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ABSTRACT

An examination of the deterministic predictability for tropics and middle-
latitudes separately indicates that the theoretical upper limit of deterministic
predictability for low latitudes is shorter than that for middle latitudes.
Most of the day-to-day fluctuations in the tropics are determined by the growth
and decay of condensation driven instabilities for which the amplitudes get
equilibrated rapidly. The errors of observations are already closer to the
maximum possible error for useful predictability. Therefore it takes only a
few days for an initial error to grow to a magnitude comparable to the climato-
logical variance.

Variability of time averages in low latitudes is mainly determined by the
location and intensity of the large—scale Hadley and Walker circulations.

Since these are largely influence by the slowly varying boundary conditions of
sea surface temperature and soil moisture, and since synoptic instabilities
are not strong enough to change drastically the large scale flow, therefore,
there is larger potential for predictability of monthly and seasonal means in
low latitudes. Since the tropical heat sources can also influence the varia-
bility of the middle latitude circulations, under favorable conditions, time
averages for middle latitudes can also be potentially predictable due to their
interaction with the tropical heat sources.

% It is conjectured that for short and medium range deterministic prediction,
a prescribed diabatic heating field due io moist convection may be more useful
than their explicit calculation from the evolving flow. Inadequacies of the
current parameterization techniques rapidly degrade the motion field, which in
turn produces more unrealistic heating fields giving rise to still more

unrealistic flow patterns.



Introduction:

The theoretical upper limit for deterministi- prediction is mainly deter-
mined by the growth rate and equilibration of dominant instabilities which
exist for a given observed state of the atmosphere. An uncertainty in the ini-
tial conditions grows with the characteristic growth rate of the fastest growing
instabilities. Nonlinear interactions among different scales of motion help
spread this instability to all the scales present in the flow. For a simple

hydrodynamical system (barotropic fluid without g effect and without mountain),

Lorenz (1969) showed that diffe_cat scales .:f motion have different ranges of
predictability and that the theoretical upper limit of predictability ranges
from a few days to a few weeks. Several general circulati:n model studies have
been carried out (Charney et al., 1966; Smagorinsky, 1969) to determine the
theoretical upper limit of predictability. In these studies a general circula-
tion model is first integrated with observed (or model simulated) initial con-
ditions. 1Initial conditions are then perturbed by superimposing a random field
of meteorologiczi variables, and the model is integrated again keeping every-
thing (boundary conditions, physical pasameterizations, model, etc.) identical
to the first run., Random perturbations in the initial conditions are assumed

to simulate uncertainty in the definition of the initial statel. Departures
beween the two model integrations are studied as a function of time tr determine
the growth rate of errors. On the basis of the rate of growth of the globally
averaged root mean square error, it has been suggested that the doubling time
fur the error is about three to five days. It should be noted that this approach

only gives an estimate of the doudbling time, and in order to determine the upper

1 The inadequacy of the present observing systems gives rise to, in addition
to random errors, large systematic errors over the data-void areas.



limit of predictability, one must assume a value for the initial error and
another value for the final tolerable error.

In this paper, we have shown that the error growth rates and their equili-
bration depend upon the dynamical regime, the magnitude of the error, the ini-
tial condition, and the meteorological variable. Since the nature of dynamical
instabilities which re most important for day-to-day fluctuations in the
tropics are very different from those in the middle latitudes, it is not appro-
priate to examine the growth rate of combined error. In fact, even in the
middle latitudes, it is reasonable to assume that the growth rates in the
regions of highly active storm-tracks will be larger than those in the regions
of quasi-permanent anticyclones. These arguments are valid only for initial
growth rates and subsequently error growth rates will also be determined by
interaction among different scales and different dynamical regimes. For example,
for a suitable structure of the zonal flow, middle latitude effects can propa-
gate to the lower latitudes and vice-versa, and for time periods longer than
the time scale of these interactions, one must consider the combined effects.

The tropical circulation is doaminated by quasi~stationary heat 2ources and
associated Hadley and Walker type circulations. The space and time scales of
these circulations are much larger than the space and time scales of tropical
disturbances (eacterly waves, depressions, cyclones, etc.). Therefore it is
less likely that the large scale tropical circulations can be made unpredictable
by their interaction with the small scale tropical disturbances. Although
there is evidence to suggest that the initiation of the tropical disturbances
is mainly due to dynamical instabilities (barotropic or combined barotropic-
baroclinic), it is well known that the further growth and the maintenance of
tropical disturbances is mainly due to the thcnt heat of condensation, and

CISK is the most dominant dynamical mechanism to explain their energetics.
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The maximum amplitude of these disturbances is equilibrated by availability of
moisture and efficiency of utilizing :he available moisture (Stevens et al.,
1977; Shukla, 1978). Formation, growth and movement of these disturbances

1s very important for short-range forecasting in the tropics. Condensation
driven instabilities (CISK) have large growth rates but their amplitudes ec1il-
ibrate rather quickly. This unique nature of tropical disturbances can be a
major obstacle for short-range prediction in the tropics. Since the spatial
scale of these disturbances is only about 2000-3000 km and embedded cloud
clusters are even smaller, it is required to have a sufficiently high resolution
to define their structure.

