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ABSTRACT

Seasonal, zonal surface torques between the atmosphere and the earth are estimated and compared, using
data from a number of independent sources. The mountain torque is computed both from surface pressure
data and from isobaric height data. The friction torque is estimated from the oceanic stress data of Hellerman
and Rosenstein. Results for the total torque are inferred from atmospheric angular momentum data. Finally,
the globally integrated total torgue is compared with astronomical observations of the earth’s rotation rate.
These comparisons help us to assess the quality of the different resuits.

Zonal torques are also computed using results from a GFDL general circulation model of the atmosphere.
A comparison with the corresponding results inferred from real data is presented and interpreted in terms of

model accuracy.

1. Introduction

The thermal and dynamical coupling between the
atmosphere and the underlying solid earth and oceans
plays an important role in determining the atmospheric
circulation. The dynamical coupling is caused by sur-
face tractions at the air-earth interface and can be
separated into the effects of pressure (i.e., normal trac-
tion) and viscous or frictional shear (i.e., tangential
traction).

A useful way to discuss this coupling and the ac-
companying circulation is in terms of the exchange of

atmospheric angular momentum, as suggested by Starr .

(1948). In this formulation the surface coupling is per-
ceived as an external torque on the atmosphere which
causes a transfer of angular momentum between the
atmosphere and the earth. The surface pressure forces
are associated with the ““mountain torque” (the surface
torque due to unequal pressure on opposite sides of a
topographic feature), and the surface frictional forces
are responsible for the “friction torque”. Since the
atmospheric circulation is predominately zonal, most
interest has focused on identifying the zonal compo-
nent of the torque.

The zonal mountain torque in the midlatitude
Northern Hemisphere was first estimated by White
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(1949) from sea-level and upper-air pressure data. In
that study, as in most other studies of zonal torques
(including this one), only the zonally averaged torque
and only the seasonal cycle were considered. Newton
(1971a) and Oort and Bowman (1974) used a slightly
different method to estimate the zonal mountain torque
which required isobaric height data from the global
rawinsonde network.

A problem with both these methods of estimating
mountain torques, is that the data resolution is not
always compatible with the horizontal scale of the
earth’s topography. For example, the mountain torque
caused by small-scale topographic features can not be
reliably estimated (see Smith, 1978). Perhaps more
serious is that some areas of large topographic gradients
are also areas with limited data coverage. For example,
the network of surface pressure data available from
central Asia is sparse; and there are few rawinsonde
stations in the mountainous regions of South America
and Africa. There are, presumably, large mountain
torques in these areas, but they may not be adequately
determined by the present data. .

Friction torque estimates require surface wind data
plus an understanding of the relationship between sur-
face winds and surface stress. That relationship is rea-
sonably well understood over the ocean, but poorly
known over land. On the other hand, surface wind
data are fairly good over land but somewhat scattered
over the ocean. As a result, existing friction torque
estimates should be interpreted with caution.

Kung (1968) estimated zonal friction torques over
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the midlatitude Northern Hemisphere using geo-
strophically derived surface wind speeds and a region-
ally varying roughness parameter to model the seasonal
friction stress over both land and ocean. Newton
(1971b) constructed two estimates for the zonal friction
torque over all latitude belts. In the first, oceanic friction
stress data from Priestly (1951), Hidaka (1958) and
Hellerman (1967) were used and extended over land
by assuming that the average zonal friction torque
over land at a given latitude was equal to the average
zonal friction torque over the ocean at that same lat-
itude. Although there is some physical motivation for
this assumption (see Section 3), Newton found that
this estimate, combined with his results for the moun-
tain torque and the horizontal flux of atmospheric
angular momentum, did not conserve angular mo-
mentum within the atmosphere. In Newton’s second
estimate, and the one he preferred, friction torque val-
ues were estimated over most of the globe as residuals
from the other better known terms in the angular mo-
mentum balance.

One suggestion from all of these studies is that at
most latitudes the friction torque may be as much as
three to four times larger than the mountain torque,
but that when averaged over either hemisphere, the
friction torque and mountain torque have comparable
magnitude (although not necessarily the same sign).
There is also some indication that the mountain and
friction torques have similar latitude dependence: lat-
itudes with large eastward (westward) friction torques
also have large eastward (westward) mountain torques.

The principle of angular momentum conservation
implies that the total torque on the atmosphere is equal
to the time rate of change of atmospheric angular mo-
mentum. Consequently, the total torque can be esti-
mated indirectly using atmospheric angular momen-
tum data. Angular momentum in the atmosphere can
be separated into Q-angular momentum and relative
angular momentum:

M= M, + M, = Qr? cos’¢ + ur cose,

where Q = rotation rate of the earth, r = distance to
the center of the earth, ¥ = zonal wind component
(positive if from west to east), and ¢ = latitude.

These two types of angular momentum correspond
to an analogous separation of the inertial space velocity
field into a rigid rotation of the atmosphere at one
cycle per day, coincident with the mean rotation of
the earth, plus a residual velocity field representing
particle motion (i.e., winds) relative to the earth’s sur-
face. Changes in Q-angular momentum are the result
of a redistribution of mass within the atmosphere.
Changes in the relative angular momentum are due
mainly to variations in the atmospheric winds. Lorenz
(1967) and Newton (1971b) concluded that seasonal
changes in the zonal relative angular momentum were
probably much larger than seasonal changes in the
zonal Q-angular momentum.
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Widger (1949), Starr and White (1951), Newton
(1971b), Newell et al. (1972), and Oort and Peixoto
(1983) used rawinsonde observations to determine the
flux and time rate of change of the zonal relative an-
gular momentum, and then used the resuits to con-
struct independent estimates for the total zonal torque
on the atmosphere as a function of latitude. These
indirect estimates of the total torque are, in a sense,
more objective than the direct mountain torque and
friction torque estimates discussed above. That is, the
angular momentum estimates do not require assump-
tions about the nature of the interaction between the
atmosphere and the earth. The angular momentum
results are, however, subject to other errors, such as
the limited rawinsonde data coverage, particularly over
the Southern Hemisphere.

