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ABSTRACT

The impact of anomalous tropical forcing on the anomalous tropical and extratropical circulation is examined
by comparing the response of a global steady state linear primitive equation model with observations for nine
(1978/79-1986/87) December-January-~February (DJF) seasons. Outgoing longwave radiation (OLR) anomalies
are used as proxies for tropical latent heat release. Root mean square amplitude and anomaly pattern correlation
(APC) are chosen to be the verification tools.

It is shown that with OLR as the only forcing, the linear model produces a fairly realistic level of tropical
interannual variability in the wind (both rotational and divergent) and geopotential height fields. The nine
DJF’s mean skill score, as measured by APC, is highest in the tropics for u, v and ® between 600 to 900 mb
where the mean APC is 0.5-0.6. There is skill in the simulation of both the rotational and divergent components
of the circulation. In fact, the APC for the velocity potential at upper levels over the global domain is higher
than that of the stream function. In the nine DJF’s mean there is a small (APC 0.1-0.3), but significant skiil
in the Northern Hemisphere high latitudes in u, v and & at low levels, Since the explained variance is small, it
leads us to conclude that in the mean, using our linear model, there is no demonstrable impact of much practical
value on the extratropical circulation due to anomalous tropical heating.

On a year-by-year basis, however, the years with exceptionally large OLR perturbations in the tropics are
also the years with the best model simulations (high APC) over the globe as a whole and particularly in the
tropics. In the ENSO DJF’s of 1982/83 and 1986/87, the APC’s are considerably above average in all regions
including the high latitudes. The explained variance in the ¥ and @ fields at low levels is about 56% in the
tropics and 30% in high latitudes. In these years, the impact of the tropical heating anomalies on the remote
high latitude circulation is therefore not only significant but also of practical value. The inclusion of the Hadley
circulation in the model’s basic state enhances the amplitude of the high latitude response, however, without
improving the APC.

The model simulates the Southern Oscillation index (as measured by the Darwin-Tahiti 1000 mb height
anomaly) with a correlation up to 0.9, as long as there is heating (cooling) in the lowest 300 mb in the prescribed
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vertical heating profile.

1. Introduction

Many features of the local and far-field responses to
tropical heating anomalies can be simulated with
models linearized about a given meridionally and ver-
tically varying zonal flow (e.g., Webster 1972, 1973,
1981; Opsteegh and Van den Dool 1980; Gill 1980;
Hoskins and Karoly 1981; Simmons 1982). Because
the primary response to a heat source in the tropics is
in vertical motion (Holton 1979), extraordinary
changes in the tropical latent heat release patterns (such
as during the El Nifio winter of 1982/83) might perturb,
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shift, or even reverse major Hadley and Walker cells
which would result in global-scale circulation changes
(e.g., Quiroz 1983).

The dynamics of the tropical response to tropical
heating has been understood reasonably well for some
time. However, the nature of the far-field response is
less certain. Among others, Opsteegh and Van den Dool
(1980), Hoskins and Karoly (1981) and Webster (1981),
using simple linear models and idealized heat sources
in the tropics, proposed Rossby wave propagation as
a mechanism to explain the tropical-middle latitude
teleconnections. Horel and Wallace (1981) reported
observational evidence of a relation between an El
Nifo-Southern Oscillation (ENSO) index and the Pa-
cific-North American pattern. Correlations up to 0.5
between tropical indices and middle latitude temper-
atures and pressures were found by van Loon and
Madden (1981).

In this study we intend to show the impact of anom-
alous tropical forcing on the tropical and extratropical
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circulation as revealed by a comparison of the response
of a steady state linear model with observations for
nine (1978/79-1986/87) December-January-February
(DJF) seasons. We use outgoing longwave radiation
(OLR) anomalies as proxies for tropical latent heat re-
lease (Arkin 1984). As tools for comparing the simu-
lated and observed fields we choose the root mean
square (rms) amplitude and anomaly pattern correla-
tion (APC). The goal of this study is first to diagnose
the effect of observed OLR anomalies on the simul-
taneous global circulation anomalies and, if successful,
ultimately to foreshadow their effects.

Specifically, the motivation for this study comes
from earlier work in this area, in particular, by Arkin
(1984) and Mureau et al. (1987, referred to as MOW
hereafter). Arkin used a linear two-layer, p-coordinate
model and MOW used a 15-layer, sigma-coordinate
model to compute the response due to anomalous
tropical latent heating (derived from OLR). However,
Arkin’s and MOW'’s comparisons with observations
were restricted to the broad “tropical strip” region of
45°N-45°S (and smaller subdivisions therein) and to
the streamfunction field, the computation of which in
the limited domain is subject to the imposed boundary
conditions. Also, MOW verified their results at only
two levels (300 and 700 mb). Mureau et al. (1987)
obtained a nine (1974/75 to 1983/84) DJF mean APC
of about 0.2 at both levels for the streamfunction, which
although statistically significant, is quite low. When
the forcing was large (1982/83 ENSO season) they ob-
tained a higher APC.

Our approach in this paper will be similar to that of
MOW, but the availability (for verification) of a new
global observational dataset enables us to enlarge upon
MOW?’s study in the following ways. Comparison of
the simulated fields with observations is extended over
the whole globe, in five variables (wind components u
and v, geopotential ®, stream function ¢ and velocity
potential X) and at nine pressure levels. A comparison
of our model simulations with observations for all
variables at all levels over various domains will be of-
fered. More specifically, we will address the following
questions:

1) Is there skill in diagnosing the circulation in the
higher latitudes of the two hemispheres due to low lat-
itude forcing?

2) Does the skill vary with height? Alternatively, is
linear theory equally valid at all levels?

3) Is there any skill in the simulated divergent flow
which, after all, is the primary response of the model
to the specified tropical heat source.

4) Does the inclusion of the mean meridional cir-
culation (Hadley circulation) in the model enhance the
skill in the higher latitudes?

The datasets used in this study are described in sec-
tion 2 and the model in section 3. The results are pre-
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sented in section 4. The summary and discussions are
given in section 5.