The fluctuations of large-scale Hadley and Walker cir:ulations are affected
by the slowly varying boundary conditions of sea-surface temperature (SST) and
soil moisture. It is therefore conceivable that the time averages (at least
for the time scales over which SST and soil moisture do not change rapidly) of
the tropical circulation may be more predictable. Changes in SST can change
the location of ascending branches of the Hadley and Walker cells and structure
of diabatic heating fields and therefore produce large changes in the time
averaged precipitation and associated circulation. For longer time scales
one must also consider the interaction between tropical and middle latitude
circulations. Fluctuations in momentum and heat fluxes due to middle latitude
eddy activity can affect the intensity of Hadley circulation and if the former
are unpredictable, the latter would also be unpredictable. Based on the above
considerations, Charney and Shukla (1981) suggested that the time~-averaged
monsoon circulations are more predictable than the time-averaged middle latitude
circulation.

The middle latitude circulation is dominated by stationary planetary

waves forced by orography and diabatic heat sources, transient long waves and
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baroclinically unstable synoptic scale waves. Fast growing baroclinic insta-

bilities interact with the larger scales and make them unpredictable. Predic-

tion of time averages (viz. for monthly means) for middle latitudes, therefore,
is more difficult than for low latitudes. Unlike the tropical case, the inter-
action between baroclinic eddies and planetary waves in the middle-latitudes

is much stronger and therefore the potential for long range predictability is
smaller.

However, the potential for short range dete’ministic prediction in middle
latitudes is much better than that for the low latitudes. The maximum amplitude
of equilibration for middle latitude eddies is large enough so that the initial
uncertainty has to grow for several days before it becomes coamparable to the
magnitude of the day-to-day fluctustions we wish to predict.

In Part I of this paper we have utilized the GLAS (Goddard Laboratory for
Atmospheric Sciences) climate model to examine the growth rate for initial ran-
dom errors for low and middle latitudes separately. We have also compared the
errors due to random perturbation with the maximum tolerable error (given by
the standard deviation of the total time series) for each grid point and pre-
sented the results of zonal averages. It is found that for a reasonable value
of the initial error, the error becomes about half of the maximum error within
2~3 days for the tropics and 5-7 days for the middle latitudes.

In Part II of this paper we have examined the effects of SST fluctuations
between the equator and 30°N. We find support for the hypothesis proposed by
Charney and Shukla (1981) that the fluctuations of the bou‘dary conditions
can explain a significant part of the in®erannual variability of the tropical
atwosphere. Ve have =2xamined the effects of SST fluctuations betwsen the
equator and 30°M. It is found that the int.rannual variability of SST can

explain a significant part of the variability of the tropical atmospharas.
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In Part II1 of this paper we have summarized the results of nueerical
experiments carried out with global general circulation models which suggest
the importance of boundary conditions for predictability of the time-averaged
tropical circulation,

Finally, we have conjectured that it is the quasi-steady components of the
tropical heat sources which are important in affecting the circulation over
middle latitudes, and therefore, although the tropical atmosphere itself is
deterministically unpredictable for short and medium range, its influences on
mildle latitudes could be calculated by prescribing the observed structure and

intensity of the tropical heat sources.
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Random error, Climatological error and Persistence error.

For a time series x, (t=1,2,...N), the variance (02) is defined as
02a i‘(xt';)2 wh‘n;-%zxt
WD 1
If 22 1s the meen square difference between all possidble pairs of Xe» it can
be shown that
E=v20

E 1is a statistical measure of error between two randomly chosen values and ¢ 1is
a statistical measure of error if the long term mean (climatology) was assumed
to be the forecast for each day. These definitions remain valid both for a
point (station) and for a spatial domain. The persistence error at any point
changes with time and the magnitude of the error depends upon day-to-day atmo-
spheric fluctuations. E at any point, for sufficiently large samples, can be
a statistical messure of persistence error because it then becomes equivalent
to using all possible pairs. Alternatively, if the persistence error is cal-
culated over a spatial domain with a large number of points-—large enough so
that the spatial distribution of srror at any time is comparable to the time
distriburion of error of all the points—-the maximum value of persistence error
can be estimated by E. The persistence error grows rapidly for a few days
before it attains its maxizum value. In the absence of a long time series, the
maximum value of persistence error can be used to estimate the climatological
standard deviatiocn.