Since the estimates described above are all subject
to potentially serious sources of error, it is not obvious
to what extent the results are useful. We address this
problem in the work presented below, by re-estimating
the zonal torques using each of the different methods
discussed above, and comparing results whenever ap-
propriate. Estimates of the zonal mountain torque are
obtained both from surface pressure data and from
isobaric height data, and the results are compared in
Section 2. The zonal friction torque is then estimated
from surface stress data (Section 3), the results are
added to the mountain torque estimates, and the re-
sulting total torque is compared in Section 4 with the
total torque estimates inferred from atmospheric an-
gular momentum data. Finally, the total zonal torque,
integrated over all latitudes, is compared in Section 4
with the astronomically observed seasonal variation
in the earth’s rotation. Since each estimate is subject
to a different type of error, these comparisons can be
used to assess the quality of the results. In a recent
paper, Swinbank (1984) used a similar approach to
study the atmospheric angular momentum balance
during the Special Observing Periods of the First GARP
Global Experiment.

One potentially useful application of this work is to
compare the torque estimates computed from real data
with corresponding estimates derived from a numerical
model of the atmosphere. Since surface torques play
an important role in the atmospheric circulation, this
comparison can be of help in assessing the behavior
of the numerically simulated atmosphere. We present
such a comparison below, using results from two related
atmospheric general circulation models constructed at
the Geophysical Fluid Dynamics Laboratory (GFDL)
in Princeton, New Jersey (see the discussion and ref-
erences in Section 2). Model estimates are included in
Sections 2, 3 and 4 for the mountain torque, friction
torque and total torque, respectively. The agreement
between the model results and the results inferred from
real data is generally quite good. Some .of the more
important discrepancies which do exist can be ex-
plained in terms of known deficiencies in the model.
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2. Mountain torque

The mountain torque on the atmosphere is the
torque caused by differential pressure acting across
topographic features on the earth’s surface. Consider
any arbitrary point on the surface of the earth with
geocentric position vector r, local outward normal &,
and atmospheric pressure p; (see Fig. 1 for a pictorial
representation). The pressure force per unit area on
the atmosphere at r is pyi, and so the corresponding
torque per unit area on the atmosphere is r X (pn).
The normal, n, is given by

n=rt— VH(g, ),

where r is a unit vector in the radial direction, ¢ and
X are latitude and longitude, respectively, and H(¢, A)
is the departure of the earth’s surface from spherical
symmetry. The zonal component of the torque per
unit area at r is then

0H(¢, N)
on

where @ is a unit vector along the earth’s rotation axis
and n, is the eastward component of n.

Departures from spherical symmetry, represented
by the function H, are due not only to the earth’s
topography, but also to the earth’s mean ellipticity of
figure (which closely approximates the surface of mean
sea level). In fact, most of the absolute departure from
spherical symmetry comes from the earth’s ellipticity:
H{(¢, ) varies by over 20 km between the poles and
the equator. This elliptical contribution to H is im-
portant in determining the meridional pressure torques.
For example, the indications are that at the annual
cycle the total globally integrated meridional torque

Q * (l‘ X psﬁ) = r COS@pPsH\ = —Ps (1)

FIG. 1. A pictorial representation of the symbols used in Eq. (1).
- The figure is a representation of the earth with an exaggerated to-
pographlc feature, as seen from above the north pole. The unit vector
@ is out of the page. The direction of the earth’s rotation rate is
indicated.
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due to pressure against the earth’s elliptical bulge is
roughly an order of magnitude larger than both the
corresponding meridional mountain torque and the
meridional friction torque (see, e.g., Wahr, 1983).
However, the elliptical contributions to H are in-
dependent of A (an elliptical earth is zonally sym-
metric), and so equation (1) implies that the ellipticity
has no effect on the zonal pressure torque. As a result,
H(¢, M) in (1) can be assumed, instead, to be the ele-
vation of topography above local mean sea level.
The total zonal torque per degree latitude integrated
around a belt of constant latitude is
—a*w T 9H
cos¢ fo Ds N dh,

T —
M 180

2

where a is the mean radius of the earth and A in the
integrand is in radians. Integration by parts gives an
alternate but equivalent result'

2

_ar 9p;
o = 150 %% J, Haxd

A 3)

We have used (2) to compute the annual mean and
seasonal mountain torques from atmospheric pressure
data. The raw pressure data consist of global, monthly
station data from more than 2400 stations for January
1900 through April 1973, compiled by the National
Climatic Center in Asheville, North Carolina. For a
minority of stations, estimated sea-level pressure, rather
than the actual surface pressure, is reported. The pro-
cedure for estimating sea-level pressure differs from
one station to another, but as long as the station ele-
vations are not too high, all procedures are well rep-
resented by (see, e.g., World Meteorological Organi-

zation, 1968)
/Ry
Po (1 + ‘YH) )
Ds T

where p; is the estimated sea level pressure, p;, H, and
T, are the observed pressure, elevation, and temper-
ature at the surface, g is the acceleration of gravity, R
is the gas constant, and v is the lapse rate. If a station
reported only sea level pressure and if the station ele-
vation was less than 1000 m, then we used (4), together
with v = 0.005 K m™!, to estimate p, from p, and T,
at that station. If a station reported only sea level pres-
sure and its elevation was greater than 1000 m, the
station was ignored.

Once the 1900-73 surface pressure data set was as-
sembled, it was separated for each calendar month
into two long-term mean subsets, one for January 1900
through April 1958, and the other for May 1958
through April 1973. The reason the data were organized
into two sets was a matter of convenience, since the
latter set was needed for another climatological study
of the 1958-73 period (Oort, 1983). However, this
separation into two seasonal data sets allowed us to

G
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compare results from two independent samples and
thereby to get some idea of the accuracy of the results.