2. Datasets

In this study, we make use of two sets of data. The
OLR data are used to derive a proxy of the tropical
diabatic heating. The climate diagnostics data base
(CDDB) is used both to define the model’s basic state
and to verify the model’s simulations. In the following,
a brief description of each of these datasets is given.

a. OLR data

The satellite-measured OLR dataset available since
June 1974 on a global 2.5° X 2.5° horizontal grid has
been described by Gruber and Krueger (1984). In spite
of its shortcomings, it has been shown that OLR is
quite useful in monitoring tropical convective activities
(Arkin 1979; Liebmann and Hartmann 1982) and in
climate variability studies (e.g., Lau and Chan 1983a,b).

We determined the climatological monthly mean
values of OLR for December, January, and February
for the base period 1978/79-1986/87, so as to coincide
with the period over which the CDDB is available. The
anomalies in the monthly mean were computed as the
departures of an individual monthly mean from the
climatological monthly mean. The monthly mean
anomalies for the 3 months were then averaged to form
the DJF seasonal mean anomaly for each of the 9 yr.
This DJF mean anomaly is used to estimate the diabatic
heating anomaly in the tropics.

Based on station precipitation data in the central
and western Pacific, Arkin (1984) obtained the follow-
ing linear regression relationship between anomalous
rainfall amount and anomalous OLR:

= —0.175 X OLR (1)

where R represents the seasonal mean rainfall anomaly
in mm day~! and the OLR anomaly is expressed in W
m™2 This relationship explains about 45% of rainfall
anomaly variance. Latent heat release by condensation
can then be expressed as

Q = (C,Lg/Ap)R )

where C,, is the specific heat of air at constant pressure,
L the latent heat of condensation, g the gravitational
acceleration, Q the vertically averaged anomalous
heating rate in K day™* and Ap the depth of the layer
where precipitation is supposed to occur. The three-
dimensional diabatic heating distribution in the tropics
was computed using (2) and a predetermined vertical
heating profile. Although (1) may not be strictly valid
outside the tropical western Pacific, we note that the
midtropospheric radiational forcing due to the presence
of anomalous cloud cover is proportional to the OLR
anomaly. Therefore (1) represents the effect of “cloud
radiative forcing” (Ramanathan 1987) in the tropics
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and low-middle latitudes as well, and may be mean-
ingful even in areas where the rainfall-OLR anomaly
correlation breaks down.

b. CDDB data

The CDDB is part of the Global Data Assimilation
System used at the National Meteorological Center
{NMC) since October 1978. A description of this da-
taset can be found in Arkin et al. (1986). Among many
other quantities, the CDDB contains monthly mean
horizontal and vertical components of the wind, tem-
perature and geopotential heights at nine vertical levels
(1000, 850, 700, 500, 300, 250, 200, 100, and 50 mb)
on a regular latitude-longitude grid over the globe at
2.5 deg resolution. It should be mentioned that al-
though based on post-initialized analyses, the CDDB
winds do contain a divergent component (Rosen and
Salstein 1985), a rather important feature since the pri-
mary response (of a linear model at least) to tropical
forcing is vertical motion. The utility of the CDDB for
climate studies has been discussed by Arkin (1982,
1984).

We extracted DJF mean u, v, T and & for the 9
years, 1978/79 to 1986/87. Climatologies of these vari-
ables are formed based on these 9 years, and the anom-
alies were obtained at all levels for comparison with
model simulations. The climatological DJF zonal mean
u, v and T for the basic state of the linear model were
calculated from the CDDB dataset. The basic state’s
vertical velocity w was calculated from v by vertically
integrating the zonal mean continuity equation.

3. Description of model and experiments

We use a global, linear steady state primitive equé—
tion model to describe the quasi-stationary circulation

of the atmosphere. The three-dimensional structure of .

wind, mass and temperature anomalies in a time-mean
atmosphere can be calculated as a response to pre-
scribed anomalous forcing. The model is fundamen-
tally similar to the two-layer, hemispheric p-coordinate
version of Opsteegh and Van den Dool (1980). How-
ever, several extensions are made as described below.

The model domain is global, has ten equal-pressure
layers in the vertical, and is semispectral in the hori-
zontal plane. The meridional resolution is 3 deg lati-
tude, and ten Fourier waves are used to expand the
variables in the longitudinal direction. Centered dif-
ferences are used in both vertical and meridional di-
rections. A Hadley circulation is included as well as
Newtonian damping, Rayleigh friction, and vertical
and horizontal V? diffusion of momentum and tem-
perature. The presence of horizontal diffusion produces
the same effect as excessive linear dissipation near the
zero wind line in the basic state as used by Simmons
(1982), MOW and Nigam et al. (1987). The procedure
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of Lindzen and Kuo (1969) is employed to solve the
resulting system of linear equations efficiently.

For all the experiments reported in this study, the
following boundary conditions are used for the model.
At the North and South poles, all the variables u, v, ©
and @ are set equal to zero. At the top (0 mb) and
bottom (1000 mb), u, v and w = 0. For &, the second
derivative (in pressure) is set equal to zero at 100 and
900 mb. Some of these boundary conditions are passive
when a mean meridional circulation (MMC) is not in-
cluded. The model is described in detail by Chelliah
(1985) in his attempt to simulate the climatological
mean standing waves on the globe during both winter
(DJF) and summer (JJA).

The diabatic heating obtained from (2) is a vertically
integrated quantity. Hence we must specify the vertical
distribution. In this study we prescribe two different
vertical profiles, since the vertical distribution of the
heating in the real atmosphere is not weil known. The
first profile is that discussed by Hartmann et al. (1984),*
which concentrates more of the heating in the upper
troposphere. Here we shall refer to a slightly modified
version of this profile as the mature cloud cluster
(MCC) profile. The second is the classical profile de-
scribed by Yanai et al. (1973), based on Marshall Is-
lands data, which we shall refer to as the western Pacific
(WPAC) profile. Both profiles are shown in Fig. 1.