The theoretical upper limit of predictability is generally considered to
be the time taken for the error to be comparable to the error between two
randomly chosen model states. Since this error is /2 times larger than the

standard deviation of a climatological forecast, which does not require any



skill in prediction, it is too large an error to be a measure of useful predic-
tion. In this paper, we shall assume ¢ to be the maximum tolerable error for
calculating the limits of predictability. It is known that the standard devia-
tions of day-to-day fluctuations have a well defined geographical structure,

in particular, ¢ at low latitudes is smaller than that at middle and high lati-
tudes. It is therefore more appropriate to estimate predictability by comparing
the magnitude of prediction error and ¢ at each point separately.

The upper limit of predictadbility is determined by the relative magnitudes
of the error growth rate and the maximum day-to-day variability. If the growth
rate i{s small, it takes longer for the error to be comparsble to the maxirim
srror; if variances due to day-to-day fluctuations are small, it takes only a
few days for the error to be comparable to the maximum error. However, the
error growth rate {tself is not constant with time. Samall errors grow more
rapidly than the large errors. Therefore, a smaller grow:n rate does not neces-
sarily imply longer predictability becaure small growth ratu can be siamply due

to the fact that the error 1s already close to its maximum value.



Part I. Short range predictabil’ty of the tropical atmosphere.

We have examined the error growth among four general circulation model
runs for which the initial conditions were randomly perturbed. The model was
first integrated for 45 days starting from the initial conditions of middle of
June. Three additionsal rune were made by perturbing the initial condiiions of
sea level pressure, U, V, and T at each of the nine levels of the model. Each
grid point was randomly perturbed corresponding tc a gaussian distribution
with zero mean and standard deviation of 3 m/s for u and v, 1°C for T and 1 mb
for sea level pressure. It should be noted that these errors of present observ-
ing system are comparadble to day-to-day fluctuations of the tropical flow. The
boundary conditions were identical for all the four model integrations. We
have calculated the standard deviation among the four runs at each grid point
for mach day. These mocdel runs were carried out by Charney et al. (1977) and
designated as predictability runs in their paper.

1f any variable R for model run m at grid point {,] at time t is denoted
as Ry 4,t,a We calculate the error (e) among the four runs as foilows:

M _ 2 1/2
e, * .21 (Re,5,c,m = By,q,e) "/ (M1) y (M=4)

M
vhere (R) = 1/M 2 (R) 1s the average for the four runs.
a=]

Hl have also calculated the standard deviation (s) at each grid point among all
the model states realised during 45-day integ:ation of the four runs.
4 45 , /2
81,y " (1/180)-2l ng (!1,j,t,l - Ri,j,t)
8 is a measure of the error of a climatological forecast. We would consider
the upper limit of predictability to be the time taken for e to be comparable

to s.
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Figures la and 1b show the evolution of the errors for sea level pressurs
and U at 175 ab, respectively. In each figure, the solid line, deshed line and
dotted line rafer to the error average over the 10° latitude belts centered at
6°N, 30°N and 58°N, respectively. It is seen that the error in the zonal velo-
city at the end of one day is largest at 6°N, followed by 30°N and 58°N. The
same vwas true for the meridicnal velocity st 835 mb (not shown). The final
values of error for U at 175 mb at 6°N, 30°N and 58°N are comparable because
during the summer the gzonal velocity and its fluctuations at this level are
very large for all the three latitudas; at 6°N due to an easterly jet stream
and at 30°N due to a suotropical jet streaa. The final values of error for V
at 835 mb (not shown) were comparable for 6°N and 58°N. This is because the
middle latitude summer circulation is not as vigirous ss the winter circulation
and the day-today fluctuations in meridfonal velocity are not ao strong. The
final value of error for ses-level pressure is smallest at 6°N and largest at
58°N. This is due to small day-to-day fluctuations of sea level jressure in
the tropics and larger day-to-day fluctuations in the middle latitudes.