The two seasonal data sets were smoothly inter-
polated to evenly spaced grid points (5° in longitude
and 2.5° in latitude) over the globe. To minimize nu-
merical errors in the interpolation procedure we first
subtracted from every monthly-mean station report a
time-independent constant, meant to approximate the
expected time-averaged pressure at that station. This
constant field, denoted here as the NMC standard
pressure field (see, e.g., Oort, 1983, Table 7), is a func-
tion only of the station elevation. Since a pressure field
which depends only on elevation should give no net
contribution to T, (to see this, let p; in (2) be a function
only of H), subtraction of this constant pressure field
from the raw data should, in principle, have no effect
on the mountain torque results. However, in practice,
discrepancies may arise (see below).

The interpolation used here is an objective analysis
scheme introduced by Thomasell and Welsh (1963)
and discussed further in Rosen et al. (1979), Oort and
Rasmussen (1971) and Oort (1983). In this method,
grid point values for a given month are obtained by
averaging data from neighboring stations. The field is
then extended to grid points which have no nearby
reporting stations by solving Poisson’s equation at the
unknown grid points and using the already averaged
grid point values as fixed boundary values. The forcing
term in Poisson’s equation is the Laplacian of an ap-
propriate initial guess field.

The two seasonal sets of analyzed pressure data were
used in a discrete analogue of (2) to find two corre-
sponding seasonal sets of latitude-dependent mountain
torques, T3s. The height field, H(¢$, M), was taken from
Smith et al. (1966) and was smoothed to have a hor-
izontal resolution compatible with the resolution of
the interpolated pressure field. The derivative of H
with respect to longitude is approximated using a sym-
metrical difference:

a 1
(GL)-\I)id)\ =3 (H; — Hiy),

where the subscript i represents the longitudinal index
of the grid. In this case, the discrete form of (2) at any
latitude ¢ is

—&r

T =150

cosp 33 (P)(Hivy = Hir).  (5)

It is easy to show that if a corresponding symmetrical
difference is used for the dp,/O\ derivative in (3), then
the discrete versions of (2) and (3) are identical.

The mountain torque results were separated into an
annual mean field and a seasonal departure from the
annual mean. We found by comparing results from
the 1900-58 and the 1958-73 data sets, that the
annual mean results were not well determined by the
surface pressure data. The discrepancy was particularly
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pronounced at latitudes between 25 and 45°N and
between 0° and 25° S. The apparent explanation is a
combination of two factors. First, the mountain torque
in these two latitude belts is highly sensitive to the
pressure distribution over central Asia (the Himalayas)
and over the northern Pacific Coast of South America
(the northern Andes), respectively. Unfortunately, sta-
tion coverage in these areas was quite irregular (see
Fig. 2 for the 1958-73 station distribution). Much of
central Asia was poorly represented in both data sets,
and, in fact, in this area many 1900-58 stations were
not present in the 1958-73 data set, and vice versa.
In the northern Andes station coverage was reasonably
good during 1958-1973 but poor during 1900-58. (For
a discussion of the quality of the pressure data in the
Northern Hemisphere, see Trenberth and Paolino,
1980.)

Second, systematic errors can be introduced if the
grid points are not symmetrically distributed with re-
spect to the topography. Consider, for example, the
local east—west topography shown in Fig. 3, with grid
points A, B, C and D. Using this example in (5) and
assuming, for simplicity, that H = 0 at grid points A
and D, we find an apparent net eastward torque of

—a*r

T =
M 360

cos¢p[Hg(pa — pc) + Hc(ps — pp)},  (6)

where Hz and H are the elevations of points B and
C; p4, DB, Dc, and pp represent the surface pressures
at A, B, C and D; and ¢ is the latitude of the cross
section shown in Fig. 3. If the surface pressure depends
only on the elevation, there should be no net mountain
torque from this topography. In fact, it is easy to show
that if p is a linearly decreasing function of H, the
estimate (6) vanishes identically. However, if p were
some nonlinear function of H and if Hg # H, then,
in general, T, # 0. This misrepresentation of the
mountain torque is due, in this case, to the asym-
raetrical distribution of the points B and C with respect
to the topography, and to the assumed nonlinear be-
havior of pressure with elevation.

For the real earth, it is convenient to divide the
annual-mean surface pressure field into a dominant
elevation dependent field and a much smaller residual
field which is independent of elevation in some pre-
scribed sense. The elevation-dependent field should
produce no net mountain torque when averaged over
any belt of constant latitude. However, if that field is
not exactly linear with elevation, then computed results
for T, from that field are subject to these grid point
errors. Subtraction of a standard pressure field as used
at the National Meteorological Center (NMC) from
the raw data before analysis should reduce this error
(the NMC standard pressure field is not a strictly linear
function of elevation). But departures from the NMC
standard field are still apt to be present in the elevation
dependent field, and these will cause errors. This prob-
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FI1G. 2. (a) The geographic distribution of surface stations reporting surface pressure during the {5-year period, May
1958-April 1973. (b) The geographic distribution of upper air stations reporting the height of the 850 mb pressure
level during the 10-year period. May 1963-April 1973. Plotted is the number of years of observations used in the
monthly analysis of the 850 mb height fields, where 4 (=10) indicates the maximum number of years with good
data.
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FiG. 3. A hypothetical east-west topographic feature, used in the
text to discuss possible errors due to the grid point distribution. A,
B, C and D are grid points.

lem is further accentuated in mountainous areas with
sparse data, such as over central Asia and over the
northern Andes during 1900-58.

The seasonal mountain torque results are apparently
more reliable. Latitude-dependent results are shown
in Figs. 4a and 5a for the seasonal deviations from the
annual mean averaged over the Northern Hemisphere
winter (December, January, February) and Northern
Hemisphere summer (June, July, August). Both the
1900-58 and 1958-73 results are shown. The mountain
torque values presented in Figs. 4a and S5a represent
T computed from (5) and integrated over 5° wide
latitude belts. Units are in Hadleys per 5° latitude (1
Hadley = 10'® kg m? s2). A positive value denotes
an eastward torque on the atmosphere.