VERTICAL HEATING PROFILES
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Fi1G. 1. The two vertical heating profiles used in this study: MCC
(standard experiment) and WPAC (sensitivity experiment).
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In the remaining sections, frequent reference will be
made to the “standard experiment.” This is a set of
nine model runs for the nine DJF seasons, where the
basic state for the model is as described in section 2.
In the horizontal plane, the forcing in the 45°S-45°N
latitudinal strip is given by (1) and (2) (for a given
distribution of OLR), and distributed in the vertical
using the MCC profile. Moreover, to insure a smooth
meridional transition between the forced and unforced
areas, the heating is weighted by cos’(2¢), where ¢ is
the latitude. The Rayleigh friction coefficient for hor-
izontal momentum has a value of 107 sec™', which
corresponds to an e-folding time of about 12 days.
Rayleigh friction values are slightly larger in the lowest
two layers (3.3 X 107 sec™! and 6.6 X 107 sec™! at
800 and 900 mb, respectively). The Newtonian damp-
ing coefficient for temperature at all levels below 200
mb is prescribed as 5.0 X 1077 sec™!. At the top two
layers, the Newtonian damping values are slightly
higher (2.75 X 107® sec™! and 5.0 X 107¢ sec™! at 200
and 100 mb, respectively). The horizontal diffusion
is equivalent to the effect of friction at zonal wavenum-
ber 20.

4. Results

Before we compare the model simulations with the
observed circulation anomalies, it should be stressed
that it is only in the deep tropics that the latent heating
is the most dominant forcing for the atmospheric cir-
culation. Such effects as the transient eddies, mountains
and other diabatic effects which force the middle and
high latitude circulation are not considered here. It is
not our intent to simulate the total observed extra-
tropical anomaly field with tropical diabatic heating as
the only forcing.

a. Simulated and observed interannual variability

First, we shall compare the magnitude of the sim-
ulated interannual variability (due to tropical latent
heating alone) to the observed interannual variability.
We have nine DJF global simulations for ¥, v and &
at nine levels and their respective observed counter-
parts. We define the interannual variability for any
variable X at any latitude and pressure level as

1 172

rms(h) = (7 5 T () 3)
M7

where j is the year index (running from 1 to 9) and i

is the longitude index (running from 1 to N). Here, N

is the number of grid points along a latitude circle and
M = 9N. Recall that for an anomaly X, 2 X, = 0 by
J

definition. Next, we define an interannual variability
ratio for X as

X)) = rms(X,)/rms(X,) 4)
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where X, and X, are the simulated and observed anom-

alies (with respect to their 9 DJF mean), respectively,
for a particular season. By definition v cannot be neg-

ative, and when it is close to 1 the implication is that

the model-produced interannual variability is close to

that observed.

Figures 2 and 3 show » as a function of latitude at
200 and 700 mb for the geopotential and wind [the
latter calculated as in (3) and (4) but for (47, + v}))]
anomalies respectively. The interannual variability
generated by the model in the deep tropics is quite
comparable to that observed at both levels for both the
wind and geopotential fields. This is true at all levels
(other levels are not shown). Considering the wide range
of values used for dissipation constants in linear mod-
els, it is comforting to see that v is not too far from 1
in the tropics for the reasonable values of the dissipation
used in this study. For comparison, the interannual
variability of the diabatic heating rate [rms(Q)], as a
function of latitude, is shown in Fig. 4. Note that the
heating is more confined to the equatorial zone than
the response (Figs. 2 and 3). We expected a priori that
v for winds and geopotential would decrease away from
the forcing region towards the higher latitudes of either
hemisphere. Note, though, in Figs. 2 and 3, that » is
larger in the high latitudes of thé Northern Hemisphere
than in the Southern Hemisphere. Since the heating is
nearly symmetric about the equator (Fig. 4), this
asymmetry in » for the winds and geopotential must
be due to the differences in the DJF basic state between
the two hemispheres. This is consistent with experi-
ments with idealized heat sources (Hoskins and Karoly
1981) showing that westerlies allow meridional prop-

1.4 ——r
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FIG. 2. Interannual variability ratio v [see (4) for definition] for
the geopotential anomaly as a function of latitude at 200 mb (con-
tinuous) and 700 mb (dashed). :
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F1G. 3. As in Fig. 2, but-for the anomalous wind.

agation. Low » at high latitudes is also consistent with
Kok and Opsteegh (1985), Held and Kang (1987) and
Kok et al. (1987), where the importance of the transient
eddies (not included here) in forcing the high latitude
anomalies was demonstrated. :
Recently, Rosen and Salstein (1985) compared the
pre- and post-initialized CDDB analyses with each
other and with the corresponding analyses from the
European Centre for Medium Range Forecasts
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F1G. 4. Interannual variability [measured by rms; see (3)] of the
heating rate (model forcing) as a function of latitude at 200 mb (con-
tinuous) and 700 mb (dashed).
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FIG. 5. As in Fig. 2, but for the anomalous divergent wind.

(ECMWF) for January and July 1983. They concluded
that the NMC’s adiabatic nonlinear normal mode ini-
tialization tended to slightly reduce the strength of the
Hadley cell in the tropics. Larger differences were found
between the NMC and ECMWF analyses, particularly
in the velocity potential field over the western Pacific.
With this kind of uncertainty among the “observa-
tions,” it may not be trivial to get the “correct” inter-
annual variability in the divergent and rotational flow.
Figures 5 and 6 are the same as Fig. 3, but now for the
divergent and rotational parts of the wind. It is inter-
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FIG. 6. As in Fig. 2, but for the anomalous rotational wind.
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TABLE la. Nine DJF mean APC’s (in %) for the standard experiment for the anomalous u, v, and $ as a funct‘iqn of pressure .and regjbn.
The APC’s significant at the 5% level based on a one-sided t-test are denoted by an asterisk. See text for a definition of the various regions.

