and Be, 1971). This reduces the contribution of
G. ruber to the annually averaged flux of foraminifers
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Figure 4. Estimated seasonal sea-surface temperature trends for two North Atlantic cores: A. V30-97, spanning the last 250,000 yr. B. K708-7, span-
ning the last 685,000 yr. Solid lines are estimates from transfer function F13 ' ; dotted lines are estimates from new equation F13 × 5. Levels of
discrepancies between the two transfer functions are identified by the stage numbers.

to the seafloor compared to regions where winters are
warm. Samples from this area with relatively low G. ru-
ber percentages are paired against relatively high SSTs
values, thus increasing the scatter in the regression of
SSTs against the subtropical factor dominated by G. ru-
ber.

As noted above, culling these samples improves the
core-top statistics by reducing the scatter, but only at the
expense of suppressing some of the information provid-
ed by this kind of environment. It also changes the re-
gression line between the abundance of the G. ruber fac-
tor and SSTs; this makes the SSTs estimates oversensi-
tive to higher percentages of G. ruber and causes the
warm overshoots. There is no justification for culling
this group of samples, which reflect high-seasonality con-

ditions that could be prevalent during part of the Pleis-
tocene.

The measures of equation performance showed that
the optimal location of a southern geographic limit west
of 45°W is at 30°N. This choice also makes good sense
for oceanographic and biotic reasons. This is the lati-
tude of the subtropical convergence, separating north-
ern subtropical gyre waters that cool and overturn dur-
ing winter from waters to the south where the upper-layer
stratification persists throughout the year. This conver-
gence is a detectable feature in the surface-sediment dis-
tribution of planktonic foraminifers (Ruddiman, 1969).
The fauna south of the convergence is dominated by G.
ruber, (percentages in excess of 50%), a compact en-
crusted form not common elsewhere and probably resid-
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ually concentrated by dissolution of other more fragile
species. There are thus obvious dangers in including these
samples in the calibration of the equation.

In the Atlantic east of 20°W, several tests showed that
the optimal southern boundary to the core-top data set
lies at 10°N and includes cores in the eastern boundary
current regions of the Canary and Cape Verde islands.
Again, removing core tops near these regions improved
the core-top statistics but degraded the downcore match-
es, suggesting that information critical to the equation
performance in this area should be included. In the Cen-
tral Atlantic, the optimal southern limit ran diagonally
across the ocean (Figs. 2, 3).

EQUATION F13 × 5

Test 37 was the most successful of those examined
(Fig. 4), and we name this new equation F13×5. The
factor analysis yielded the four-factor solution shown in
Table 3, with 98.6% of the total information explained.
The first three factors depend on single species or count-
ing groups ("Other", N. pachyderma s., and G. ruber),
and the fourth factor is a combination of G. bulloides
and negative-loading G. inflata.

The core-top standard errors of estimate are about
5O°7o higher and the multiple correlation coefficients some-
what lower than those for equation F13 (Kipp, 1976),
but both measures still indicate good performance of
the equation (Table 4). The terms of all coefficients in
the summer and winter equations for F13×5 are also
listed in Table 4.

We have not plotted maps of the factor distributions;
because of the single-species composition of the factors,
their geographic distributions almost entirely repeat the
species maps in Figure 2. We show in Figure 5 the SST
residuals against observed (atlas) SST values to test
whether the residuals are randomly distributed with re-
spect to estimated SST. In general, the distribution looks
random, but there is some tendency for positive resid-
uals at the warm end of the range (observed SSTs >
25°C, observed SSTw > 21 °C). This trend is more obvi-
ous in the summer than in the winter estimates, and it
may be responsible for overestimates of SST during stag-
es 5e and 1 (Fig. 4).

FINAL EVALUATION OF EQUATION F13×5

Spectral Power

As noted earlier, the downcore match between SST
values estimated by equation F13 × 5 and those estimated

Table 3. F' matrix showing loading of species onto factors and the in-
formation explained.