The good agreement between the 1900-58 and the
1958-73 results in Figs. 4a and 5a suggests that the

T — T T T

DJF

— 1958-1973

----- 1900-1958
2 — — — z-method

DJF MODEL b
—— variable SST g3
----- fixed SST

90S 60 30 g 30 60 90N

FiG. 4. Latitudinal profiles of the mountain torque in Hadleys
(10" kg m? s72) per 5° latitude, averaged over the Northern Hemi-
sphere winter (December, January, February). The latitude-dependent
annual mean has been removed. (a) Results inferred from real data:
two estimates from surface pressure data over different time periods,
and an estimate from isobaric height data. (b) Results from two
versions of a GFDL general circulation model of the atmosphere,
computed using the simulated surface pressure.
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FiG. 5. Latitudinal profiles of the mountain torque in Hadleys
per 5° latitude, averaged over the Northern Hemisphere summer
(June, July, August). The latitude-dependent annual mean has been
removed. (a) Results from real data. (b) Results from the GFDL
models.

effects of discrete grid point sampling are not as serious
in the seasonal results as in the annual-mean results.
This is consistent with the fact that elevation-dependent
terms are nearly constant in time, and so are relatively
more important in determining the annual-mean pres-
sure field than in determining the seasonally varying
field.

There is, however, some uncertainty due to uneven
station coverage, particularly over central Asia where
there is a sizeable region with large topographic gra-
dients but few reporting stations. In fact, additional
Chinese data for a portion of the missing region (re-
ceived in the final stages of revision of this paper)
suggest that the mountain torque estimates between
25°N and 40°N may be too large.

There is an alternative method for computing the
mountain torque used by Newton (1971a) and Oort
and Bowman (1974). Let z(p, ¢, M) represent the ele-
vation above sea level of the pressure level p at the
point (¢, A). Then H(¢, ) = z(ps, ¢, A) where p; is
the surface pressure at (¢, A\), and (2) is equivalent to

—&w f 2% Ps (32)
T, = A (ZE .
n=Tg0 ¢ | | o)

)

To derive (7) from (3), we used the fact that

a fﬂs J‘Px (62) aps
— = —\dp+ H—.
ax( o Zd”) o \anJ% T o
We have used (7) to compute the annual-mean and
seasonal mountain torques from monthly, global ra-

winsonde observations of the z-field for 1963-73, from
Oort (1983). These data consist of observed heights of
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11 different pressure levels in the atmosphere (1000,
950, 900, 850, 700, 500, 400, 300, 200, 100, and 50
mb) taken at about 600 stations. As an example, the
locations of those stations reporting 850 mb data are
shown in Fig. 2b. The data were analyzed and inter-
polated to a 5° longitude by 2.5° latitude grid, using
the same interpolation technique as applied above to
the surface pressure data.
The discrete form of equation (7) used here is

—a’r

180

Ty = cos¢p >, 3 (ApYsi(zhe1 — z3-1),  (8)
ij

where z/ is the z-field at the longitudinal grid point i
and pressure level j, s/ is the tag array defined by
s{ = 1 if pressure level j lies above the local topography,
and s/ = 0 otherwise, and (Ap)’ is one half the pressure
difference between the j+ 1 and j — 1 pressure levels.
The time independent array, s/, was smoothed to have
approximately the same horizontal resolution as the
interpolated z-field data.

An apparent advantage of the surface pressure results
is that there are roughly four times as many stations
reporting surface pressure as there are stations in the
rawinsonde network. On the other hand, the stations
" reporting pressure are grouped closely together and so
supply effectively redundant information. In fact, in
many areas, such as central Asia, the horizontal res-
olution of the rawinsonde network may be as good as
that of the surface pressure data set. A problem com-
mon to both methods is that because of the grid point
resolution both techniques are incapable of repre-
senting the torque due to small scale topography: less
than 5° in longitude and 2.5° in latitude.

One advantage of the z-field method is that it is
probably less sensitive to the grid point distribution
errors which plague the annual mean surface pressure
results. The latitude dependent annual mean results
computed from the z-field data are given in Fig. 6a.
Also shown is the annual-mean mountain torque from
Newton (1971a), who used isobaric height data in a
similar fashion together with a hand-interpolation
scheme to find T),. Differences are most pronounced
at low latitudes. Otherwise, the dominant features in
these results are the strong westward torques on the
atmosphere in midlatitudes, presumably associated
with the midlatitude westerlies. It should be emphasized
that a simple direct relation between wind direction/
speed and mountain torque is by no means assured
(see, e.g., White, 1949).

Latitude-dependent seasonal departures from the
annual mean, computed from the z-field data, are also
shown in Figs. 4a and 5a for the Northern Hemisphere
winter and the Northern Hemisphere summer, re-
spectively. The seasonal departures are qualitatively
similar to the corresponding results computed from
surface pressure data. Particularly evident are the ap-
parent effects of the trade winds at low latitudes, which
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FI1G. 6. Latitudinal profiles of the annual-mean mountain torque,
in Hadleys per 5° latitude. (a) Results from isobaric height data and
from Newton (1971a). (b) Results from the GFDL models.

seem to lead to strong eastward torques on the at-
mosphere during winter. In general, the seasonal vari-
ations computed from the z-field data are smaller than
those from the surface pressure data. This is particularly
true at latitudes near 30°N, where the surface pressure
results show pronounced deviations from the annual
mean in both summer and winter, but where the z-
field results show little seasonal variation.

The latitude-dependent seasonal departures from
both methods are further integrated over latitude to
give monthly hemispheric and global values. These
are shown in Figs. 7a, 8a and 9a. The agreement among
the two sets of surface pressure and z-field analyses is
encouraging. In the Northern Hemisphere there is an
eastward torque on the atmosphere during the North-
ern Hemisphere winter, and a westward torque during
the Northern Hemisphere summer. The Southern
Hemisphere results are roughly 180° out of phase and
have smaller amplitude (which would be expected be-
cause of more pronounced topography in the Northern
than in the Southern Hemisphere). The global results
are not as well determined, due to partial cancellation
of the contributions from the two hemispheres, but
appear to be roughly in phase with the variation of
the torque in the Northern Hemisphere.

