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ABSTRACT

Based on a 26-yr set of daily global upper-air wind data for the period January 1964—December 1989, the
interannual variability in the strength of the tropical Hadley cells is investigated. Although several measures of
the intensity of the zonal-mean cells are discussed, the main focus is on the maximum in the streamfunction in
the northern and southern Tropics. The streamfunction was computed from observed monthly mean latitude
versus pressure cross sections of the zonal-mean meridional wind component. Significant seasonal variations
are found in the strength, latitude, and height of the maximum streamfunction for both Hadley cells. Significant
correlations are also observed between the Hadley cells and the El Nifio—Southern Oscillation phenomenon.
During the extreme seasons, only one ‘‘winter’’ Hadley cell dominates the Tropics, with the rising branch in
the summer hemisphere and the sinking branch in the winter hemisphere. Superimposed on this ‘‘normal’’ one-
cell winter Hadley circulation in the Tropics are two strengthened direct (i.e., energy releasing) Hadley cells
found during episodes of warm sea surface temperature anomalies in the eastern equatorial Pacific (El Niiio)
and weakened Hadley cells during episodes of cold anomalies. The anomalies in the strength of the Hadley cells
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are strongly and inversely correlated with the anomalies in the strength of the Walker oscillation.

1. Introduction

There are many well-established links between oce-
anic and atmospheric phenomena. Probably the most
notable link is the El Nifio/Southern Oscillation, in
which there is a close correlation between temperature
anomalies in the eastern equatorial Pacific and anom-
alies in the Walker oscillation (WO) (Bjerknes 1969).
Researchers have shown that sea surface temperature
anomalies in the eastern equatorial Pacific are also cor-
related with other, more remote, atmospheric features
such as the subtropical jets, the subtropical high over
the western and central Pacific, and the Aleutian low
(e.g., Arkin 1982; Rasmusson and Carpenter 1982; Pan
and Oort 1983). In this paper, we illustrate a connec-
tion between ENSO and the tropical zonal-mean Had-
ley circulation using a 26-year set of global upper-air
wind data for the period January 1964—December
1989.

2. Data and method of analysis

The time series of 26 years of monthly data for three
parameters were analyzed and cross correlated: the
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maximum value of the streamfunction in the Northern
and Southern Hemispheric Tropics (a Hadley circula-
tion index), the difference between the eastern equa-
torial Pacific (EEP) and the western equatorial Pacific
(WEP) vertical velocities at 500 mb (a Walker oscil-
lation index ), and the sea surface temperature anoma-
lies of the EEP (an ENSO index). Each index is dis-
cussed briefly below. The atmospheric wind data used
here are part of the Geophysical Fluid Dynamics Lab-
oratory Atmospheric Circulation Tape Library [Oort
1983 (updated)]. The objective analysis scheme used
to interpolate between the basic monthly mean rawin-
sonde station data is described in Oort (1983), Rosen
etal. (1979), and Raval et al. (1996). A zonal average
of the station data in latitudinal belts was used as the
first-guess field, leading to some difficulties in data-
sparse regions (see Fig. 1) such as the eastern equa-
torial Pacific Ocean (Raval et al. 1994; Raval et al.
1996). The sea surface temperature and the surface
wind data over the oceans were taken from the Com-
prehensive Ocean—Atmosphere Data Set (COADS;
Woodruff et al. 1987) and were interpolated to grid-
point values using the same analysis scheme as was
used in the atmosphere.

a. Hadley circulation index

As a simple parameter to gauge the monthly vari-
ations in the intensity of the Hadley circulation,
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FiG. 1. Horizontal distribution of reliable rawinsonde stations in the 30°S~30°N belt used in the present analyses. The stations are shown
both for January 1973 (indicated by plus signs) and January 1983 (indicated by triangles).

we use the strength of the mean meridional over-
turning of mass in the 0°-30°N zone for the
Northern Hemispheric (NH) Hadley cell and in the
0°-30°S zone for the Southern Hemispheric (SH)
Hadley cell. The mass transport is computed using
observed zonal-mean meridional winds and the zon-
ally averaged mass continuity equation in the form

O[] cos¢ 4 olw] ~ 0. (0

R cos O Op
where v is the meridional velocity, w is the vertical
velocity in pressure coordinates, R is the mean radius
of the earth, and p is the pressure. The operators ( )
and [ ] stand for temporal and zonal averaging, re-
spectively. Introducing a Stokes streamfunction
given by the equations

—_— O
1=¢ 27wR cos¢pdp (2)

0
(5] = - v (3)

& 2R cos $op’

we can compute the ¢ field, assuming ¢ = O at the top
of the atmosphere and integrating (2) downward to
the surface. We will discuss the sign convention used

for  later in connection with the actual cross sec-
tions of .

To ensure vertical-mean mass balance, the [v] fields
were corrected by removmg their mass-weighted ver-
tical mean value [v] = f [UVldp/py. The 26-yr mean
values of 1] and their standard deviations are presented
in Table 1 as a function of latitude. In the Tropics, both
the means and standard deviations are on the order of
0.2 t0 0.3 m s™' or less. In comparison, the maximum
velocities in the Hadley cells are 2 to 3 ms™' (see

- appendix A, Table A2, lines 8 and 9) —that is, an order

of magnitude larger than the residual values. Our re-
sidual values are comparable to those presented in Ro-
sen (1976) based on a 10-yr sample. In the same paper,
Rosen (1976) also presented an extensive analysis of
possible reasons for the nonzero residual values.

The [v] data were computed from our ¥ analyses and
were based on more than 700 reliable rawinsonde sta-
tions distributed around the globe. The geographical
distributions of the tropical rawinsonde stations used in
our analyses are presented for two representative Jan-
uary months in Fig. 1. From this figure one can infer
that the rawinsonde network has been relatively stable
throughout the 26-yr period of record [see also Oort
(1983) for the early years], with the exception of Af-
rica and South America where the network has im-
proved with time. One possible influence on the Hadley
circulation may be the better definition of the north-

TABLE 1. The 26-yr mean (1964 -89) values of [v] at various latitudes, used as a measure of the computed net poleward flow of mass,
and their standard deviations (based on 312 monthly estimates) in units of m s™'. Since in the case of perfect data [7] should be close to
zero (Rosen 1976), these (spurious) nonzero values are a measure of the uncertainty in the computed [v]

Latitude
-30° -20° ~10° 0° 10° 20° 30° 40° 50° 60° 70° 80°
[v] 0.13 0.04 0.10 0.19 0.02 0.08 0.05 -0.17 -0.17 -0.10 0.02 -0.05
o 0.34 0.28 0.15 0.12 0.13 0.22 0.24 0.39 0.20 0.12 0.16 0.53
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ward Somali jet across the equator during summer in
the later years. To remedy this particular situation and
to correct, in general, for the sparse distribution of the
rawinsonde stations over the oceans, we substituted our
analyses of the COADS surface v field (Woodruff et
al. 1987) for the rawinsonde-based analyses at 1000
mb. This procedure greatly improved the low-level
wind analyses over the oceans. The resulting dataset
provides reasonable global coverage at 2.5° latitude and
50 mb (50—-1000 mb) vertical pressure resolution, ex-
cept south of 40°S where the data are extremely sparse.