Figures 2a, 2b, and 2c show the zonally averaged values - ' tne ratio (e/s)
for the zonal velocity (U) at 175 mb, zonal velocity (U) at 835 mb and sea
level pressure respectively. In each figure the zonal average of the ratio
(e/s) is shown for day 1, day 2, day 3 and day 7. The followving conclusions
for summer emerge from these figures,

1) The error in the tropics becomes half of the climatological standard
deviation within 2-3 days, whereas, for middle-latitudes, it takes
abouc 5-7 days.

11) The error growth rate for sea level pressure is different from that
for wind. 1In the tropics, the error in sea level pressure reaches its
maximus vslue such faster than that in the winds, The scme is true
for the temperature (not showm). This, of course, also depends upon
the magnitude of the initial erros and the magnitude of s which depends

upon the time variability of the parameter under consideration.
Fluctuations of pressure and tempsrature are rather small in the tropics.
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Smaller values of s in the tropics suggests that the day-to-day fluctua-
tions are noc as large as in the middle-latitudes. In the tropics, the errors
of observation are already closer to the maximum permissible error for useful
predictability and therefore it takes only a few more days for the error to
be equal to the maximum error,

Figure 3 shows the zonally averaged values of doubling time for different
latitudes. The doublng time for the low latitudes is about 4-10 days which is
higher than that for the middle and high laitudes. In particular, sea level
pressure shows the largest doubling time in the tropics. This does not mean
that the tropics have longer predictability because, as discussed earlier, the
doubling times are larger because the errors are 2lready close to their maximum
value. It can be seen from Figures 2a, 2b, 2c that the predictability is
smallest for sea level pressure compared to U at 175 mb and 835 mb.

We have repeaied these calculations for the version of the GLAS model
described by Halem et al. (1980). Starting from the initial conditions in the
middle of June, the GLAS model was first integrated for 90 days. A second
integration for 90 days was also carried out in which only initial conditions
of U and V fields at all the nine levels of the model were randomly perturbed.
Each grid point was randomly perturbed corresponding to a Gaussian distribution
with zero mean and standard deviation of 3 m/sec for U and V fields. Figures
4a, 4b, 4c and 4d show the evolution of the initial error ior sea level pres-
sure, U, V and T at 500 mb, respectively. In each figure, the solid line,
dashed line and dotted line refer to the error averaged over a 10° latitude
belt centered at 6°N, 30°N and 58°N, respectively. It should be noted that
although there was no initial error in the temperature and presgsure field, the
error in these fields for the first 4-5 days is the largest at 6°N. The same

is true for errors in U and V coaponents. This suggests that the rate of
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growth of initial error is large in the tropical latitudes compared to the
middle latitudes. The final asymptotic value of the errors in sea level pres-
sure and 500 mb temperature field is the largest for 58°N and the smallest for
6°N. This is due to large day-to-day fluctuations in sea level pressure and
temperature in the middle laitudes compared to the low latitudes. Due to the
smallness of coriolis parameter, large changes in pressure and temperature
cannot be sustained in the tropics. The large values of the final error in U
and V components are due to the subtropical jet stream near 30°N and tropical
jet stream near 6°N during the northern summer.

We have also calculated the error growth rate and predictability of the
GLAS model for winter initial conditions. Figure 5a shows the zonally averaged
root mean square error for geopotential height for nine pairs of model integra-
tions in which the winter initial conditions of U and V at nine levels of the
GLAS model were randomly perturbed. It is seen that the error in the tropics
is the smallest and the error in the northern hemispheric middle and high lati-
tudes is the largest. The error in the southern hemigphere (summer) middle
latitudes is larger than the tropics but not as large as the northern hemisphere
(winter) middle latitudes. Figure 5b shows the zonal average of the ratio of
the error and standard deviation of day-to-day fluctuations. It is seen that
the ratio is large for the low latitudes compared to the middle latitudes.
This indicates that although the error is smaller for the low latitudes, the
magnitude of the day-to-day fluctuations is so small that it takes only a
few days for the error to be about half of the standard deviation.

The above results suggest that the short term predictability for the
tropical atmosphere is limited only to a few days because of two reasons: the
rate of growth of the initial error is large and the maximum possible value of

error is small., If the initial errors (due to observational errors, lack of
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observations or deficiency of analysis and intialigation schemes) were compar-
able for the low and the middle latitudes, the limit of predictability for the
low latitudes will be lower even if the growth rates were comparable. There

is reason to believe that, since the low latitude instabilities are driven
mainly by condensation, they would be relatively more unpredictable because of
the limitations on the physical parameterization of moist convective processes.
This, we believe, is especially true for the northern summer when moist convec-
tion is very important in determining the nature of day-to-day fluctuations.
This would suggest that the results of such predictability studies, and there-
fore also the results of actual numerical prediction, will depend upon parameter-
ization of physical processes of moist convection, boundary layer processes and
cloud-radiation interactions. The spatial scale of the tropical easterly waves
and depressions is also smaller than that of mid-latitude baroclinic eddies and
thus they reciure higher resolution for defining their structure. Even higher
resolution would be required to define the mesoscale structures embedded in the
tropical disturbances. On the other hand, for middle latitude disturbances, a
quantitative treatment of the main energetic processes of conversion from avail-
able potential! energy io kinetic energy is more reliable because it depends

upon the larg~--z2ale vertical velocity and temperature fields.