We have also computed the mountain torque using
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F1G. 7. Monthly mountain torques in Hadleys, integrated over
the Northern Hemisphere. The annual mean has been removed. (a)
Results from real data. (b) Results from the GFDL models.

surface pressure results from two GFDL general cir-
culation models. These models have been reasonably
successful in representing the seasonal behavior of the
atmospheric circulation. Detailed descriptions of these
models and their results can be found in Manabe et
al. (1979), Manabe and Stouffer (1980), and Manabe
and Hahn (1981). The specific models used here are
(1) an atmospheric general circulation model with pre-
scribed, seasonally varying sea surface temperatures
(fixed SST model) described by Manabe and Hahn
(1981), and (2) an atmospheric general circulation

— 1958-1973

~- z-method

= variable SST
-~ fixed SST N

S F M A M J J A S O N D J

F1G. 8. Monthly mountain torques in Hadleys, integrated over
the Southern Hemisphere. The annual mean has been removed. (a)
Results from real data. (b) Results from the GFDL models.
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FiG. 9. Monthly mountain torques in Hadleys, integrated over
the globe. The annual mean has been removed. (a) Results from real
data. (b) Results from the GFDL models.

model coupled with a mixed-layer ocean (variable SST
model) described by Manabe and Stouffer (1980). The
fixed SST model produced results that are probably
more representative of the real atmosphere, but the
output from that model did not include explicit results
for the friction stress. Therefore, the friction stress from
the fixed SST model will not be discussed in Sec-
tion 3.

The seasonal data from the fixed and variable SST
models were constructed by averaging over 15 and 4
model years, respectively, after equilibrium was reached
in the model integrations. The computed surface pres-
sures are used in (5) to compute annual mean and
seasonal departure values for the model mountain
torques. Latitudinal profiles are shown in Figs. 4b, 5b
(departures from the mean for the Northern Hemi-
sphere winter and summer) and 6b (annual mean).
Hemispheric and global seasonal departures are given
in Figs. 7b, 8b and 9b. In all cases, results are quali-
tatively similar to the results from real data. The im-
plication is that the models do a respectable job in
reproducing the seasonal mountain torque.

3. Friction torque

The friction torque on the atmosphere is the torque
due to viscous drag as the winds blow over the earth’s
surface. The zonal component of this torque, per unit
area, at any point r on the earth’s surface is

Q- (r X 1) = r cos¢ry,

where 7 is the frictional surface traction on the earth
(at r) due to the atmosphere, and 7, is the eastward
component of r. Then, the zonal friction torque in-
tegrated over a 1° latitude wide belt is given by
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The friction stress over the ocean is usually parame-
terized as (see, e.g., Bunker, 1976)

TF=

2x
cos’p J; dA\. &)

T\ = pcdvlu, (10)

where v is the surface wind velocity vector, u is the
eastward component of v, p is the surface atmospheric
density, and c;is an empirically determined, reasonably
well understood dimensionless coefficient. Hellerman
and Rosenstein (1983) have constructed a seasonally
averaged data set over the world ocean, using all avail-
able daily observations of surface wind velocities from
the 20th century. They used p = 1.2 kg m—> and mod-
eled ¢, as dependent on |v] and on stability after Bunker
(1976). The data are presented on a 2° X 2° grid over
the oceans. We have used these results for 7, in (9) to
find the seasonal contributions to T from friction
stress over the oceans.

Unfortunately, friction stress over land, which is
also needed to complete the calculation of 7, is not
well understood. Therefore, we have estimated the
friction stress over land by assuming that the zonal
stress per unit area averaged over an entire latitudinal
belt is equal to the zonal stress per unit area averaged
over only the ocean at that latitude. The physical basis
for this assumption is that while the surface roughness
tends to be greater over land than over oceans, the
surface winds tend to be weaker over land leading to
similar stress values over land and oceans (Kung, 1968;
Smagorinsky, 1960). This procedure is implemented
numerically by integrating (9) over only the oceans
using Hellerman and Rosenstein’s data for 7,, and
then multiplying the result by the ratio of total surface
area to oceanic area at that latitude. Although this
assumption about the average friction stress over land
is consistent with results from the GFDL general cir-
culation model (see below), it is possibly the weakest
point in our friction torque estimates. Problems are
particularly apt to occur in the Asian monsoon belt
between 0 and 30°N during summer (see the discussion
of the model results, below).

Latitude-dependent results for T, averaged over 5°
latitude belts, are shown in Fig. 10 for the Northern
Hemisphere winter and summer. The annual mean
has not been removed. A comparison with Figs. 4, 5
and 6 confirms the conclusion from earlier studies
(e.g., Newton, 1971a) and shows that at many latitudes
the friction torque is as much as three to four times
larger than the mountain torque. An exception may
occur near 30°N where the mountain torque is found
to be large from both the surface pressure method and
the model data, whereas the friction torque almost
vanishes. Also shown in Fig. 10 are corresponding re-
sults for T integrated only over the ocean areas. The
difference between the solid and dotted curves in Fig.
10 represents the estimated contribution to 7F from
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FIG. 10. Latitudinal profiles of the friction torque in Hadleys per
5° latitude, estimated from the oceanic stress data of Hellerman and
Rosenstein (1983). The annual mean has not been removed. The
solid line is the torque over only the ocean. The dashed line includes
an estimate for the torque over land, obtained by extending the
oceanic stress data assuming equal stress over land and oceans (see
text). (a) Results for the Northern Hemisphere winter. (b) Results
for the Northern Hemisphere summer..

" the friction stress over the continents. However, be-

cause of the ad hoc way in which friction stress over
land is estimated, the results for the continents should
not be taken too seriously.