To calculate the mean meridional streamfunction s
using (2), we zonally averaged the analyzed fields of
U. One should realize, however, that the reliability of
the results for the streamfunction must be strongly lat-
itude dependent. Poleward of 30° latitude, the mean
meridional velocity [v] is a small statistical residue of
large, almost compensating, northward and southward
flows in the midlatitude quasistationary waves (i.e., in
the jet streams we find local U velocities ~10-20
m s ™', whereas typical zonal-mean [7] velocities in the
midlatitudes are <0.5 m s~'). Trying to isolate such
minuscule velocities is somewhat problematic. Never-
theless, even in midlatitudes, the [v] values are larger
than the vertical-mean residuals shown in Table 1
(=0.2 m s ') and are, therefore, probably of the right
sign and magnitude. In the Tropics (30°N-30°S) the
[v] values are, at least in winter, the direct result of
averaging a fairly uniform equatorial Hadley circula-
tion, so that we expect to find more reliable values for
the mean meridional streamfunction in the tropical
regions. In summer, the zonal symmetry is much dis-
turbed over Southeast Asia, but still the rawinsonde
network supplemented by the surface COADS wind
data over the oceans seems to be adequate to properly
take this factor into account (see Fig. 1). While there
is some uncertainty near the latitude of the subtropical
jets, integration through the total vertical column to cal-
culate the mass streamfunction should also smooth out
some of the possible noise in [v], leading perhaps to a
more stable measure in the  parameter.

b. Walker oscillation index

The Walker oscillation is one of the primary atmo-
spheric components of ENSO (see, e.g., Julian and
Chervin 1978; Rasmusson and Carpenter 1982). It is
responsible for large east—west shifts of atmospheric
mass between the Indian and west Pacific Oceans on
the one side and the east Pacific Ocean on the other
side. The Walker oscillation is a circulation in the east—
west vertical plane characterized during ‘average’’
conditions by rising motions over the western equato-
rial Pacific (WEP) and Indian Oceans and sinking mo-
tions over the eastern equatorial Pacific Ocean (see Ta-
ble A3, quantities 11-13). However, during El Nifio
conditions, anomalous warming of the EEP and anom-
alous cooling of the WEP weakens and sometimes even
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reverses the Walker oscillation, leading to anomalous
dry conditions in the west and wet conditions in the
east. Because the well-organized vertical motions in the
east and west branches are a key aspect of the Walker
oscillation, we defined the Walker oscillation index as
the difference in vertical velocity at 500 mb between
the EEP (averaged over the area 10°N-10°S, 180°-
100°W) and the WEP (averaged over the area 10°N—
10°S, 100°-150°E). The Walker oscillation index is
not sensitive to the details of the choice of area. To
compute the vertical pressure velocity w (=dp/dt), we
used the continuity equation for mass together with our
global field of rawinsonde horizontal velocities:

Y4

w(p) = —f divVdp, (4)
0

where V (u, v) is the horizontal velocity vector, while

making sure that

J44]
w(py) = —f divVdp = 0 (5)

0
for vertical mass flux balance. In requiring w = 0 at
both the top surface (p = 0) and at the earth’s surface
(p = py), possible (usually small) nonzero values of
w(po) in the vicinity of mountains are neglected. Con-
sidering the station distribution shown in Fig. 1, we
note that there are only a few rawinsonde stations lo-
cated inside the EEP region as defined here. However,
the influence of the more plentiful stations between 10°
and 20° latitude, both north and south, helps to alleviate
much of the problem of computing the mean diver-
gence and w averaged over the area.

c. El Nifio index

We used the monthly mean analyses of the COADS
sea surface temperatures by Pan and Oort (1983) for
the same 26-year period to compute monthly anomalies
in the EEP (averaged over the area 20°N-20°S, 180°—
80°W) as an index of El Nifio (warm) conditions and
La Nifia (cold) conditions in the eastern equatorial Pa-
cific. A similar index was used extensively in some of
our previous work (e.g., Pan and Oort 1983). The EEP
averages represent approximately the mean conditions
over regions Nifio 3 and Niifio 4 [see Rasmusson and
Carpenter (1982) and recent issues of the Climate Di-
agnostics Bulletin], generally accepted as a represen-
tative measure of El Nifio.

3. Long-term mean climatology
a. Annual cycle

In Figs. 2 and 3 we present the 26-yr mean annual
and monthly cross sections of the zonal-mean mass
streamfunctions for the 30°S—80°N area. We use here
a positive sign for the streamfunction ¢ in the case of
a clockwise rotation and a negative sign for an anti-
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F1G. 2. Cross section of the zonal-mean mass streamfunction s for
annual-mean conditions in units of 10'° kg s™' based on 196489
data. Over the entire domain of 30°S—80°N, the streamfunction was
computed directly from the observed mean meridional component of
the wind [7], with the only imposed constraint being that [5° [T]dp
= 0 to ensure conservation of mass.

clockwise rotation, as seen in the (p, ¢) cross sections
in Figs. 2 and 3. The difference ¢, — i, between two
points on a cross section is equal to the amount of mass
flowing across a line joining the two points. Thus, the
annual maximum ¢ value of 9.2 for the NH Hadley cell
in Fig. 2 indicates that an amount of mass of 9.2 X 10"
kg s ' is transported northward above the level of max-
imum ¢ and an equal amount southward below it. Anal-
ogously, for the SH Hadley cell we find a minimum
value of —7.4 X 10" kgs™', indicating that this
amount of mass is flowing southward above the level
of minimum ¢ and an equal amount northward below
it. According to this sign convention, strengthening of
the two tropical Hadley cells would mean larger posi-
tive values of ¢ in the NH Tropics and more negative
values of ¢ in the SH Tropics.

Although the tropical annual-mean values represent
small residuals of two opposing Northern and Southern
Hemispheric winter Hadley circulations, Fig. 2 shows
in a clear way the ‘‘idealized’’ long-term mean merid-
ional overturnings in the atmosphere. We note the ex-
istence of two almost symmetrical tropical Hadley
cells, a weak Ferrel cell in the midlatitudes, and a still
weaker polar cell.