Based on these considerations alone, it can be inferred that even for an
idealized case of a uniform and high density of observations over the globe,
the upper limit of deterministic predictability will be shorter for the tropics
than for the middle latitudes. The reality of the situation is, of course,
much worse. Tropical areas, even in the northern hemisphere, have far less

upper air soundings compared to the northern heaispheric middle latitudes.
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An additional important problem for short range predictability is related
to the treatment of mountains. Inadequate treatment of large-scale orographic
effects (stationary forcing on a planetary scale) and small scale effects (lee
cyclogenesis, flow over and around mountains) is one of the serious deficieucies
of present NWP models. Although these effects are important both at low lati-
tudes and middle latitudes, it is more difficult to treat the interaction of
local topography and tropical disturbances which are primarily driven by conden-

sation.
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Part II1. Predictability of monthly and seasonal means for tropics.

The interannual variability of monthly and seasonal means is determined
by the combined effects of the internal atmospheric dynamics and the slowly
varying 'external' boundary conditions of sea surface temperature (SST), soil
moisture, snow/sea ice, etc. Although solar heating is the only truly external
forcing to the atmosphere, the boundary conditions at the earth—atmosphere
interface can be assumed to be external at least for those time scales for which
they change slowly compared to the atmospheric dynamics. There is observational
evidence to suggest that these boundary conditions in fact do change slowly
enough so that they may be thought of as constant in time up to even a season,
which is a longer time scale compared to the time scale of synoptic scale insta-
bilities which are most important for day-to-day fluctuations. In the absence
of any changes in these boundary conditions, the internal dynamical changes
(which include the earth's topography and the land-sea contrast) will produce
interannual variability of monthly and seasonal means. If the total interannual
variability could be expleined by the internal dynamics alone, the potential
for predictability of time averages would be rather low. It is difficult to
isolate the contribution of these two factors because the boundary conditions
themselves are affected by the atmospheric dynamics, and observed variability
is due to ~omplex interaction between the two (Straus and Hulem, 1981). Real-
istic physical models of the atmosperic circulation can be useful in conducting
controlled numerical experiments to determine the relative roles of internal
dynamics and boundary conditions.

Charney and Shukla (1981) have suggested that the time-averaged monsoon
circulation is potentially more predictable than the middle latitude circulation.

This is so because the large-scale monsoon circulation is stable with respect
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to dynamic instabilities which develop in the monsoon flow, and fluctuations
in the boundary conditions havz significant effects on the time-averaged mon-
soon flow. This conclusion was arrived at by examining the variability among
the monthly mean (July) circulations of four model runs for which the boundary
conditions were kept identical but the initial conditions were randomly per-
turbed. It was found that, although the observed and the model variabilities
were comparable for middle and high latitudes, the variability among the four
model runs for the monsoon regions was far less than the observed interanrual
variability of the atmosphere. This led us to conclude that the remaining
variability could be due to the boundary conditions. This was also consistent
with the results of several observational studies and numerical experiments
which showed that the changes in SST or soil moisture at low latitude produce
significant changes in the atmospheric circulationm.

In this paper we have extended the work of Charney and Shukla (1981) by
comparing the model variability due to internal dynamics and due to changes in
the boundary condition of SST. One of the limitations of the earlier study
vas the comparison of the model variability with the observed variability.
While this must be the ultimate goal, it is more appropriate first to intercom-
pare two different properties of the same model so that any deficiencies of
the model itself do not bias the conclusions.