These latitudinal profiles were further integrated with
respect to latitude to give hemispheric and global es-
timates. However these results are not shown here be-
cause they show little annual or semiannual variations
and appear unreliable in general. The problem is the
large cancellation when one integrates over a hemi-
sphere, so that the final integrals are more sensitive to
errors (such as inadequate surface wind data and the
assumption about the friction stress over land) than
the latitude-dependent results shown in Fig. 10.

Friction stress results from the GFDL variable SST
general circulation model are also used in (9) to find
model estimates for the friction torque. Latitudinal
profiles are given in Fig. 11. (The results from the fixed
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F1G. 11. Latitudinal profiles of the friction torque in Hadleys per
5° latitude, estimated from the GFDL variable SST model. The
annual mean has not been removed. The solid line is the torque
over only the ocean. The dashed line is the torque over both land
and ocean. The dotted line is the torque over the ocean plus an
estimate for the torque over land, obtained by extending the oceanic
stress (see text). (a) Results for the Northern Hemisphere winter. (b)
Results for the Northern Hemisphere summer.

SST model are not shown because surface windstress
data were not readily available.) Shown here are results
for Ty integrated over the oceans only as well as over
oceans plus land. In addition, we show the model es-
timate for Tx over the entire latitude belt, based on
ocean stress data extended over land using the same
assumption as adopted above for real data: i.e., the
average zonal stress over land at any latitude equals
the average stress over the ocean at that latitude.
One implication from Fig. 11 is that for the model
the seemingly ad hoc extension of ocean-averaged stress
to land gives generally good results, except for low
latitudes in the Northern Hemisphere during the sum-
mer. In the GFDL model, friction stress over both the
ocean and the continents is parameterized in terms of
surface velocity as shown in (10). The dimensionless
parameter ¢, is chosen to be independent of velocity,
with ¢; = 0.001 over the ocean and c; = 0.003 over
land. These c; values were chosen to be somewhat
smaller than the observed ones because the reference
level for specifying the surface winds in the models is
at about 70 m height rather than at about 10 m height,
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the usual anemometer level. Evidently the greater vis-
cous coupling over land acts to decrease the surface
wind speeds in such a way that the zonal stress over
land and oceans remains the same. A similar conclu-
sion was found by Smagorinsky (1960), using a pre-
decessor of the present GFDL model. He found that
a large numerical change in the ¢, parameter had little
effect on the surface stress. Although these results are
encouraging in their support of the similarity between
real continental and oceanic stresses, they are by no
means conclusive.

One place of poor agreement between the exact and
the estimated ocean-plus-land results shown in Fig. 11
is in the Northern Hemisphere summer at latitudes
between 0 and 30°N. This is apparently due to
the model simulation of the summer monsoon over
southern Asia. The local surface winds associated with
the monsoon are eastward, and in the model these
winds are concentrated mainly over land. Since the
zonally averaged winds over the ocean are westward,
the resulting friction stress cannot be accounted for
by simply extending the averaged oceanic stress over
the continents. A similar bias probably also occurs
in the estimates derived from real data, shown in
Fig. 10b.

On the other hand, the variable SST model does
not do a good job in reproducing the observed summer
monsoon circulation over southeast Asia. The un-
realistic trade winds over the Indian Ocean are con-
nected with the fact that the simulated Intertropical
Convergence Zone is too far south. This, in turn, is
caused by the model-simulated SST in the Southern
Hemisphere, which are several degrees too high, while
they are realistic in the Northern Hemisphere (Manabe,
personal communication). As a result, the model fric-
tion torque in Fig. 11b between 0 and 30°N is probably
incorrect. Another discrepancy with observations is
that the model estimates of the friction torque in the
Southern Hemisphere are generally too small. The ex-
planation is simply that the surface winds in the model
are too weak in the Southern Hemisphere.

Hemispheric and global results from the variable
SST model are shown in Fig. 12. As mentioned before,
the hemispheric and global integrals of the observed
friction torques are too unreliable to be presented here.
We will argue in Section 4 that the total, global torque
is well represented by the model data. Since the global
mountain torque estimated from the model is in fair
agreement with the corresponding estimates from real
data (Fig. 9), the implication is that despite the apparent
problems with the latitude-dependent friction torque
derived from the model, the global estimates of the
friction torque may be reasonably reliable.

4. Total torque

Surface torques act to transfer angular momentum
between the atmosphere and the earth. As a result, if
the flux and time rate of change of atmospheric angular
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F1G. 12. Monthly friction torques in Hadleys, estimated from the
GFDL variable SST model and integrated over the Northern and
Southern Hemispheres and over the globe. The annual mean has
not been removed.

momentum could be inferred from meteorological
data, the total external torque could be estimated.
Let V be an atmospheric volume which is bounded
below by the earth and above by the “top” of the
atmosphere. Then, the time rate of change of angular
momentum in ¥ must equal the flux of angular mo-
mentum into V through its side boundaries plus the
total external torque on V. In general, that torque will
include the mountain and friction torques from the
solid earth and oceans, plus pressure and viscous
torques from the atmosphere surrounding V. If the
volume, V, is a uniform belt of constant latitude around
the earth, the zonal pressure torque from the sur-
rounding atmosphere will vanish identically. Further-
more, since shear stresses within the atmosphere are
small, the viscous torque from the surrounding at-
mosphere can be neglected. So, in this case
iJ‘MaVV= Mu-vdS + T, (11)
ot Jv Sv
where M is the zonal angular momentum of the at-
mosphere, Sy represents the latitudinal walls of the
volume V, i is the normal to S} (n is directed into
V), v is the wind velocity, and

T= f (Tr + Tydo
a4

is the sum of the mountain torque and the friction
torque acting on ¥ from the underlying earth (A¢ is
the width of the latitude belt, V). If V" has a width of
5° in latitude, 7 can be expressed in Hadley units per
5° latitude, and the results inferred from (11) can be
compared directly with the torque estimates computed
above.