Figure 3 shows that maximum mass overturning oc-
curs at the center of the wintertime NH and SH Hadley
cells. Both ™ and /% (see definitions in appendix A,
Table A1) reach a sharp peak during the corresponding
winter months and decline to near-zero values during
the summer months. As has been shown before (see,
e.g., Oort and Rasmusson 1970; Newell et al. 1972),
the typical, idealized representation of the tropical-
mean meridional circulations as two equal-strength
Hadley cells is in reality a rarity. One hemisphere tends
to dominate during most of the year, with the transition
period (the time when ™ and ¢° are about equal) be-
ing at most 2 months between winter and summer. The
absolute values of the 3-month averages of the ex-
tremes in the streamfunction in both hemispheres are
on the order of 20 X 10" kg s~ in winter and 2 to 3
X 10 kg s~ in summer, while the annual average is
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only ~11 X 10" kg s~! (see Table A2, lines 2 and 3).
(Please note that the extreme values shown in Fig. 2
are smaller than 11 X 10" kg s~! because of the dif-
ference in defining the mean of the seasonal values and
the annual mean; see appendix A.) The midlatitude Fer-
rel cell also exhibits a pronounced annual variation,
being strongest in winter, as expected from the increase
in baroclinic disturbances during that season.

For further, more quantitative information on the
long-term (26 yr) mean and interannual standard de-
viation values of the maximum streamfunction, as well
as on a variety of other parameters characterizing the
Hadley cells and the Walker oscillation, the reader is
referred to the extensive tabulations in appendix A.

b. Stability of the results

Similar results as shown in Figs. 2 and 3 for the
annual and monthly mean conditions were obtained by
Oort and Rasmusson (1970) and Newell et al. (1972),
among others. However, these studies were based on
shorter data samples. It is interesting to note that New-
ell et al. (1972) find a slightly stronger Hadley cell in
northern summer than in northern winter, contrary to
our findings in Fig. 3. This difference may be consid-
ered to be a measure of the uncertainty in estimating
the mean cell intensities. On the other hand, more im-
portant for the fluxes of water vapor and energy is the
fact that in both datasets the June—August (JJA) cell
extreme is located at much lower elevation than in the
December—February (DJF) case, leading to stronger
fluxes during JJA. We will come back to this issue later.
At the left-hand side of the diagrams in Figs. 2 and 3,
south of about 20°S, we find evidence of an intrusion
by a much-too-strong SH Ferrel cell. Apparently, the
station distribution is not adequate at these latitudes to
get reliable estimates of the mean meridional circula-
tion.

To further study the stability of the zonal-mean
streamfunction fields presented in Figs. 2 and 3, we
have computed the standard deviation o(¢) based on
the 26 years of data. The results for January and July
are shown in Fig. 4. We find that in the Tropics at the
location of the maximum streamfunction o(y) ~ 3
X 10" kg s~'. Assuming a Gaussian distribution, this
would correspond to a standard error of the mean o/
(M2 = 3/(26)'? =~ 0.6 X 10" kg s~! and would
lead to the conclusion that our estimates of the mean
streamfunction are known with an uncertainty of +1
X 10'° kg s~'. However, this is probably an underes-
timate because of other uncertainties related to the non-
uniform station distribution and the analysis techniques
used. For example, Starr et al. (1970) have shown that
the values of the streamfunction can be very sensitive
to the analysis technique used, especially to the choice
of initial-guess field. Of course the spread in individual
monthly estimates of /™ and % is much greater (see,
e.g., Fig. 5), since it is given by *2¢ rather than by
+20/(N)'"2.
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FiG. 3. Annual cycle of the zonal-mean mass streamfunction i in units of 10'® kg s™' for the 196489
mean conditions (see also Fig. 1 caption).

c. Implied transports of water vapor

Going back to Fig. 2, the maximum mass overturn-
ing in the Northern Hemisphere (~9 X 10" kgs™')
was found to be about 20% stronger, on average, than
in the Southern Hemisphere (~ —7 X 10 kgs™).
This difference in maximum mass overturning of the
two cells is interesting considering that more precipi-
tation is observed annually in the NH Tropics (asso-
ciated with the deep penetration of the SH Hadley cell

into the NH during JJA) than in the SH Tropics (Peix-
oto and Oort 1992). Although the annual-mean SH
Hadley cell is found to be weaker than its NH coun-
terpart, it penetrates across the equator to ~7°N at the
surface and its center is located closer to the ground
(averaging about 750 mb in the SH and 550 mb in the
NH). Since atmospheric moisture is much more abun-
dant near the surface, the weaker SH Hadley circulation
is therefore found to transport more water vapor across
the equator into the NH. To show this more quantita-
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tively, we have computed the water vapor transport F,
across various latitudinal ‘‘walls’” associated with the
mean meridional circulation, using the expression

0
F, =2rnR cos¢f [U][é]%, (6)

0
where ¢g is the specific humidity. Some of the results
are tabulated in appendix A, Table A3 (quantities 3—
6). In agreement with our earlier discussion, the av-
erage cross-equatorial northward flux of water vapor
during JJA (associated with the SH winter Hadley cell)
is northward and equals ~21 X 10® kg s~!, whereas
the corresponding southward flux of water vapor dur-
ing DJF is only —10 X 108 kg s ! (associated with the
NH winter Hadley cell). The annual flux is northward
and has a value of 6.5 X 10% kg s ™! (see also Peixoto
and Oort 1992).

The corresponding estimates for the fluxes of en-
ergy by the Hadley cells are also of considerable in-
terest. However, to keep the present discussion fo-
cussed on the mass streamfunction, the discussion of
the implied energy transports is postponed to the ap-
pendix.

4. Interannual variations

a. Hadley—ENSO time series

An early attempt to document the interannual vari-
ability in the mean meridional circulations was made

by Rosen et al. (1976) for the period 1958 —-68. How-
ever, these authors limited their study to annual-mean
values, which are less reliable than the seasonal values
to be shown here.

In Fig. 5 we present monthly time series of the max-
imum positive ¢ in the northern Tropics (0°—30°N)
and the minimum negative ¢ in the southern Tropics
(0°-30°S), irrespective of the latitude of the extreme
values (denoted by ¢ and ¢°, respectively). Inspec-
tion of the curves in Fig. 5 indicates that the wintertime
maxima tend to be more peaked and that the summer
minima tend to be broader. This suggests that both an-
nual and semiannual harmonics are important in the
seasonal cycle.

Using the maximum streamfunction as a representa-
tive measure of the strength of the tropical Hadley cir-
culation, we have investigated how the ¢~ and *° time
series are correlated with the SST record in the eastern
equatorial Pacific. To show these correlations qualita-
tively, we have removed the 26-year monthly means
from the ¢~ and ° time series and plotted them along
with the time series of the SST anomalies in Fig. 6 (top
and middle diagrams). We note that warm SST anom-
alies (El Nifio events) correspond to a strengthening of
™ and 5, and that a weakening of ™ and ¢ occurs
during cold SST anomalies (i.e., anti-El Nifio, or La
Nifia events). There is one clear exception to this rela-
tionship in the Northern Hemisphere, namely during the
strong 198283 El Nifio event, when ¢~ appears to have
weakened. It is peculiar that this anomalous weakening
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is not observed in the Southern Hemisphere. In fact, at
present there is no obvious explanation for these differ-
ences, although one possibility is that the northward flow
in the 10°-20°N latitude belt moved to the east into the
data-sparse region of the eastern equatorial Pacific. The
simultaneous correlation between SST anomalies and
the smoothed ¢~ anomalies is 0.35, while the correlation
with the ° is even more significant at —0.48 (see Table
2). A time-lag analysis to investigate lag relationships
was inconclusive.