We have carried out a 45-day integration of the GLAS model starting from
the observed initial conditions in the middle of June, and climatological mean
boundary conditions of SST. We refer to this integration as control rum (c).
For the identical boundary conditions we have carried out three additional
integrations for 45 days each by randomly changing the initial conditions of u
and v at each of the nine levels of the model. The spatial structure of the

random errors corresponded to a Gaussian distribution with gzero mean and standard
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deviation of 3 m/s for u and v separately. We refer to these three integrations
as predictability ruas (P}, P2, and P3). Although the statistical properties
of the random errors were the same for each predictability run, the actual grid
point values were randomly different. We have also carried out three additional
integrations for which, in addition to the randomly perturbed initial conditions,
the boundary conditions of SST between the equator and 30°N were replaced by
the observedd SST during July of 1972, 1973, 1974. We refer to these three
integrations as boundary forcing runs (B, By, and B3). The differences between
the ~limatological SST as used in the control and predictability runs, and the
observed SST used in boundary forced runs is shown in Figures 6a, 6b, and 6c.
Although there are large systematic differences over a few grid points, the
SST anomaly over most of the tropical oceans appears to be realistic.

The variance (°p)2 among C, P1» Py, and Pq will give a measure of the
natural variability of the model; the variance (°B)2 among C, Bl’ By, and 33
will give a measure of the variability due to changes in the boundary conditions

of tropical SST. We have also calculated the observed variances (°o)2 for ten

years of observed monthly means.

(op2g,y = 1/3 Ec B2+ (p) - P2+ (py - B2+ (P - F)a 1,3

(op)?y 4 1/3 Ec -B24 (B - B2+ (B - B2+ (By - iﬂ] 1,3
wvhere P = (C + P} + Py + P3)/4
and B = (C+ By + By + B3)/4
where Cyj, P4y, Byy denote the July mean at grid point 1ij.
Figure 7 shows the plots of zonally averaged values of standard deviations

Op» 03» O and the ratios °°/°P and o,/0g. In agreement with the results

of Charney and Shukla (1981), it is seen that the ratio go/0p 1s more than

3 The observed SST was kindly provided to us by Dr. E. Kraus.
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two in the tropical latitudes and close to one in the middle latitudes. The
new result is that the curve ¢p lies nearly halfway between the curves go and
Ops This suggests that about half of the remaining variability for this wodel
is accounted for by changes in sea-surface temperature between equator and 30°N.
This supports our earlier hypotlasis that the slowly varying boundary con-
ditions play an important role in determining the interannual variability of
time averages for the tropics. Additional effects of soil moisture or the Eurasian
snow cover could possibly bring the g, and o curves still closer. It is
however to be noted that the long period internal dynamical changes (tropical-
extratropical interactions, etc.) also contribute to the interannual variability
of time averages and it could never be possible to explain the total g, by
boundary conditions alone. In one of the model integrations for 90 days des-
cribed in the earlier section, it was found that large differences in the monthly
means were produced by internal dynamics alone.
We have also compared the model variability for the predictability and
boundary forcing runs. Since the sea surface temperature anomalies for 3,, B,
and B3 have many common features, we have considered it more appropriate to
calculate the changes in the monthly means due to boundary conditions (Eg) and

due to random perturbations (Ep) as follows:

3
332 = 1/3 k{ (C - Bk)2 (at each grid point {,j)
=]
2 3 2
and Ep = 1/3 kz (C~Py) (at each grid point 1,j)
=]

Figure 8 shows the zonally averaged values of Ep and Ep for July mean geo-
potential height at 300 mb. Curves for Ep and Ep are labeled as 'PREDICTABILITY'
and 'SST ANOMALY' respectively. As is well known, the values of Ep and Ep are

small for the low latitudes and large for the middle latitudes, however, the
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ratio Ep/Ep is more than two for low latitudes. The largest values of the
ratio Ep/Ep occur between 20°N-20°S. There are secondary maxima near the poles
which occupy very small surface ares snd they can be ignored.

We have noted, but we have not explained, that although the SST anomaly
was imposed only between the latitudes 0-30°N, the effects on circulation are
seen in the southern hemispheric tropics also. This could be due to meridionally
propagating Rossby waves forced by heating due to SST anomalies, and interhemi-
spheric interactions associated with the fluctuations of Hadley cells. The
results for geopotential height at 500 mb (rnt shown) are very similar to the
one shown in Figure 6 except that the peak at the equator is not as high. These
results suggest that SST anomalies in the tropics produce large changes in the
middle and upper troposphere. Changes in the organization and inteonsity of
deep moist cnvection introduce significant changes in the diabatic heating of
the upper troposphere. For suitable structure and intensity of the prevailing

motion fields, these effects can be further transmitted to the middle latitudes.
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Sensitivity of the tropical cirzulation to changes in the boundary conditions,