u v [
Region Region Region

Level

(mb) GL SH NH BT NT GL SH NH BT NT GL SH NH BT NT
100 11 -7 —6 13 16* 5 = -3 8* 10* 0 -14 ~11 13* 3
200 13* -2 -3 14* 19* 13* -6 0 16* 20* 8 —-14 -8 19* 20*
300 7 3 3 8 8 10* —4 i 13* 14* 7 -12 -5 18* 12
400 8 6 12 8 5 13* -3 4 17* 18* 9 -9 -2 18* 2
500 18* 9 21* 19* 27* 17* -1 8 20* 29* 14* -3 4 21* 32+
600 27* 8 29* 29* 42+ 18* 1 12 21* 35% 16* 1 10 20* 48*
700 35* 8 30* 37+ 50* 19* 2 13* 21* 34* 17* 5 13- 19* 51*
800 36* 6 30* 39* 49* 17* 0 12* 20* 35* 14* 4 13* 14 45*
900 31* 4 28* 33* 41* 14* 0 12* 16* 25* 11* 3 33+

14* 11

esting to see that v is reasonably close to 1 in the tropics
for both the rotational and irrotational flow.

b. Anomaly pattern correlations

In this section we examine how well the simulated
anomalies compare to the observed anomalies for all
nine DJF seasons as a function of height for five vari-
ables u, v, ®, ¢ and X. This will be done by computing
the (area weighted) anomaly pattern correlation (APC)
coefficient (Van den Dool 1983). It should be men-
tioned that among the five variables, only u, v and &
are solutions of the model, while ¢ and X are subse-
quently calculated from u and v on the globe.

It is clear from Figs. 2, 3 and 4 that even though the
forcing is confined to the equatorial zone, its influence
is far-reaching. To examine the degree of similarity of
the simulated and observed fields both in the tropics
and in the remote high latitudes, we computed the APC
(over all longitudes) in the following five domains:

GL global (87°S~-87°N)

SH Southern Hemisphere (S.H.) high latitudes
(87°S-45°S)

NH Northern Hemisphere (N.H.) high latitudes
(87°N-45°N)

BT broad tropical strip (45°S-45°N)

NT narrow tropical strip (21°S-21°N)

It should be noted that the APC over the globe (GL)
and the broad tropics (BT) are dominated by the re-
sponse in the NT region. This is because most of the
high amplitude response is in the narrow tropics (see
Figs. 2, 3, 4). We first present and discuss the nine DJF
mean APC! for all variables at all levels and in all five

! We calculate the nine DJF’s mean APC by two different methods.
In the first method, we calculate the mean APC by computing the
APC for each of the nine DJF’s separately and then average over the
nine cases. In the second method, we compute a single APC for the
nine DJF’s by computing the correlation between the juxtaposed
nine DJF maps of the respective variables. In general, the mean APC
computed by the second method is slightly and uniformly higher.
All results presented here are for the first method.

regions. Then we present time series of the APC for a
few variables at selected levels. Third, we present, in
more detail, the APC for the major 1982/83 and more
recent 1986/87 ENSO events. In the following discus-
sions we will use the expression “higher (lower) skill”
synonymously with “higher (lower) APC between
computed and observed fields.”

The nine DJF mean APC for the anomalous u, v,
and ® at nine pressure levels for the five regions is
shown in Table 1a. A close examination of Table la
leads to the following inferences:

1) The nine DJF’s mean APC for u, v and ® at all
nine levels is positive over the entire globe (GL) and
in the 45°S-45°N (BT) and 21°S-21°N (NT) regions.

2) In these three regions, the APC for all the three
variables is higher (about twice) in the lower tropo-
sphere (600-900 mb) than in the upper troposphere
(100-400 mb).

3) There is statistically significant (see Appendix)
skill in the high latitude simulations of #, v and ® in

.the Northern Hemisphere, but only at low tropospheric
levels.

4) The u, v and @ fields are simulated with higher
skill in the higher latitudes of the Northern Hemisphere
(NH) than the Southern Hemisphere (SH). This result
is consistent with the asymmetry in the interannual
variability ratio v discussed in section 4a and in Figs.
2 and 3.

5) In the 9 yr mean, there is practically no skill for
u, v and ® at the upper levels of the higher latitudes of
either hemisphere.

Table 1b is the same as Table 1a, but for ¥ and X.
It should be pointed out that since ¥ and X by them-
selves have no well-defined local meaning (Hendon
1986; Sardeshmukh and Hoskins 1987), trying to in-
terpret the APC’s for ¥ and X over any region smaller
than the globe could be misleading. We nevertheless
give the APC’s in subglobal regions for comparison
with MOW. (Their values are given in parentheses.)
Our mean APC for  at both 300 and 700 mb over
the tropics (NT and BT) is not too different from
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TABLE 1b. As in Table 1a but for streamfunction ¢ and velocity potential X. Values in parentheses are from MOW.
12 X
Region Region

Level

(mb) GL SH NH BT NT GL SH NH BT NT
100 14 -9 -8 17* 23* 34> 40* 23 34* 36*
200 16* -6 —4 18* 22% 48* 54* 15 49* 55*
300 11 —-15 -1 13 (20) 12 (16) 36* 45* 5 37* 42*
400 9 -13 0 12 8 15 2 6 17 20
500 17* 13 1 20* 31* 1 -3 —10 2 4
600 23* 21* 4 26* 47* 17 18 -1 17 21
700 29* 26* 4 32* (22) 57* (40) 31* 39* 7 31* 35*
800 25% 23* 1 28* 56* 35+ 35* 9 35+ 39*
900 15* 21* -1 16* 47* 28* 26* -1 29* 35+

MOW, even though our results indicate better skill at
low levels. From Table 1b, the following can be said
about the skill in y and X:

(a) On the global domain ¥ verifies nearly the same
as u and v in Table 1a, with most of the skill at lower
levels.

(b) The velocity potential turns out to be simulated
generally as good as, or even better than, the stream-
function. One noteworthy difference is that X is sim-
ulated better than y at upper levels.