Table 4. Coefficients of terms and intercept of equation
F13 × 5, standard errors of estimate, and multiple corre-
lation coefficients for winter and summer seasons.

Species

Globigerinoides ruber (white)
Globigerina bulloides
Neogloboquadrina pachyderma (s.)
Globorotalia inflata
Other
Information explained by each

factor (%)
Cumulative % explained

Factor 1

-0.2089
0.2113

-0.0964
0.2470
0.9173

59.935

59.935

Factor 2

-0.0182
-0.0012

0.9946
-0.0041

0.1017
21.143

81.078

Factor 3

0.9643
-0.1042
-0.0073
-0.0015

0.2433
14.807

95.885

Factor 4

0.1119
0.8931
0.0078

-0.4311
- 0.0634

2.703

98.588

Multiple correlation coefficient
(adjusted for degrees of freedom)

Standard error of estimate (°C)
(adjusted for degrees of freedom)

Factor 1 (Other)
Factor 2 (N.pachyderma s.)
Factor 3 (G.ruber white)
Factor 4 (G.bulloid.-G.inflata)
Factor 1 × Factor 2
Factor 1 × Factor 3
Factor 1 × Factor 4
Factor 2 × Factor 3
Factor 2 × Factor 4
Factor 3 × Factor 4
Factor 1 squared
Factor 2 squared
Factor 3 squared
Factor 4 squared
Intercept

SSTs

0.957

2.246

-14.26385
-9.78345
81.80910

-3.04088
13.31834

-4.74112
-26.11071
-51.89340

10.81459
41.83781

-4.05713
- 8.05489

-78.18913
11.69569
23.61984

SSTw

0.967

1.820

-40.59763
-66.33228

21.00662
0.70585

40.15154
23.17750

- 12.32944
6.62362

12.92838
7.74864
5.27042

24.46544
-39.71202
-7.32533
41.51995

by reference equation F13' is excellent through the two
long North Atlantic records (Fig. 4). Spectral analysis of
the two SSTw records shows that the spectra from the
two equations are also very similar (Fig. 6). For Core
K708-7, there are no important differences between the
two equations. For Core V30-97, the SSTw record from
equation F13×5 produces an increase in the absolute
variance at all periods (Fig. 6, bottom left). But a plot
of the total variance scaled to unit area shows that the
increased power is distributed rather evenly across all
periods and the two spectra are thus still very similar
(Fig. 6, bottom right).

There is a slight increase of power at the 23,000-yr.
period and decrease at the 100,000-yr. period in the
F13 × 5 spectra from Core V30-97 (Fig. 6, bottom right).
This may have occurred because the changes in ampli-
tude of SST trends just before and after the last two de-
glaciations enhanced the "saw-toothed" shape that is
the basic form of the 100,000-yr. cycle in many deep-sea
records over the last 0.5 m.y. (Broecker and van Donk,
1970; Hays et al., 1976).

Further Evaluation of Mismatch Regions

For the limited regions of downcore mismatch in SST
between the two equations, the simplest assumption would
be that equation F13 × 5 is in error. This is not certain,
however, because reference equation F13' is not "ground
truth," but simply one attempt to estimate unknown past
values of SST.

To evaluate the SST mismatches in the problem areas
in Core V30-97 near the last two deglaciations, we se-
lected those samples for which the two equations gave
the most discrepant SST estimates (Table 5). We then
used two independent quantitative techniques to find
those samples in the surface-sediment calibration set that
most closely matched the problematical samples: (1) the
"faunal index of affinity" (Sanders, 1958); and (2) a di-
rect calculation of the correlation coefficient between
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Figure 5. Residuals of estimated (versus observed) sea-surface temperature derived from equation F13 × 5 against observed atlas sea-surface tempera-
ture for summer and winter seasons.

faunal compositions. Both techniques generally indicated
the same core-top samples as most similar (Table 5).