An extensive tabulation of the correlation coeffi-
cients at zero lag between various quantities character-
izing the ENSO and WO signals is presented in Table
2 both for smoothed and unsmoothed (between paren-
theses) conditions. The correlation coefficients that are
statistically significant at the 95% confidence level are
underlined (see discussion below). The sea surface
temperature anomalies in the eastern equatorial Pacific
Ocean are used as the basic quantity describing the El

Nifio/La Nifia conditions. The quantities ~, %, and
Av™ and Av® are then used as a measure of the intensity
of the tropical Hadley cells, whereas u), and u3,, mea-
sure the changes in intensity of the subtropical jet as a
consequence of changes in the Hadley cells. Variations
in the fluxes of water vapor F)), and F§, and the re-
sulting precipitation minus evaporation (P—FE) in the
equatorial zone again result from changes in the Hadley
cells. The same is true for the energy fluxes F} and
F3. Finally, the area-averaged 500-mb vertical veloc-
ities in the eastern and western Pacific Ocean measure
the intensity of the Walker oscillation.

1) STATISTICAL SIGNIFICANCE OF CORRELATION
COEFFICIENTS

To test the statistical significance of the computed
correlation coefficients r(x, y) in Table 2, we have
used the null hypothesis that the population value
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80°W) as an ENSO index, and of the anomalies of the maximum
streamfunction (thin solid line) in the 0°~30°N belt (top figure) and
in the 0°-30°S belt (middle figure), used as an index of the strength
of the tropical Hadley circulation. The bottom figure shows the time
series of the difference in the mean 500-mb vertical (pressure) ve-
locity (thin solid line) in the eastern equatorial Pacific (10°S—10°N,
180°-100°W average) and in the western equatorial Pacific (10°S—
10°N, 100°~150°E). A positive value of w5y — wity indicates a more
intense east—west Walker circulation—that is, stronger rising motion
over the western portion and stronger sinking over the eastern portion
of the equatorial Pacific. All curves are based on the monthly values
after smoothing with a 15-month Gaussian filter with weights 0.012,
0.025, 0.040, 0.061, 0.083, 0.101, 0.117, and 0.122 at the central
point.

p(x, y) = 0. Because the sampling distribution of r(x,
y) around its population value p(x, y) is not normal,
we computed confidence limits using the so-called
Fisher’s Z transformation (Spiegel 1961):

7 1l 1+r
=—In .
2 1—r

The Z statistic is approximately normally distributed,
with a mean value

(7

1 1+p
=—1 8
Pz =75 n(1 — p) (8a)
and a standard deviation
0z = (Ng — 3)4/2, (8b)
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where Ny is the number of degrees of freedom (Spiegel
1961, pp. 247 and 264). The 95% confidence limits for
uz are then given by

Z+ 1960, = 0.5 1n<1 A r) + 1.96(Ny — 3)7172
— r
(9a)

and

1+
Z - 1960, = 0.5 1n<1 ~ :) — 1.96(Ng — 3) ™',

(9b)

To test the null hypothesis we have used (9b) with
various values of r and N4 to construct Fig. 7. The
figure shows a curve p, separating the areas of signif-
icant correlation estimates from those that are insignif-
icant, given by

|
0.5 1n(—+£9>
1 - Po

- 05 ln(i tr

> — 1.96(Ng — 3)7"%. (10)

The next important issue concerns the choice of the
number of degrees of freedom Ny appropriate for the
various cross-correlation coefficients given in Table 2.
In 1963 the late J. Murray Mitchell Jr. [see appendix
B, (B12)] showed that when both time series are au-
tocorrelated (as is the case here) the number of degrees
of freedom is given by
2 N-1

Ny = N[l + N > (N - T)rr(x)rr(y)] , (1)

where N is the sample size, and r.(x) and r.(y) are the
autocorrelation coefficients at lag 7. The corresponding
expression in case of the variance of a time series rather
than the covariance of two time series has been used
frequently. The expression is the same as (11) except
for the replacement of r.(x)r.(y) by r.(x) (see, e.g.,
Jones 1975). We have used (11), including terms of
up to 8-months lag, to arrive at stable estimates of Ng.
The results for Ny ranged between 31 and 42 for the
smoothed time series and between 61 and 250 for the
unsmoothed time series used in computing the corre-
lation coefficients in Table 2. Most of the correlation
values presented in the table proved to be significant at
the 95% confidence level (see underlined values) based
on the method described above.

2) ““WARM’’—‘‘COLD’’ CONDITIONS

A measure of the net ENSO influence on the Hadley
circulation can also be obtained from Fig. 8 where the
differences in ¢ between the five warmest El Nifio and
the five coldest La Nifia events are shown both for DJF
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TaBLE 2. Correlation coefficients at zero lag between different quantities characterizing tl

for most variables, the correlations with " and ¢° have the opposite sign; this is, of course,

due to the sign convention used for the streamfunction in the two hemispheres (see section 3.1)].

Both smoothed [a 15-point Gaussian-type filter (with weights 0.012, 0.025, 0.040, 0.061, 0.083, 0.101, 0.117, and 0.122 at the central point) was used to filter out high-frequency variations

from the monthly data] and unsmoothed (in parentheses) values of the correlatio

n coefficients are presented. Anomalies from the climatological mean are used in all calculations, except in

since they show a negligible mean annual variation. Values that were computed to be statistically significant

the case of the quantities wy, wige and wl, — w¥ where total values were used,

at the 95% confidence level are underlined (see text).
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and JJA. The years selected as warm or cold years are
listed in Table 3. We note that some of the selected
cases may not be strictly independent events because
they were taken from consecutive years. The warm-
cold cross sections in Fig. 8 show a beautiful symmetry
with respect to the equator, with strengthened direct
(i.e., energy releasing) Hadley cells [~3-4 (X10'°
kg s™') increase] in each hemisphere during warm
ENSO conditions and weakened cells during cold con-
ditions. On the other hand, the midlatitude Ferrel cell
seems to weaken during warm ENSO conditions. We
should emphasize that the anomalous Hadley circula-
tions are superposed on the normal one-cell winter
Hadley circulation in the Tropics.

3) ALTERNATIVE MEASURES OF THE HADLEY CELLS

The validity of choosing the ¢-maximum index as a
measure of the strength of the Hadley cells has also
been tested by comparing the above results with time
series of other indexes of the Hadley cell intensity —
that is, the mean upper—lower-level difference in the
mean meridional velocity [Vl — [V]sso at 10°S and
10°N, and the 200-mb average zonal velocity [u],0
between 15° and 25°S and 15° and 25°N. The results
are presented in Table 2 for the interannual variations
(see also later discussion of Figs. 9 and 10) and in
appendix A (Table A2, lines 8 and 9; Table A3, lines
1 and 2) for the long-term mean conditions.