(c) The low APCin u, v, ®, ¢ and X at the midtro-
pospheric levels in the NT strip and elsewhere is due
to the weak amplitude associated with the baroclinic
nature of the response. At these midtropospheric levels,
verification of w would, by our APC measure, have
shown maximum skill.

Further implications of these results are postponed
to the discussion in section 5.

¢. Time series

We choose 200 and 700 mb as representative levels
and u as a representative variable for a discussion of
the time series of APC. This is not to say that for each
individual DJF, 200 and 700 mb are the levels with
the highest APC (see section 4d). Although we used
the same vertical profile (MCC) for all DJF seasons, it
could very well be that this profile is more appropriate
in certain DJF’s than in others. Next we show in Figs.
7 and 8 the time series of the APC for u at 700 and
200 mb, respectively. The top panel is for the global
and the two tropical regions, and the middle panel is
for the two high latitude regions. Also shown for com-
parison in these figures (bottom panel) is the time series
of the strength of the forcing as measured by the spatial
rms? (over 21°S-21°N) of the diabatic heating rate.

It is clear that at 700 mb (Fig. 7), the 21°S-21°N
region (NT) has the highest correlation in all DJF, fol-
lowed by the 45°S-45°N region (BT), which, in turn,

2 As in Eq. (3) but with no summation over the index j.

is followed closely by the global region (GL). It is en-
couraging to note that the correlation is positive in all
years. Comparing the three curves in the top panel in
Fig. 7 with the time series of the rms heating rate in
the bottom panel, we find that, in general, the stronger
the forcing, the higher the APC. This result is in agree-
ment with MOW. A similar relationship does not hold
between the tropical forcing and the high latitude APC’s
(middle panel), especially for the Southern Hemisphere,
where the amplitude of the model response is, in gen-
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FIG. 7. Time series of APC (%) at 700 mb for u in regions NT,
BT, GL (top panel) and NH, SH (middle panel). The rms of heating
rate in °K day™! over NT (bottom panel). See text for a definition
of the regions.
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TABLE 2. The APC (in %) for the anomalous #, v and & as a function of pressure and region for the DJF seasons of 1982/83 (top) and
1986/87 (bottom). The APC’s significant at the 5% level based on a one-sided ¢-test are denoted with an asterisk. See text for a definition

of the regions. See Appendix for significance text.

u v P
Region Region Region
Level .
(mb) GL SH NH BT NT GL SH NH BT NT GL SH NH BT NT
1982/83
100 52* 28 40 53+ 59* 17 17 57 11 25* 26 1 52 16 20
200 55* 30 24 56* 64* 35% 27 48* 35+ 50* - 43* 23 45 45* 60*
300 41*  41* 18 43* 53 33* 25 42* 34 47r 38s 20 37 41x 54
400  36*  47* 23 3g* 50* 32+ 24 43 31* 39* 34 19 34 35 36
500 12 56* 28 11 4 29* 21 44+ 27 20 34 21 36 35 26
600 21 52 3 22 27 31 15 43 31 31* 33 13 33 35 56*
700 43*  49* 41* 45 55+ 35+ 5 40*  36* 37 36* 7 32 40 75+
800 60* 39 38 62* 71* 34* -3 34 37* 46* 30 —6 23 34 78*
900 65* 37 35 68* 75* 22* ~11 34 23* 37* 26 —11 26 29 62
1986/87.
100 35 14 -13 39 42 12 -30 4 14 27* 16 -7 13 29 41
200 26 25 0 28 30 19 =31 8 21 31* " 22 -19 19 33 49
300 23 31 13 26 30 13 -28 12 15 25 21 ~24 24 29 34
400 21 37+ 26 21 18 10 =27 15 9 20 24 -24 31 29 7
500 27* 40* 36 27 31 14 =23 19 13 34* 29 -15 38 32 44*
600  37* 35 43*  39* 5% 19* -20 21 21 46* 31 -7 41 36 66*
700 44* 31 42* 47+ 59* 21* -15 19 23* 43* 33 0 41 39 73+
800 34* 27 40 36 44 22% -12 17 26* 50* 33 1 38* 40 74*
900 21 18 29 21 23 21* -10 12 24> 37* 30 7 37 37 66
80 - | eral, weak (Figs. 2 and 3). Note, however, that the APC
50 - 1 in tpe high latitudes of the Northern Herr}xsphere is
w0 L | positive in all years and greater than 0.35 in {ive out
30 L | of nine DJF seasons.” These five DJF seasons include
20 - the major .1982/83 ENSO and the recent 1986/87
10 L | ENSO. Incidentally, these two DJF seasons have mod-
o L erately high APC in the high latitudes of the Southern
_10 - | Hemisphere as well.
At 200 mb (Fig. 8), unlike 700 mb, the relationship
between the amplitude of the forcing and the APC over
20 - the three regions is less clear. In the high latitudes
10 | (middle panel), the APC’s are generally low except for
i the 2 ENSO years and 1980/81.
0 r
“10 F 4 d. The ENSO DJFs
_ap L i We next examine in detail the results for the two
ENSO DJF seasons of 1982/83 and 1986/87. Table 2
displays the APC for u, v and P at nine levels and five
0.5 | | regions for the 1982/83 DJF (top) and 1986/87 DJF
4k - (bottom). First note that the APCs are generally high
3L .
2 F - 3 Compared to the other eight DJF’s, the forcing for the 1978/79
o1 i ! L L | | L DJF season is based on fewer OLR measurements, and hence may

78/9 79/0 BO/1 81/2 B2/3 B3/4 84/5 B85/6 86/7

FIG. 8. As in Fig. 7, but for 200 mb.