For each surface sample selected by the measures of
similarity, there is an associated atlas value of summer
and winter SST overlying that core site. These are a guide
to the range of likely SST values at the older levels in
question. We used only the five most similar core-top
samples listed in Table 5 as guidelines to the range of
reasonable SST values at each older level. For the key
winter season, equation F13×5 matches the SST aver-
aged for the most similar samples listed in Table 5 to
within 1.5°C for every level except stage 5e, where the
values were 3.5°C too warm. At every level, at least one
of the most-similar samples yields estimates within 1.2°C
of the F13×5 values. This analysis suggests that the
F13 × 5 SST estimates above and below the last two de-
glaciations were reasonable at all but the stage 5e level,
where they were several degrees too warm.

For the area of disagreement in the upper part of stage
7 in core V30-97, the new equation appears to have ac-
centuated somewhat the amplitude of the 23,000-yr. SST
cycle in this portion of the record. For the SST estimates
originally produced by equation F13' , this particular cy-
cle was anomalously small in amplitude relative to ad-
joining cycles (see the filtered SST curve in fig. 8 of Rud-
diman and Mclntyre, 1981). The new equation reduces
this "anomaly" by increasing the amplitude of this SST
cycle.

In Core K708-7, the stage 7 SST estimates made by
equation F13' suggest summer values considerably lower
than in preceding or succeeding interglaciations, where-
as the winter SST estimates are somewhat closer to the
other interglaciations. The stage 7 SST estimates made
by F13 × 5 for both seasons closely resemble the preced-

ing and following interglaciations; it is not clear which
is the better set of estimates.

Evaluation of Equation in a Longer Record

An additional comparison was run on an older Pleis-
tocene section (1.0-0.65 Ma) from Site 552, Hole 552A.
These SST trends have been reported and analyzed for
climatic significance by Ruddiman et al., in press). Most
of the counts were tailored to equation F13 × 5, with on-
ly the four species and "Other" recognized. Here we
add selected full counts to compare the performance of
equation F13 × 5 in the older record against that of F13'
(Fig. 7). Again, equation F13×5 reproduces the basic
trends estimated by equation F13' very closely. This val-
idates the use of equation F13 × 5 in this geographic re-
gion back to at least 1.0 Ma.

SAMPLE COUNTING SIZE

Finally, we tested for the effect of sample size on the
precision of estimating SST. We chose three sediment
samples representative of a wide range of late Pleisto-
cene environments in the North Atlantic. We counted
samples ranging in size between roughly 200 and 320 in-
dividuals, with five repetitions of each count (Table 6).

There was at most a very weak tendency for larger
count sizes to yield smaller standard deviations, and in
some cases the reverse trend occurred. The standard de-
viations in all cases were less than 0.7°C, which is par-
ticularly small relative to the large-amplitude (10-15°C)
Pleistocene signals typical in the middle and high lati-
tudes of the North Atlantic. Equation F13 gave similar
standard deviations for the winter season in Caribbean
sediments (Imbrie et al., 1973). We conclude that even
count sizes as small as 200 to 250 individuals will yield
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Figure 6. Spectral analysis of estimated winter sea-surface temperature record for Cores K708-7 (top) and V30-97 (bottom) from
Figure 4. Solid lines are spectra from equation F13'; dotted lines are spectra from equation F13 × 5. Spectra on left have linear vari-
ance scales; spectra on right show total variance scaled to unit area.
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Table 5. Evaluation of four V30-97 downcore samples showing excessively warm/cold temperatures just before/after the last
two deglaciations (for each downcore sample, the five faunally most similar samples in the surface sediment data set are
listed, along with atlas estimates of SST at those locations; two measures of faunal similarity are shown).