We find that the mean meridional velocity differ-
ences (from which ¢~ and > were computed) lead to
similar and even slightly higher correlations than those
computed based on the maximum streamfunction. As
expected, if we chose the meridional velocity differ-
ence averaged only over the Pacific sector (120°E-
80°W), Table 2 (columns 6 and 7) shows that the cor-
relations tend to be higher, except for ™ and 5. We
confirm Arkin’s (1982) earlier findings that during
warm ENSO conditions the subtropical 200-mb jet
streams g in both hemispheres tend to increase in
strength and that they tend to weaken during cool anti-
ENSO conditions [see also the angular momentum
studies reviewed in Rosen (1993)]. The correlations
are very high, with values of r = 0.80 for the smoothed
time series. This suggests that the strength of the sub-
tropical jet stream, in spite of being an indirect measure
of the intensity of the maximum overturning (through
the conservation of absolute angular momentum), may
actually be a good indicator of the intensity of the Had-
ley cells. In any case, all these different measures sup-
port the validity of the results based on our stream-
function analyses.

The implications for the equatorial water and energy
budgets are also presented in Table 2 (columns 10—
17). The corresponding correlations show, as ex-
pected, a stronger atmospheric convergence of water
vapor into the equatorial belt during ENSO conditions
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Fig. 7. A plot of the 95% confidence limit as a function of the
zero-lag correlation coefficient r and the number of degrees of free-
dom Ny. All values of r above the curve are considered to be signif-
icantly different from zero at the 95% confidence limit.

and a weaker convergence during anti-ENSO condi-
tions. In other words, since for the 10°S—10°N belt
FS — FY = [0 (P — E)dA (where dA is an area
element), we find a clear increase of precipitation (P)
over evaporation (E) during warm ENSO conditions
and a decrease during cool anti-ENSO conditions, with
a high value of r = 0.67. However, it is interesting that
the corresponding correlations between ENSO and the
energy divergence from the equatorial zone are insig-
nificant.

b. Walker—ENSO time series

It is known from earlier research (e.g., Julian and
Chervin 1978) that the rising and sinking motions as-
sociated with the west and east branches of the Walker
oscillation are well correlated with the sea surface tem-
perature anomalies in the eastern equatorial Pacific.
This is confirmed in Fig. 6 (bottom diagram) in the 26-
year time series of the wsy difference between the east-
ern and western equatorial Pacific when plotted to-
gether with the sea surface temperature anomalies in
the EEP region. The curves for the Walker index
(wEp — w¥p) and the SST anomalies (both smoothed)
are simultaneously correlated at a highly significant
value of —0.81 (see Table 2, column 20). We note that
the individual time series of w&y and wd, are also
highly correlated with the SST anomalies, as shown in
Table 2 (columns 18 and 19). Clearly, a weakening of
the Walker cell is accompanied by anomalous warming
in the EEP region. Notice in Fig. 6 that during very
strong El Nifio events, particularly in 1983, the Walker
index tends to change sign, indicating a reversed Wal-
ker oscillation with net rising over the eastern equato-
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tom) seasons in units of 10'® kg s™'. The difference is a measure of

the range of values between El Nifio and La Nifia conditions. Table
3 lists the years used in these samples.

rial Pacific and sinking over the western portion. This
reversal becomes obvious when we compare the 1983
value with the ‘‘normal’’ values of wy and wiy in
Table A3 (lines 11-13). The strong correlations found
here (see Table 2) give a very interesting, independent
measure of the ENSO phenomenon that supplements
our results for the Hadley cell variations. We find in
Table 2 (column 20) that the zero-lag correlations of
the smoothed ™ and ¢S anomalies with the Walker
index are —0.40 and 0.66, respectively, indicating an
out-of-phase relationship between the Hadley and Wal-
ker oscillations. The correlations at positive and nega-
tive lag (not presented) are smaller and fairly sym-
metrical, indicating an almost simultaneous occurrence
of these two aspects of the ENSO phenomenon.

To show better the three-dimensional structure of
the ENSO phenomenon as it appears in our data, we
have prepared in Figs. 9 and 10 some horizontal dif-
ference maps between warm (ENSO) and cold
(anti-ENSO) conditions, similar to those shown in

TaBLE 3. Selected five warmest and five coldest DJF and JJA
seasons used in computing Figs. 8—10. The selection of warm and
cold seasons is based on the time series of the sea surface temperature
in the eastern equatorial Pacific.

Warm DJF Cold DJF Warm JJA Cold JJA
1968-69 196465 1965 1964
1972-73 1970-71 1972 1971
1982-83 1973-74 1982 1973
1986-87 1974-175 1983 1975
1987-88 1975-76 1987 1988
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Fig. 8 for the streamfunction. In Figs. 9a and 10a
the ;o0 differences are presented for DJF and JJA
conditions, respectively. They show the strength-
ening of the subtropical jet streams and the occur-
rence of anomalous easterly winds (it < 0) over
the western equatorial Pacific Ocean, representing
the upper branch of the reversed Walker oscillation.
However, it should be noted that part of the ity and
Tage anomalies are connected with the rotational
component of the flow around the (also ENSO con-
nected) upper-level anticyclones straddling the
equator (see, e.g., Arkin 1982) and are, therefore,
not connected directly with the divergent compo-
nent of the response or with the anomalies in the
w field. In Figs. 9b and 10b the local contributions
to the Hadley cells are shown in terms of Uy
— Ugsp. The main strengthening (weakening) of the
Hadley cells during ENSO (anti-ENSO) conditions
is apparently due to the increases (decreases) over
the western and central Pacific, in good agreement
with earlier research. Finally, in Figs. 9c and 10c,
the wsy differences show anomalous rising (wse
< 0) over the central and eastern equatorial Pacific
(especially strong during the northern winter) and
sinking (wsep > 0) over the Indonesian Archipelago,
again indicating a reversal of the normal Walker os-
cillation. In addition, zonal-mean profiles are shown
on the right-hand side of each figure. These ENSO-

~! and (¢) Tsg in units of 107* mb s™'.

related effects are about a factor 5 to 10 smaller than
the corresponding climatological values given in
Tables A2 and A3.

5. Summary

Some of the main results of our analyses based on a
26-yr sample of consistently analyzed monthly mean
analyses of the zonal and meridional wind components
are the following.

e The normal seasonal cycle in the tropical Hadley
cells determined here is very similar to that found in
earlier studies which shows the robustness of our re-
sults.

e The seasonal extreme values in ¢ are found in
winter at about 8° latitude, with maximum values of 22
X 10" kg s ' near the 450-mb level in the NH, and 18
X 10" kg s~' near the 600-mb level in the SH. The
summer maxima in ¢ are quite weak (less than 5
X 10" kg s™'), occur near 25° latitude, and are not
well defined.