We have carried out several experiments to test the sensitivity of a glo-
bal general circulation model to changes in the plowly varying boundary condi-~
tions of sea-surface temperature, soil moisture and albedo. It 1s found that
SST anomalies in the low latitudes produce significant changes in the low and
the middle latitudes. For example, it is found that the warm (cold) SST ano-
malies in the Arabian Sea increase (decrease) mcnsoon rainfall over India and
adjoining areas (Shukla, 1975). It 1is also found that a simultaneous occurrence
of warm SST anomalies over the north equatorial Atlantic and cold SST anomalies
over the south equatorial Atlantic produce severe drought conditions over north-
east Brazil (Moura and Shukla, 1981). A warm anomaly in the north and a cold
anomaly in the south generates a thermally driven circulation whose descending
branch is over northeast Brazil and adjoining oceans. An SST anomaly over
equatorial Atlantic also produces significant middle latitude response in the
northern hemisphere. There are numerous other observatiinal and modeling
studies which have shown that the tropical SST anomalies influence the intensity
of Hadley and Walker cells., Statistically significant relationships have been
found between the southern oscillation, SST anomalies in the equatorial Pacific
and the upper air circulstion over Northern Hemispheric middle latitudes. This
suggests that the tropical thermal forcings can contribute to the predictability
of the middle latitude time averages, wvhich otherwise are less predictable by
theaselves.

We have also carried out sensitivity studies for two extreme conditions:

In one case, the soil is dry (no evapotranspiration), and i{n the other case,
the soil is wet (potential evapotranspiration) over global land surfaces (Shukla

and Mintz, 1981). It is found that during northern summer, absence of land-
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surface evapctranspization over nost of the hemisphere reduces the monthly

mean rainfall by about half. The only exceptions are the monsoonal regions

for which reduction in evaporation over land is more than compensated by the
increased moisture f)-«x convergence associated with intense heat lows which
form due to intense heating of the ground and the overlyinz air. In the absence
of land evaporation mont of the solar radiation is utilized to heat the ground
directly and the overlying air is heated by sensible heating.

There are also a few observational and numerical studies which have shown
that the extent and the depth of the Eurasian snow cover during winter is
related to the intensity of the Asiatc monsoon circulation during the following
summer (Hahn and Shukla, 1977; Yeh et al. 1981). The actual mechanism is not
quite clear but large snow can give riese to large soil moisture which will
impede the heating of the ground needed for the onset of the monsoons.

These results collectively suggest that the boundary conditions at the
earth's surface may be a useful predictor for the tropical circulation and
under favorable conditions they can contribute to the predictability of the

middle latitudes.
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Part III. Influence of tropical forcing on the circulation of the extra-tropical
atmosphere,

(1) It 1s a fact of observations that the subtropical highs in the North
Atlantic and the South Atlantic have the highest monthly mran sea level pressure
simultaneously during the month of July. This is rather remarkable because it
is contrary to what one would expect from expected phase lag for the seasonal
cycle in the two hemispheres. A possible reason for simultaneous iuntensifice~
tior of North and South Atlantic highs may be that they arc forced by tropical
heating which is also maximum during July. This argument can be generalized to
include all the subtropical highs between 30°N and 30°S. Figures Sa and 9
show global maps of 16-year (1961-1976) mean sea level pressure for January and
July. We have estimated the intensity of five subtropical highs (North and
South Atlantic, North and South Pacific, and South Indian Ocean subtropical
highs) by messuring the area enclosed by 1020 mb isobar. Figure 10 shows the
plots of the intensity of the subtropical highs as measured by the total area
covered by the five subtropical highs and rainfa)' “etween the latitude belt
30°N and 30°S for January through December. The rainfall data is tsken from
Jaeger (1976). It is seen that the intensity of the subtropical highs is
closely related to the amount of precipitation and therefore the latent heat of
condensation in the tropical belt. It is likely that the interannual vzciabil-
ity of the subtropical highs may also be related to the interannual variability
of the tropical precipitation. However, adequate precipitation data is not
available to test this hypothesis. It should be pointed out that stronger sub-
tropical highs would imply stronger trade winds and possibly stronger inter-
tropical convergence; however, its relationship to rainfall would also depend

upon the location of the subtrupical highs.
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(2) Figure 11 shows the latitudinal distribution of the stationary vari-
ance of geopotential height at 500 mb as simulated by two versions of the GLAS
climate model. The most important difference between the two simulations was
the change in evaporation and precipitation in the tropical belt. The evapora-
tion and precipitation in the old GLAS climate moda. was less than tie observed;
the evaporation and precipitation in the modified GLAS climate model is more
than “he old model and comparable to the observations. The change in the sta-
tionary variance in the middle latitudes is rather striking. Although precipi-
tation and evaporation in the mid-latitudes in the modified model were not
identical to the old model, and therefore all the change cannot be attributed
to the tropical heating, it is reasonable to suggest that the tropical heating
is cae of the important factors to influence the model simulated stationary
variance.