DUF

not be completely representative of the “true” convective activity in
the tropics. There are no OLR measurements at all for December
1978. During January and February 1979 there are many days and
regions where the OLR observations are either missing or based on
interpolated values.
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‘FIG. 9. Simulated (top) and observed (bottom) anomalous # inms

180

90 W 0

-1 for 1982/83 DIJF season at 200 mb. Contour interval 2 m s™' top

panel and 4 m s™' bottom panel. Negative contours are dashed. The APC for the five regions are NT 64%, BT 56%, NH 24%, SH 30%, and

GL 55%.

and mostly positive (except for v and ® over SH in
1986/87). In particular, unlike the nine DJF mean case
(Table 1), there is appreciable skill at many levels in
the high latitudes. Consequently, the APC over the
whole globe for most variables at several levels is high.
For example, the global APC for u at 200 and 800 mb
is 0.55 and 0.60, respectively, for the 1982/83 DJF

season. In the NT strip, the APC’s are near 0.75 at
lower levels for « and @ in both ENSO events.
Shown in Figs. 9 and 10 are the simulated anomalous
u at 200 and 800 mb, respectively, for the 1982/83
DJF season. Also shown are the corresponding ob-
served anomalies. The amplitude of the model simu-
lations is quite comparable to the observed amplitude
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in the deep tropics. Note that the model captures the
acceleration of the subtropical zonal wind at 200 mb
to the north and south of the heat source. The equa-
torial westerlies at 800 mb are simulated very well.
However, the simulated easterlies at 200 mb are phase-
shifted (about 30-40 deg) to the west.

Even though 1986/87 DIJF is considered a minor
ENSO (Kousky 1987), the skill of the simulation is

180
FIG. 10. As in Fig. 9, but for 800 mb and contour interval 1 m s™! top panel and 2 m s™' bottom panel.
The APC for the five regions are NT 71%, BT 62%, NH 38%, SH 39%, and GL 60%.

80 W

almost as good as in 1982/83 (Table 2). The results for
the ENSO years are probably among the best illustra-
tions of the degree of validity, and hence the applica-
bility, of linear theory. It should, however, be empha-
sized again that there is skill in all years (see Figs. 7
and 8), including the less studied anti-ENSO years of
which DJF 1983/84 is a good example.

The 1982/83 El Nifio has recently received a lot of
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attention in various general circulation modeling
(GCM) studies. (GCM simulations are usually made
by prescribing the observed SST anomalies, as opposed
to specifying OLR anomalies.) Hence, it is of interest
to compare our results to those obtained with a GCM.
For example, Shukla and Fennessy (1988) obtained an
APC of 0.55 between their simulated and observed
geopotential anomalies during 1982/83 at 300 mb over
the region 20°S-20°N. This is almost equal to the APC
of 0.54 obtained in this study (see Table 2).

e. Sensitivity experiments
1) VERTICAL HEATING PROFILE

All results presented so far are for the standard ex-
periment, where the MCC profile is used to distribute
the heating in the vertical direction. In Table 3, results
with the WPAC profile are presented to illustrate the
effect of changes in the vertical heating distribution. A
comparison of Tables 1 and 3 indicates that, overall,
the APC’s are higher with the MCC profile than with
the WPAC profile thereby giving support to the pro-
posed mature cloud cluster profile by Hartmann et al.
(1984). Mureau ¢t al. (1987) reached a similar conclu-
sion about the two vertical profiles. However, the
anomalous geopotential height in the lowest three levels
of the model in the tropics is better simulated (as mea-
sured by APC) with the WPAC profile than with the
MCC profile. For example, Fig. 11 shows the Southern
Oscillation index (SOI) as computed from the model

" 1000 mb geopotential height difference between Dar-
win and Tahiti (Darwin-Tabhiti) for nine DJF seasons.
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Also shown is the corresponding observed sea level
pressure difference. The correlation between the model
and observed SOI is 0.91 (while with the MCC profile
(standard experiment) the correlation is only 0.31).
Further experimentation showed that it is the difference
in heating in the lowest 300 mb (WPAC profile vs MCC
profile) that produced the large-scale sea level pressure
seesaw in the linear model.

To our knowledge, this result is new. None of the
previous studies using linear models (with the possible
exception of Webster 1973) reported a high correlation
between the simulated and observed anomalous surface
heights (pressures) associated with the Southern Oscil-
lation. Webster (1973) correlated his model-simulated
geopotential height “anomaly” (departure of seasonal
average from the annual mean) at 750 mb for the four
seasons at Djakarta and Bombay with all grid points
over the globe and obtained a correlation map resem-
bling the Southern Oscillation. While Webster’s cal-
culation is based on intraannual climatology, our cal-
culations are more strictly comparable to Walker’s
(1923) station-pair correlations based on interannual
anomalies. Lau (1985) examined the response of a low
order GCM by prescribing the observed interannual
sea surface temperature (SST) fluctuations in the trop-
ical Pacific Ocean during the period 1962-76. He re-
ported that the simulated Darwin-Tahiti sea level
pressure difference (SO index) is correlated very well
with the prescribed SST anomaly in the central Pacific.
Also, Fennessy and Shukla (1988) simulated a realistic
Southern Oscillation in a GCM in response to SST
anomalies observed in 1982/83.

TABLE 3. As in Table 1 but with WPAC vertical heating profile.

u v P
Region Region Region

Level

(mb) GL SH NH BT NT GL SH NH BT NT GL SH NH BT NT
100 7 ~15 —18 10 17* 1 -18 -12 . 7 12* -9 -18 -17 1 6
200 9 ~10 -14 11 18* 8 -13 -7 11* 17* -1 -16 -5 9 19*
300 2 -5 -9 3 6 5 -12 -5 8 10* -2 -17  -15 7 11
400 -3 0 -3 -3 ) 4 -12 -5 7 6 -3 -17  -16 6 -2
500 —4 1 3 -5 -10 4 -12 -3 8* 4 -2 -16 -15 6 —11
600 12* 3 11 13* 29* 13* -11 0 17* 33* 3 -15 -10 9 41*
700 26* 5 16*  29* 45* 15% -10 4 19* 33+ 8 -13 —4 13 51*
800 29* 8 21* 31+ 44* 17* -9 8 20* 36* 12 —11 1 16 53*
900 25*% 8 22* 27* 36* 18* -7 2% 21* 31* 15* -9 7 19* 50*