¢ Superposed on the normal one-cell tropical
winter Hadley circulation, we find two strengthened
direct Hadley cells during warm ENSO conditions
and weakened cells during cold anti-ENSO condi-
tions. The warm—cold strengthening of the Hadley
cells is ~3-4 (X 10" kg s~ '), whereas the midlat-
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itude Ferrel cell tends to weaken by about 1 X 10
kgs™'.

* Consistent results are found when some other
quantities are considered, such as the T,y — Ugso differ-
ence, the water vapor flux, and the i, fields. For ex-
ample, the inferred equatorial P—E values increase (de-
crease) during warm (cold) conditions (7 ~ (.7), con-
sistent with the strengthening (weakening) of the
Hadley cells. Also, the wu,y correlations show a
strengthening (weakening) of the subtropical jets dur-
ing warm (cold) conditions, with r = 0.8.

o The Walker oscillation weakens during ENSO
when the anomalous Hadley cells are stronger and
strengthens during anti-ENSO conditions when they
are weaker. The correlations with T§*" are very high (r
~ —0.8). The inverse relationship between the Hadley
and Walker oscillations on the ENSO timescale is
clearly evident.
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APPENDIX A

Supplementary Tables

This appendix contains tables that give additional
information for a proper perspective of the results
shown in sections 3 and 4. The information should also
prove useful for comparisons with simple models, as
well as general circulation models, trying to simulate
the annual cycle of the tropical Hadley cells.

First, Table Al lists and defines the symbols and
notations used in the main text for the various measures
of the ENSO signal, the tropical Hadley cells, and the
Walker oscillation.

Then Tables A2 and A3 give the long-term mean
values and the interannual standard deviations (in pa-
rentheses) of the various quantities defined in Table
Al. The values are presented both for the 12 calendar
months and the annual mean.

Various types of ‘‘mean’’ values are shown in Table
A2 for the quantities associated with the maximum
streamfunctions N and 5. Specifically, we should
note in Table A2 that there are 3 lines of estimates for
characteristics of the maximum in the streamfunction
(quantities 2—7). The first line shows the mean of the
26 yearly values, the second line its interannual stan-
dard deviation (in parentheses), and the third line the
value for the 26-yr mean streamfunction (in italics).
The numbers in the third line correspond to the esti-
mates one would infer by looking at Figs. 2 and 3.
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TABLE Al. List of symbols and their meaning as used in the paper.

Measure of strength of ENSO signal:

80°

Ts = fg:)u f:nw TsR? cospd\d/ [ 32:), f_‘,“;’;, R? cos¢pd\d¢ = mean sea surface temperature in eastern equatorial Pacific,
where R is the mean radius of the earth, A is longitude, and ¢ is latitude

Measures of strength of NH Hadley cell:

N —

AvN
N
Avpac

maximum value of streamfunction in 0°-30°N region
_ﬁzou] — [Vsso] at 10°N

[/

udyy = 1255:: [i6200)} cospd/ ,55,:’ cos¢pd¢ = strength of subtropical jet

Vo — Ugse averaged over Pacific longitude sector 120°E-80°W along 10°N

FY = 27R cos¢ fg" [7]{gldp/g at 10°N = northward flux of water vapor across 10°N associated with NH Hadley cell
FY = 27R cos¢ [ [T][Eldplg at 10°N = northward flux of total energy across 10°N associated with NH Hadley cell, where E = ¢,T

+ gz + Lg + (% +v?)

Measures of strength of SH Hadley cell:

S = maximum value of streamfunction in 30°S—0° region

AvS = [i00] — [Tgso] at 10°S
Avfac = Tygo — Tgso averaged over Pacific longitude sector 120°E—80°W along 10°S
o=/ :;55 [#200] cospd/ f_'zl; cospdep = strength of subtropical jet

F§ =2nR cos¢ f{’;" [V][g1dp/g at 10°S = northward flux of water vapor across 10°S associated with SH Hadley cell
F3 =27R cos¢ fé’” [T1[E]dp/g at 10°S = northward flux of total energy across 10°S associated with NH Hadley cell where E = ¢, T

+ gz + Lg + 3(u? +v?)

Measures of strength of Walker Oscillation:

wy = _“;:,, i) :11?5: Usgo COSPANd P/ f_“;o I} :1':(2: cospdA\dp = mean sinking motion at SO0 mb over eastern equatorial Pacific

150° —

wlo = SN oy Do cospdNdp/ [0, [ior cospdhde mean
acine

= mean sinking motion at 500 mb over Indian Ocean and western equatorial

Measure of combined strength of NH and SH Hadley cells:

P—E=(F- F)f

_1o 27R? cos¢dd = mean precipitation minus evaporation rate over equatorial zone

divF, = (FY¥ — F$)/ _"::,, 27R? cos¢pdd = mean divergence of total energy over equatorial zone

Comparing lines 1 and 3, we find, as expected (see
discussion below), that the values for N and ° are
slightly smaller when the 26-yr mean picture (line 3)
is considered, especially for the annual mean. We also
note that the pressure estimates for the 26-year mean
are truncated to multiples of 50 mb because of the use
of 50-mb intervals in our analyses.

To explain the importance of differentiating between
the various means, let us consider ¢~ for the column
labeled mean. The first entry 11.6 represents the mean
of the 312 values for the individual months, whereas
the third entry 9.1 in the column labeled annual indi-
cates the maximum ¢ for the 0°~30°N zone in the 26-
yr annual-mean cross section. Because we always se-
lect the maximum streamfunction irrespective of lati-
tude and pressure within the 0°~30°N sector, the one
long-term average cross section of ¢ must yield a lower
maximum value than the mean for the 312 individual
cross sections. In other words, the mean of the maxima

in the 312 streamfunctions must be larger than the max-
imum in the 26-yr mean streamfunction.

Similarly, we note that the streamfunction maxima
for the mean are located farther removed from the
equator (at 12°N and —10°S). This is due to the fact
that the strongest " and ¢ always occur in winter at
low latitudes, whereas the weakest N and ¢S occur in
summer far away from the equator.

The information in Tables A2 and A3 gives a com-
prehensive picture of the observed annual cycle of the
Hadley and Walker circulations. Table A2 clearly
shows the seasonal waning and waxing of the tropical
cells (lines 2, 3, 8, and 9), their latitudinal migration
(lines 4 and 5), and their growth and collapse in the
vertical (lines 6 and 7).