We used monthly atmospheric angular momentum
data, as described by Oort and Peixoto (1983), to es-
timate seasonal results for T integrated over 5° latitude
belts. The results are shown by the solid lines in Fig.
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13 for the Northern Hemisphere winter and summer.
The annual mean has not been removed. In general,
for 5° latitude belts the flux term [ Mii - vdS in (11)
is considerably larger than the volume integral
(8/9r) f v MdV. The flux becomes relatively less im-
portant for wider latitude belts. In fact, when integrated
over the entire globe the flux term vanishes identically.
To find the latitudinal profiles shown in Fig. 13, we
considered only the relative angular momentum M,
(the angular momentum due to winds—see the intro-
duction). We did not include the effects of horizontal
or vertical shifts in atmospheric mass, which cause
changes in the Q-angular momentum. These effects
are expected to be small (sce, e.g., Newton, 1971b).
Also shown in Fig. 13 is the sum of the friction
torque, computed from Hellerman and Rosenstein’s
(1983) data and extended over land as described in
Section 3, and the mountain torque, computed from
the z-field data as described in Section 2. The annual
mean has not been removed from these results. The
decision to use the z-field mountain torque in this case,
rather than the surface pressure results, was based on
the presumably greater reliability of the z-field data in
estimating the annual mean. However, in any case,
the total torque at most latitudes is dominated by the

DJF
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FiG. 13. Latitudinal profiles of the total torque in Hadleys per 5°
latitude. The annual mean has not been removed. Results are given
for the angular momentum flux method, for the sum of the estimated
friction and mountain torques, and for the GFDL variable SST
model. (a) Northern Hemisphere winter. (b) Northern Hemisphere
summer.
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friction torque, and using, for example, the mountain
torque values based on the 1958~-1973 surface pressures
does not substantially change the results shown in Fig.
13. Also shown in Fig. 13 are estimates of the total
torque computed from the GFDL variable SST general
circulation model. .

There is reasonably good qualitative agreement in
Fig. 13 between the results from the angular momen-
tum flux method and the total observed torque. In
both cases the opposing effects of the trade winds and
the midlatitude westerlies are evident.

As argued in Section 3, the differences between these
estimates and the results inferred from the variable
SST model are probably mostly due to inadequacies
in the model, especially in the Southern Hemisphere.
The model simulated winds in the Southern Hemi-
sphere are too weak, leading to an underestimate of
the surface stresses throughout the year. Furthermore,
the model monsoon westerlies seem to be too far north
over the Asian continent, producing the positive
anomaly centered near 10°N and the negative anomaly
near 30°N in Fig. 13b.

The latitudinal profiles for the total torque estimated
from the angular momentum data and from the vari-
able SST model, are summed over latitude to give
hemispheric and global estimates for the total seasonal
torque. Results are shown in Fig. 14, In this case, the
global estimates do include the effects of Q-angular
momentum caused by horizontal mass redistributions
within the atmosphere. These effects on the global
torque are 10% or less of the results computed from
the relative angular momentum alone. Estimates de-
rived from the observed friction and mountain torques
are not presented here, since, as described in Section
3, the hemispheric and global friction torques are
probably not well determined by the data.

There is fairly good qualitative agreement between
the flux method and the model results shown in Fig.
14. The model predicts an eastward torque on the
atmosphere in the Northern Hemisphere that is ap-
parently too large during August through November,
and a westward torque in the Southern Hemisphere
that is too large during October through January.
However, the model does reproduce the general sea-
sonal trends in both hemispheres.

A completely independent estimate of the seasonal
global torque on the atmosphere can be inferred from
astrometric observations of variations in the earth’s
rotation rate. Hide et al. (1980) and Rosen and Salstein
(1983) have been successful in explaining short-period
variations in the earth’s rotation rate in terms of an
exchange of angular momentum with the atmosphere.
Seasonal changes in the rotation rate, which produce
corresponding changes in the length of day (lod), are
caused not only by the seasonal exchange of angular
momentum between the solid éarth and the atmo-
sphere, but also by the tidal forces from the sun and
moon (see, e.g., Lambeck, 1980, for a complete review).
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FI1G. 14.-Monthly values of the total torque in Hadleys, integrated
over: (a) the Northern Hemisphere; (b) the Southern Hemisphere;
(c) the globe. The annual mean has not been removed. Results are
given for the angular momentum flux method and for the GFDL
variable SST model.

The tidal variations are important but are well un-
derstood (see, e.g., Merriam, 1982). The effects of ocean
currents are not well known but are apparently small
(see Lambeck and Hopgood, 1981, Wahr, 1983).
The most evident and best determined variations
in the lod occur at the annual and semiannual periods.
We have taken observed annual and semiannual lod
amplitudes from Lambeck and Hopgood (1981) and
subtracted the estimated effects of tides (using values
from Lambeck and Hopgood) and ocean currents (us-
ing the effects of the circumpolar current from Lam-
beck and Hopgood and noting from Wahr, 1983, that
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the effects of other currents are probably negligible).
The results should directly reflect the transfer of angular
momentum between the earth and the atmosphere at
these periods.

The implied annual-plus-semiannual torques on the
atmosphere are shown by the solid curves in Figs. 15a
and 15b. Also shown in Fig. 15a are the total annual-
plus-semiannual torques estimated from the global rate
of change of relative angular momentum in the at-

mosphere. These results were obtained by extracting

the annual and semiannual components from the re-
sults shown in Fig. 14c.

The good agreement in Fig. 15a between the esti-
mates inferred from angular momentum data and the
results derived from observations of the earth’s rotation
rate, has been discussed by, e.g., Lambeck and Hop-
good (1981), and Wahr (1983). The slight disagreement
between the two curves in Fig. 15a is probably mostly
due to the fact that the angular momentum obser-
vations do not adequately sample the winds near the
top of the atmosphere. Using data from Belmont et
al. (1974), Lambeck and Hopgood (1981) estimated
that stratospheric winds affect the global results by up
to 10-20% at the annual and semiannual frequencies.