' X

100 13 -9 -19 17 25* 41* 48* 35*  41* 42+

200 14 -14 —18 i7 23* 51* 55+ 19 52* 57*

300 6 =22 -17 10 12 40~ 47* 8 41*  45*

400 0 -25 —14 2 -1 29* 29* 15 30* 32*

500 1 -9 —11 4 —-10 26* 33* 37 27* 23*

600 19* 11 -5 24* 45* 32+ 42+ 14 33* 35*

700 28* 23* -3 32* 58* 36* 47* 13 37* 40*

800 25* 21* -7 28* 58* 29* 32* 7 30~ 33>

900 16* 20* -8 18 51* 29* 31* -3 30* 35*
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FI1G. 11. A Southern Oscillation index (Darwin-Tahiti) computed
from the model’s 1000 mb height anomaly (top) and observed sea
level pressure anomaly (bottom) for nine DJF seasons. The correlation
between the two is 0.91.

2) INFLUENCE OF HADLEY CELLS IN THE MODEL'S
BASIC STATE

Opsteegh (1982), using a global two-layer linear
model, performed a simple experiment to examine the
influence of the Hadley cells (MMC) on the model so-
lution. Using a January climatology as the model’s ba-
sic state, he showed that for an idealized heat source
placed in the midlatitudes of one hemisphere, the in-
clusion of the MMC resulted in considerable energy
transport through the easterlies to the other hemisphere.
Schneider and Watterson (1984) arrived at similar
conclusions about the influence of the MMC.

Because our “standard experiment” already included
the MMC (section 3), in the next sensitivity experiment
we therefore removed the MMC from the model’s basic
state. In our experiment most of the heating is confined
to the deep tropics in the region of zonal easterlies.
Hence, one would expect that the amplitude of the
extratropical anomalies would be less in the absence
of the Hadley cell. Also, since the Rossby wave prop-
agation affects mostly the rotational part of the flow,
the rotational winds should be more affected than the
divergent winds. To demonstrate this, we define an
interannual variability ratio u for a variable X as

#(X) = rms(X.NMMC)/rms(X MM &)

where XMMC and X, NoMMC are the simulated anomalies
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with and without the MMC, Note that the definition
of u in (5) is very similar to the definition of » in (4).
The ratio u as a function of latitude is shown in Fig,.
12 for the rotational (Fig. 12a) and divergent (Fig. 12b)
components of the wind at 200 and 700 mb. Note that
for the rotational wind, u is about 1 in the tropics and
subtropics and falls off to lower values towards the
poles, implying that without the MMC the interannual
variability in higher latitudes is reduced. On the other
hand, for the divergent wind, u is very close to 1 at all

0.0 e 1 1 " ) I B 4 1
-80 -60 -30 0 30 60 a0
LATITUDE
1.4 7 T — — — T
1.2 200 MB ]
------ 700 MB
0.8 + .
h
0.6 -
0.4 -
0.2 + -
O.o — 1l l L l L i : s i 1 1
-80 -60 -30 0 30 60 a0
LATITUDE

FIG. 12. Interannual variability ratio u [see (5) for definition] as a
function of latitude at 200 mb (continuous) and 700 mb (dashed)
for rotational wind (top) and divergent wind (bottom).
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latitudes at both levels implying negligible impact of
the MMC. Taking out the MMC reduces the amplitude
of the high latitude rotational response in both hemi-
spheres, but the impact is larger in the Northern Hemi-
sphere. A probable explanation for this is that the cli-
matological DJF mean Hadley circulation is northward
at upper levels (Opsteegh 1982).

We calculated the nine DJF season’s mean APC for
the no-MMC experiment for u, v, ®, Y and X at all
nine levels and for the five different regions. The results
(not shown) were compared with Table | (standard
experiment). We find that the APC in the tropics (BT
and NT) are essentially the same in both experiments,
In higher latitudes (SH and NH), where we expected
some differences, the correlations are not noticeably
different either. Apparently, the increased amplitude
(with MMC) does not translate into increased resem-
blance (in phase) with the observed anomalies in higher
latitudes.

5. Summary and discussion

In this paper we have examined the possible impact
of anomalous tropical forcing on the contemporaneous
tropical and extratropical circulation anomalies during
the DJF season. This was done by comparing the re-
sponse of a steady state linear model with observations
for nine DJF seasons (1978/79-1986/87). Observed
OLR anomalies for these nine seasons were used as
proxies for tropical latent heat release, which is the

" linear model’s forcing. The comparison was made at
nine pressure levels over the whole globe for three vari-
ables (#, v and &) in terms of rms amplitude and
anomaly pattern correlation (APC). We also considered
results for the streamfunction and velocity potential.
The main conclusions of this study are as follows:

1) With just OLR forcing, our linear model pro-
duced a fairly realistic level of interannual variability
in the tropical wind (both rotational and divergent
parts) and geopotential height anomalies.

2) The nine DJF’s mean APC for u, v and ¥ is pos-
itive at all levels (100-900 mb) over the 21°S-21°N,
and 45°S-45°N regions and over the globe. The highest
skill (i.e., highest APC) is found in the tropics (mean
APC of about 0.5-0.6).

3) In the 9 yr mean, there is a small (APC 0.1-0.3)
but significant skill in the Northern Hemisphere high
latitudes in u, v and ® at low levels. Because the ex-
plained variance is small, we conclude that, in the
mean, there is no demonstrable impact of much prac-
tical value of the anomalous tropical heating on the
extratropical circulation.

4) The years with strong OLR anomalies are (over-
all) also the years with the best simulations (high APC).

5) In the ENSO DJF’s of 1982/83 and 1986/87, the
APC’s are considerably above average in all regions
‘including the high latitudes. The explained variance in
the anomalous # and ® fields at low levels is about
56% in the tropics and about 30% in the high latitudes.
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In ENSO years the extratropical response is not only
significant but also interesting from a practical point
of view.