Table A3 gives the implied response of the Hadley
cells in terms of the strength of the tropical jet stream
(lines 1 and 2), the northward flux of water vapor
(lines 3-35), the excess of precipitation over evapo-



JOURNAL OF CLIMATE VOLUME 9

2764

.vuwszoo Jom SonjeA
UOTIRIASD PIBPUE]S ) 2I0JO( PIAOWIAI SeM 9[OAD [PNIUUR [BULIOU QUL "SYIUOW Z1¢ = [ X 9T Jo ajdwes {[n ayi woly poindurod dre uwinjos SIY) Ul Sanfea UOTIEIAIP PIEPUE)S PUB UBSW Y[, ,

(X)), X0 ©wo (7)) wo (1Y) (1)) (X)) (41)] ((5(0)] ©0) ()] (6'0)
s u T 1 €0— 81— 0¢— 8¢— ov— 8¢~ 8T 01— Lo 61 1T sV 6
(X)) (C1Y)) (1)) (V)] €0 (€0 @0 (1)) (<0 €0 ()] (8°0) Lo
Su 81 Ly 6T 80 Lo- L1- S1— 01— £0 43 124 vS 49 NV 8
[ 74 0sZ 006 0s8 059 009 009 009 059 059 0SL 006 006 006
G611) (86) (€vD 601) (89 @9 t6) (00D (1)) (4] (811) (s2) (€82)
qu TiL Wi LLS 06L €19 $8¢ L9 Y65 T19 89 LLL LT8 LL8 1€ (¢Md L
§8¢ 0SS 0s§ 009 009 059 008 006 00L 0s$ 00§ 00% 00% 00¥
(s (son) (08) (s8) (601) (812) (650) (890) (en &9 (66) (901) (so1)
qu IS¢ (499 P6v 209 965 £29 L19 869 $8¢ €es LLy SLY 9t oy (e 9
£I— or— 9I— zr— 9— 9— 9— 9— 8— 8- - 0Z- 97— 97—
» () (9] n @ @ ) @ m © 03] (9] ()]
® €l 6— 61— €1— L= 9— L= L- 8- 8- €1 - Lz— = Mo s
(LI zI o1 zI 91 43 43 9z 0¢ 44 ol 8 8 8
(2] @ 49 @ (9} (® 9) (® (€) O m @ ©
ref, 91 21 o1 4! 91 6T 9C 92 ST Al o1 6 L 8 W v
96— £l £Z— [ $6— 9 CI— 18— 281— 0L~ & €I— 89— [ 97— -
((1)¥4) @n ((d] @ G a1 & 9D 6 @wn D o @n
=S ,01 01— viL— e €6— 001— 91— 81—  ¢6l— Y- Tri— €L— Th— €e— I'e— s €
601 16 20z S€r 08 134 I 60 80 6t zsI 98I 122 61T
(4] Lo o) on @y amn o €1 aa &0 a re) Lo
S8 G01 911 76 80T 8¢l T8 Ly 1T 1 0T S¢S ¥S1 61 67C 6T T
o 90 (1), (1)) (1)) 0 &0 (V)] (V)] (€0) (0] ()] (1)
Do ¥9T 9T 1'9¢ 192 19 1'9¢ 1'9¢ £9¢ L'9T oLe oLT 69C 99z £9C sl T
mum: D acaoz R:ﬁ:/\ HQQEoouQ HODEQ\VOZ HOQOHOO HQQEQQOW ..wﬂw ny b: p. aUn —, %.mz Eun—< ﬁ—o.—dz %Hman_o Al Ajenue i)

A31peH ay3 pue ‘(] "oN) 914> OSNH S 01 paeja1 sennuenb snouea 10y sonfea (s9ssyjuated Ur) UONBIASP PIEPUE]S [ENUUBIDUI PUE (68— O6]) UBSW IK-GZ 21 JO Sajewnsy 7V g14v],

*(3X3} 995) SoN[BA [enpIAIpUL
97 Y3 Jo uesw Juipuodsaiiod o) WOIY JUIRYIP A[[EIoUsd ST YOIYM ‘UOTIOUNJWILN)S UBdW JA-g7 SU) UI WALIIXEW 27} JO SONSLIS)oRIRGD Y SIJedIpul (SOIfBIl UT) SISqUINU JO MOI PITY o) °/
—Z sennuenb 104 “upsu pojoqe] UWINGOD AY) UT SSNJBA Y] JO 3SED 9Y) UI SenjeA AJYIuour ¢J¢ Uo NG ‘enuue 9y pue SYIUOUI JEpUus[ed aY) JO 9580 Jy} UI SenfeA 7 UO PIseq SI SJeliliss UoneIAdp
PIEpue)s pue uedw yoey “(uvaw PI[aqe] UWIN[0D) 9FRIVAR WUOW-Z] ) PUe ‘(jpnuup pojaqe] UWIN[OD) 9SED [enuue SY) ‘SHIUOW JEPUI[ED [ENPIAIPUL 7T 3Y) JOJ SAN[EA 3Y) 2I8 UMOYS ‘SINd30
WNWIXeul 9y} 2194 [oA9] axnssaid pue opniije] oy} pue SUILINIISAO SSBW oY) JO YISUSHS UINWIXEW J1) 0} 9JB[aI §—7 sdnnuenb ‘vonemoirn As[pey oy Jo 9sed oYy U (6—C "ON) UONE[NIID



2765

OORT AND YIENGER

NoVEMBER 1996

((:R9) €0 €0 @ ©n €n ©n &' @n D 0 (4] (4]
S qu, 0] ve a4 1% T'e 07 | €T 9¢ o€ 8T Sy 6¢ 6 06m — 05m "¢
an (rn €1 oD @D D oD ((XV) Lo (8°0) an oD (6®
=S qu,_0f LT~ 4% Se— ST 81— 0Cc— £T—- re— $T— ST— A% 9CT— 0e— Em -zl
€D ®n €1 amn oD on 80 (80 Lo on D on 6D
S qur, 0l Lo 01 60 90 70 10 00 S0 S0 €0 ¥l €1 61 w0Em 11
(8 w Ww ® ) © (8 (8) ® 9 (8) (®) on
LU M 91 61 ST €1 91 91 (4 91 LT 6 ST 6 9z 4A1p 01
©0) (Y1) ((39)] (X)) @wo (X)) (s°0) (9°0) 90 &0 ($°0) (1)) (1))
M 01 90— S0 70~ 80— 81— I'e—- - 91— €1- 0 90 91 S0 16
<0 90 (90} 90) (1)) (9°0) (CX1)) 90 (50 &0 ((Y0)] 90 o0
M 01 00 91 0 S0— 91— L1—- 91— - 80— 70 60 1z €T B4 '8
(1)) Lo (V)] (1) &0 (S0 (SO G0 0 0) 90 (0 (CX)]
M 01 60 7T I'l 0 00— L0— o 70— 0 01 61 . ¥T 67 4L
@1 ©r1o) (Tro) aro @ro *10) (o aro @10 (80°0) 1o (1o Lo
AW 190 6L0 £8°0 650 LEO £€°0 Ly'0 850 980 660 £8°0 L90 €L0 I-d 9
€0 92 a2 (1¥a) (61 (a9 €0 (T a0 @0 ao (4] (re)
1S 39 401 66 S0 7L o1l L9o1 9'81 102 981 ¢LI Sl (4 6¢— T'e— od S
((¥d] 1o (44} omn (%] @n © 90 (¥4 ae &e) 6 (1re)
-8 89 401 $9 6v— 9y el 761 iz ¥ €0z €Sl 80 L'8— opI— Y- vod ¥
&0 L0 T 1o e aTe &0 (o (€0 wn €D T2 (¥4
1S B9 401 06— 61T— 91— 0s— 79 76 69 7T 89— €91~ 0'07— LTT— 9'€C— od €
(&4 (€¥4) ao (1o € 92 (2a) &7 @®n € T & 60
S w 'Ll Lel L'81 91T (&4 $'TT £€T 44 €€C L91 A 43 L9 0Zn g
®1 wmn Q1 @wn ()] @on €1 (%9} @wn €D e 6D 0D
(Sw T'€l 81T 6'ST €8 10 8¢— Th— T 8yl (A% 1'92 692 L'ST T ]
snun) [pnuny  JOqWodca(]  ISQUIDACN  19qoppQ  Iequaydeg  isndny Ang aunf Ae]N udy yorely  Arenigag  Amenuer