V30-97
sample
depth
(m)

0.35

0.55

5.78

5.94

Faunal
measure

F13'
F13×5

F13'
F13×5

F13'
F13×5

F13'
F13×5

SST estimates

SSTs

22.0
24.1

10.2
12.9

21.8
25.1

14.0
8.5

SST\v

17.4
17.0

3.6
6.9

15.1
17.3

9.0
5.5

Core
samples

A180-20
V10-80
A152-84
V4-32
V27-143

V23-16
V27-21
V27-38
V27-32
V27-20

V29-177
V29-178
V27-143
A18O-15
V23-13

V27-17
V23-22
V27-20
V27-114
RE9-7

Faunal index of affinity

Observed
SSTs

24.3
21.7
20.0
21.7
21.3

15.6
10.7
11.8
8.9

11.0

21.1
20.4
21.3
23.7
22.8

15.3
11.0
11.0
12.0
12.3

Observed
SSTVv

17.5
16.7
13.3
15.6
14.3

6.1
3.3
8.0
4.3
3.9

14.2
13.6
14.3
15.8
14.8

9.4
3.9
3.9
7.0
8.4

Index of
affinity

72.3
71.7
70.3
69.2
68.7

77.6
77.0
76.6
76.4
74.6

76.2
74.6
74.5
74.3
73.5

81.3
79.8
71.2
68.4
68.1

Core
samples

A180-20
VI0-80
V4-32
A18O-15
V27-164

V27-21
V27-20
V27-30
V27-32
V27-38

V23-13
A180-15
V29-177
A164-17
V29-178

V27-17
V23-22
V27-20
V27-114
V27-21

Correlation coefficient

Observed
SSTs

24.3
21.7
21.7
23.7
22.8

10.7
11.0
8.1
8.9

11.8

22.8
23.7
21.1
26.6
20.4

15.3
11.0
11.0
12.0
10.7

Observed
SSTVv

17.5
16.7
15.6
15.8
18.2

3.3
3.9
3.6
4.3
8.0

14.8
15.8
14.2
18.7
13.6

9.4
3.9
3.9
7.0
3.3

Correlation
coefficient

0.874
0.873
0.861
0.841
0.840

0.931
0.914
0.906
0.902
0.891

0.859
0.857
0.853
0.812
0.812

0.950
0.949
0.866
0.835
0.828

acceptable precision with equation F13×5 in the high-
latitude North Atlantic.

CONCLUSIONS

Equation F13×5 successfully reproduces the basic
downcore SST trends earlier produced by equation F13'
in subpolar North Atlantic records spanning the last mil-
lion years. It also captures the distribution of spectral
power at the critical orbital periodicities. Although the
standard errors of estimates are 50% higher than those
calculated by the standard equation, they remain accept-
ably small relative to the large SST variations character-
istic of this part of the North Atlantic Ocean. Counts
sizes as small as 200 to 250 individuals showed accept-
able precision.
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Table 6. Test of precision achieved using different count sizes (204-320
individuals) on the three samples spanning a wide range of esti-
mated SST.

Brunhes

Sample
(core-section, cm level)
(sub-bottom depth, m)

Hole 552A
4-2, 60.5
(16.105)

Hole 607
2-5, 53
(16.13)

Hole 607
3-2, 106
(21.76)

of
counts

5
5
5

5
5
5

5
5
5

count
size

204
265
320

221
261
316

218
261
313

Mean

7.02
7.18
7.05

26.59
26.36
26.30

16.66
16.91
17.04

SSTs

Standard
deviation

0.15
0.11
0.23

0.69
0.48
0.38

0.49
0.55
0.65

Mean

1.18
1.39
1.18

19.81
19.58
19.47

9.55
9.69
9.53

SSTW

Standard
deviation

0.27
0.15
0.36

0.55
0.60
0.53

0.45
0.37
0.38

Jaramillo

Figure 7. Estimated sea-surface temperature trends for North Atlantic
Hole 552A in an interval from the lower part of the Brunhes Chro-
nozone (0.65 Ma) to just below the lower boundary of the Jaramil-
lo Chronozone (1.0 Ma). Small closed circles joined by line are es-
timates from the new equation F13 × 5; large open circles are esti-
mates from equation F13' . Hole 552A location is shown in Figure 1.
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