6) The inclusion of the Hadley circulation (MMC)
in.the basic state enhances the amplitude of the re-
sponse in the high latitudes but does not 1mprove
the APC. '

7) Overall, better simulations are obtained with the
MCC vertical heating profile than with the WPAC pro-
file. However, the Southern Oscillation index as mea-
sured by the Darwin-Tabhiti sea level pressure is better
simulated with the WPAC profile, which allows for
modest heat release in the lowest 300 mb.

8) In the global domain, for the 9 yr mean, there is
statistically significant skill in the simulation of velocity
potential. In fact APC’s for X are higher than those for
¥ at upper levels.

Specifying tropical heating in a linear model is al-
most identical to specifying vertical motion, at least at
the midtropospheric levels of the deep tropics. Thus,
the model’s tropical vertical motion should be correctly
simulated to the extent that the atmospheric heating
is known. Although the observed vertical motion may
not be perfectly known, we note the significant corre-
lation between observed and calculated velocity poten-
tial both at lower and upper levels. Therefore there is
skill in the model’s primary response,

When verifying the wind, which is mostly rotational
even near the equator (Sardeshmukh and Hoskins

1985), we are, in fact, checking the secondary responses

of the model to the heating. The results indicate that
our linear model exhibits a reasonable skill in simu-
lating the streamfunction, but mainly at low levels.

The relatively low skill (in », v and ®) at the upper
levels (as compared to lower levels) in the tropics turns
out to be due to the well-known *“phase problem” with
linear models (Hendon 1986). Using a simple viscous
linear model, Gill (1980) demonstrated why the pair
of anticyclones (the main upper level response) would
develop to the west of upper tropospheric divergence.
Kok et al. (1987) address the phase shift found in linear
models’ response in middle and higher latitudes as well.
Our model produces a reasonable looking upper level
tropical response, but phase shifted to the west by about
30-40 deg of longitude (see Fig. 9). Experiments with
different dissipation parameters did not alleviate the
phase error. The vorticity budget studies of Sardesh-
mukh and Held (1984) and Sardeshmukh and Hoskins
(1985) suggest that in the tropical upper troposphere
nonlinearities could very well be important.

There is little doubt that the mechanism that creates
the tropical circulation anomalies is the year-to-year
change in the Walker circulation. This is anticipated
given the results of many model studies using idealized
heat sources (Webster 1981 in particular) and the re-
sults of model studies in which realistic heating was
prescribed (Webster 1973; Arkin 1982; MOW). Given
that the linear model’s extratropical response in some
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years resembles observed anomalies, we conclude that
at least one of the mechanisms of the tropical-extra-
tropical teleconnection is contained in a linear model.
We note two mechanisms: (1) The acceleration of the
subtropical jets is due to changes in the thermally direct
Hadley overturning at a given longitude. This mech-
anism is the same as the one operating through the
Walker cell. (2) The anomalies in the middle and high
latitudes are at least partially a consequence of the
Rossby wave propagation of energy from the tropics
into the high latitudes, aided and modified perhaps by
instability of the zonal mean basic state (Branstator
1985).

Recently, Hendon (1986) made a representation of
an equatorially trapped Kelvin wave in terms of the
velocity potential and streamfunction. He pointed out
that both ¥ and X gave the appearance of significant
velocity perturbations in the individual components
away from the equator, despite the known trapping
within 10 degrees of the equator. In fact, for these
equatorially trapped waves, away from the equator 1,
= —uy and vy, = —vy. Thus a successful simulation of
a tropical phenomenon may give the false impression
of positive APC in ¢y and X over remote domains.
Therefore, it could be misleading to limit the verifi-
cation in remote areas to either the streamfunction or
the velocity potential alone, as was done in Arkin
(1984) and MOW.

Previous studies (Opsteegh 1982; Schneider and
Watterson 1984) have proposed that the inclusion of
the MMC in the model’s basic state facilitates Rossby
wave propagation through easterly layers. We indeed
found that the MMC enhances the amplitude of the
mid- and high latitude response, but does not increase
the APC’s. Compared to other potential improvements
that can be made in the basic state (such as longitude
dependence), the inclusion of MMC appears to be only
a minor issue.

The linear model performs reasonably well in sim-
ulating the global three-dimensional anomalous at-
mospheric circulation, especially when and where the
anomalous tropical forcing is large. Because we do not
prescribe a complete three-dimensional forcing, how-
ever, correlation with the observed anomalies remains
rather low especially in higher latitudes. Rainfall is not
very well known over much of the globe, and using
OLR as a proxy has validity only in the deep tropics.
In principle, one can use a GCM and extract all the
quantities needed to calculate the forcing of the time
mean flow in a GCM. Nigam et al. (1986) and Kok et
al. (1987) have indeed shown that under these circum-
stances, a linear simulation resembles the GCM results
rather well even in high latitudes. It seems, therefore,
that one of the main problems in modeling observed
anomalies is the lack of knowledge about the complete
three-dimensional forcing anomalies.
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APPENDIX

Significance of Anomaly Pattern Correlation

The statistical significance of the anomaly pattern
correlations has been tested in the following way. Ata
given level (and, e.g., for #) we have computed APC
(1., us), where the subscripts ¢ and o refer to the cal-
culated model and observed values, and the year indices
j # irange from j = 1, 9 and i = 1, 9. Therefore, in
total, there are 72 (81 — 9) APC’s between nonmatching
years which have a near zero mean. We have used the
standard deviation (sd) of this distribution to test
whether the APC (17, u/) for the matching years is
positive and different from zero. The null hypothesis
is that 1/ and u; are not positively correlated. We reject
the null hypothesis if APC (u/, u/) > 1.645 sd based
on a one sided r-test at the 5% level.

The significance of the 9 yr mean APC is tested by
checking whether the 9 yr mean APC is greater than
1.645 sd/V9, i.e., we assume the nine cases to be in-
dependent. In Tables 1, 2 and 3, APC values denoted
by an asterisk are significant according to the test de-
scribed above. Our testing procedure is almost identical
to that in Kok and Opsteegh (1985).
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