The annual-plus-semiannual giobal torque inferred
from the lod observations is compared in Fig. 15b with
corresponding results predicted from both the variable
SST and the fixed SST general circulation models.
Since the fixed SST model output did not include re-
sults for the surface stress, the total torque for that
model had to be computed using the first term in (11),
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FIG. 15. Monthly values of the total torque in Hadleys, integrated
over the globe. Only the annual and semiannual components are
included. The solid line represents the values inferred from astro-
nomical observations of the length of day (lod). The lod values are
compared with: (a) results inferred from the angular momentum
flux method; (b) results from the GFDL models. -
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together with model zonal wind data. To be consistent,
the variable SST estimates in Fig. 15b were also com-
puted from the zonal wind data.

If the models conserved angular momentum, then
the model results shown in Fig. 15b should, in principle,
be identical to the corresponding results inferred di-
rectly from the simulated surface torque. For the vari-
able SST model, global estimates from the torque and
angular momentum methods are in good, but not per-
fect, agreement. The annual-plus-semiannual com-
ponents agree closely in phase but differ in amplitude

“by up to two Hadleys (usually less) at any given month.

This difference does not necessarily imply that the
model does not conserve angular momentum, although
this possibility cannot be ruled out. Instead, it may be
a consequence of the fact that we have computed the
torques from model data that have been interpolated
and averaged at time and space resolutions different
from those used within the model itself.

In any case, the differences between the torque and
angular momentum results are small enough that our
interpretation of Fig. 15b is not affected. That is, results
from both models agree well with the lod observations.
The fixed SST results show a slightly better phase
agreement, while the amplitude of the seasonal vari-
ation in both sets of model estimates seems somewhat
too large. But the agreement is good enough to suggest
that the global seasonal friction torque, estimated from
the variable SST model and shown in Fig. 12, may be
reasonably accurate. This, of course, has no direct im-
plications for the latitude-dependent or hemispheric
torques inferred from the model.

5. Summary

We have used a number of independent data sets
to construct estimates for the seasonal, zonal surface
torques. The mountain torque was computed both
from surface pressure data and from isobaric height
data. The friction torque was estimated using oceanic
surface stress data from Hellerman and Rosenstein
(1983) and extending the results over land by assuming
equal stress over land and oceans. The sum of the
estimated friction and mountain torques was compared
with results for the total torque obtained from at-
mospheric angular momentum data. Finally, the total
torque integrated over all latitudes was compared with
astrometric observations of the seasonal variation in
the earth’s rotation rate. These intercomparisons helped
to identify those features in the results that might or
might not be meaningful.

Results for the latitude-dependent mountain torque
suggest that the seasonal departures from the annual
mean are reasonably well determined by both the sur-
face pressure and the isobaric height data, except at
latitudes near 30°N, where the two estimates give dif-
ferent results. The problems near 30°N are associated
with the large topographic gradients in the Himalaya’s
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and could conceivably be resolved by using additional
surface pressure data from Central Asia. Otherwise,the
results at low latitudes are consistent with the direction
and strength of the trade winds.

The annual-mean mountain torque is not as well
determined. The results computed from surface pres-
sure data are not reliable, due to problems associated
with the grid point distribution and the inadequate
data coverage over many mountainous areas. The most
conspicuous features in the annual-mean results de-
rived from isobaric height data are the pronounced
westward torques at midlatitudes associated with the
midlatitude westerlies. It is interesting that the effects
of these winds are not evident in the seasonal departures
from the annual mean. )

Results for the hemispheric-averaged mountain
torque are in reasonably good agreement. The torque
on the atmosphere in the Northern Hemisphere is
westward during the Northern Hemisphere summer,
and eastward during the winter, in agreement with the
increase in strength of the trade winds during winter.
Results for the Southern Hemisphere are 180° out of
phase with those for the Northern Hemisphere, and
‘have smaller amplitude. The global estimates show
more scatter, but are approximately in phase with the
Northern Hemisphere results.

It is harder to directly assess the results for the friction
torque given here, since we used only one independent
data set over the oceans and no data at all over land.
Results from the GDL general circulation model sug-
gest, though do not-prove, that the zonal extrapolation
of ocean stress data to land may be adequate, except
possibly for the Asian monsoon region during summer.
Nevertheless, this is probably the major source of un-
certainty in the friction torque results. .

Indirect support for the friction torque estimates
can, however, be obtained by comparing the sum of
the mountain and friction torques with the total torque
as determined from atmospheric angular momentum
data. Since at most latitudes the friction torque is much
larger than the mountain torque, and since the moun-
tain torque is probably well determined anyway, this
comparison can be interpreted as a constraint on the
friction torque estimate. Although the computed fric-
tion-plus-mountain torque is generally slightly larger
than the total torque estimated from angular momen-
tum data, the overall qualitative agreement is good.
Particularly evident are the effects of the easterly trade
winds at low latitudes and the midlatitude westerlies.

Hemispheric and global torques are, however, not
well determined by the friction stress data. These results
do not agree at all well with either the angular mo-
mentum data or with astrometric observations of the
length of day. On the other hand, the global torque
estimated from the time rate of change of atmospheric
angular momentum is probably reliable, since it does
agree well with the length of day observations. Both
the global and the hemispheric total torque values de-
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rived from angular momentum data are in phase with
the corresponding results for the mountain torque
alone. That is, the total torque in the Northern Hemi-
sphere is westward in the Northern Hemisphere sum-
mer and eastward in the winter, the total torque in
the Southern Hemisphere is 180° out of phase with
the Northern Hemisphere torque, and the global torque
is roughly in phase with the torque in the Northern
Hemisphere.

We also compared all of these surface torque esti-
mates with corresponding results simulated by two
versions of the GFDL general circulation model of the
atmosphere. Agreement was, in general, good. Some
of the most important differences could be explained
in terms of known deficiencies in the model.
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