‘uondes 7y 9qe.L 93s OS]y “(£]— 11 SOUl]) UONRJISQ IN[BA\ 241 01 pue (O -] SJUI]) UonR[noId ASpey aij) 01

(Apoanpur) pase[ar sannuenb snowea Joy (sesoyjuared ur) SoN[eA UOHBIASD PIEPUEIS [ENUUBISUI PUR (68~ H961) Ueaw 14-GZ 2y} JO SARUIISH "€V TTEV],



2766

ration in the equatorial zone (line 6), the northward
flux of total energy (geopotential energy + sensible
heat + latent heat + kinetic energy) (lines 7-9), and
the atmospheric divergence of total energy from the
equatorial zone (line 10). Finally, Table A3 supplies
information on the seasonal variability in the east
and west branches of the Walker oscillation (lines
11-13).

APPENDIX B

Mitchell’s Method for Estimating the Number of
Degrees of Freedom

Since the method used in this paper to estimate the
number of degrees of freedom does not seem to be
known in the meteorological literature, we repeat here
the derivation by the late J. Murray Mitchell Jr. (1963,
unpublished manuscript). We may note that, as far as
- we know, only in the case of the autocorrelation of a
time series have similar derivations for the number of
degrees of freedom been presented (see, e.g., Jones
1975). Mitchell presented this material at the 44th An-
nual Meeting of the American Geophysical Union in
Washington, D.C., 17-20 April 1963 in a talk entitled
““‘Some Practical Considerations in the Analysis of
Geophysical Time Series.’”” It is an extension of the
work on standard tests of significance by a World Me-
teorological Organization Working Group under his
chairmanship [WMO (1966), see especially Eq. (18)
and related discussion].

Sampling error of the correlation coefficient

When two time series (x;, X3, ..., Xy and y;, y,,

., yn) are cross-correlated and both series are auto-
correlated, the sampling distribution of the cross-cor-
relation coefficient r( x, y) around its population value
p(x, y) is generally influenced by the autocorrelations
[p-(x) and p(y)].

Since the autocorrelation p, for an arbitrary lag 7 in
the population is not known, it can be estimated directly
from the sample series by the expression

Nir (x; — X)(Xi4r — X)

S (N—7)si(x)
where s3(x) = (N — 1)s%(x)/N, and s(x) is the esti-
mated standard deviation

1 N 172
s(x) = (F'—l Y (x; — f)2> .
i=1

(B1)

r, =

(B2)

For convenience, let the population means of the two
(stationary) variates x and y each be zero. Then, for
our samples (x;, X, ..., Xy and y{, ¥2, ..., yy) the
expected values E{x;} = E{y;} = Oforalli =1, 2,
-+, N. The population cross-correlation coefficient
p(x, y) is given by the expected value of the sample
coefficient 7(x, y):
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p(x.y) = E{r(x,y)) = E{—C(ﬂ} (B3)
si(x)si(y) )’
where
] N
c(x,y) =N2xiy,v (B4)

I

is the sample covariance.

If we stipulate (for the population) that p(x;, ¥;)
=0 (i =jand i # j), a measure of the sampling dis-
tribution of r( x, y) around its expected value (zero) is
given by

N . c*(x,y) N E{c*(x,y)}
Etrtn i = E{s%(x)s%(y)} T ey
(B5)
In general,
1 N 2
2 = —_ LV
c (x7y) - [Nzxtytjl
1 N N
= N2 [Y xiyi+2 Y xy: %y, (B6)

i

1 ij=1
j>i ]
since p(x;, yi) = 0, E{x;y;} = 0 for all / and j, and
the expected value of (B6) becomes
o2 (y) | 2

E{c’(x,y)} =—F— "+

N
N NZE{ 2 xiijin}~

ij=1
i

(B7)

Applying (B1) separately to x and y, allowing X and y
to assume their expected values of zero, and defining
Jj — i =7, we may write (B7) as

o} ()’ (y)

E{c*(x,y)} = N

N—1

2
% [1 +5 Y (N - T)pT(x)pT(y)] . (B8)

r=1

in which p,(x) and p,(y) are the population autocor-
relation values of x and y, respectively, for lag 7.
With (B8), (B5) becomes

1 2 Nl
E{r(x,y)} = N[l + N > (N~ T)pT(X)pr(y)] :
(B9)

To clarify the significance of this result, we can set
pAx) = 0 and/or p,(y) = 0, by which we stipulate
that the x; and/or y; series are random. In this event,
(B9) reduces to

E{r*(x,y)}g =~ 1/N, (B10)
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where the subscript R identifies the assumption of ran-
domness. At this stage we may introduce the concept
of effective sample size. We ask, what value of N in
(B10) —call this the number of degrees of freedom
Ny —will yield the same valtue of E{r*(x,y)} as (B9)
yields and is appropriate to the case of autocorrelation
in the two series being cross correlated?

It follows that, to a good approximation, Ny can be
estimated as

N—-1

2 —1
Ndf:N[l ty 2 (N~ T)PT(X)pT(y)] . (B11)

=1

In (B11) the population autocorrelation coefficients
can be replaced with acceptable accuracy by the sample
coefficients r.(x) and r,(y) calculated from the series
at hand, so that

N—-}

-1
2(N~T)FT(X)rT(y)j| . (B12)

=1

2
Ng = N| [1 + N

It should be noted from (B9) that in order for the
autocorrelation to influence the error of estimate of
the cross correlation between two series, both series
must be autocorrelated (i.e., both series must be non-
random).

The value of Ny given by (B11) is to be regarded
as the appropriate number of pairs of observations for
use in our tests of significance of the correlation coef-
ficients.
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