(3) There is sowe observational evidence that persistent deep moist acti-
vity over the tropics can influence the middle latitude circulation within &
few days. Paegle (1981) has shown an association between strong outflows at
200 mb between equator and 20°S, and increased transient kinetic energy at
30°N during January and February, 1979. Examination of daily cloud pictures
and upper level synoptic weather msps leaves one wvith the impression (J. Winston,
personal communication) of strong association between intense t_opical zonvec-
tive activity and intensification of subtropical jet streasm.

If tropical activity has etrong influencs on mid-latitude weather fluctua-
tions, and if tropical flow is unvredictable dayond a few days, does this imply
that (t would also limit the mid-latitude predictability? It is our conjecture
that lack of deterministic predictability for symoptic scales in low latitudes
does not necesarily imply that the large-scale tropical-extratropical interac-

tions cannot be adequately modelled. It is the quasi-stationary tropical heat
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sources vhich are the main drivers of the tropical-extratropical teleconnections
and produce large extratropical respunse. It is conceiveable that by suitable
procedures of assimilating vertical velocity and diabatic heating fields derived
from the observations of cloudiness snd precipitation, the large-scale tropical
heat sources can be reasonably defined. It is also conceivable that their
effects can be accounted for by ptescribing them for a few days.

(4) Kalnay-Rivas and Halem (personal communication) have carried out sev-
eral forecast experiments during FGGE SOPI with the GLAR forecast model. For
four of the cases they inserted the observed FGGE data every six hours during
the forecast between 20°S and 20°N. This was intended to simulate a perfect
forecast in the tropics. They compared the gkill of the forecasts over North
Anerica for the normal forecasts and the forecasts with tropical FGGE data
inserted during the forecasts. In three cut of four forecasts, insertion of
tropical data had little cffect on the frrecasi. skill over North America; how-
ever, In one of the four cases there was substantial improvement in the forecast
for North America after the first three days of integration. Cloud pictures
showed the presence of an intense tropical flux originating in the equatorial
Western Pacific and penetrating deep into the mid-latitudes reaching the west
coast of America.

Although more observational and nume.ical studies are nezded to establish
the nature of tropical-mid-latitude interaction at such ‘'fast' time scales,
preliminary results suggest that tropical phenomens, in some situations, may be
important even for short range NWP in aiddle latitudes.

(5) There is vet no quantitative assessment of the relative roles of data
assimilation and initialization procedures, parameteritation of moist convective
heating, and poor definition of initial state for rapid degradation of tropical

forecasts. If moist convection parameterization is not realistic, it quickly
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produces unrealistic flow which in turn leads to still more unrealistic moist
convective heating. This fast feedback between the motion field and the moist
convective heating may be one of the most important limiting factors for tropi-
cal predictability. Large sensitivity of tropical forecasts to changes in the
initial moisture field support this point. It is therefore conceivable that
prescribing the condensation heating may be less damaging than explicitly cal-

culating it. This could be true even for middle and high latitudes.
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Conclusions:

Classical predictability studies using a general circulation model show
that for short- and medium-range the tropical atmosphere is less predictable
than the middle latitudes. This is primarfly because of the following reasons:
1) Tropical areas have less data and therefore more uncertainty in the initial
conditions. The error of observations is comparable to the changes to be pre-
dicted. 2) Most of the day-to-day fluctuations are due to condensation driven
instabilities which grow rapidly. The initialization and assimilation techniques
do not take into account the role of diabatic forcing for tropical disturbances
and it is difficult to parameterize the physical processes of moist convection,
boundary layer and cloud-radiation interaction. 3) The standard deviaticn of
day-to~day fluctuations is relatively small because the amplitudes of the tropi-
cal disturbances equilibrate rapidly. It takes only a few days for the initial
error to grow to be comparable to the standard deviation of daily fluctuations.

On the other hand, the time averages (monthly and seasonal means) for the
tropics have more potentisal predictability. This is because they are largely
determined Ly fluctuations in the slowly varying boundary conditions of sea
surface temperature and soil moisture. Under favorable conditions they can
contribute to the predictability of middle latitudes also.

Evidence is beginning to emerge that tropical heat sources can also influ-
ence the middle latitude circulation within a few days. If the tropical atmo-
sphere were intrinsically unpredictable for the short and medium ranges, its
influence on the middle latitudes will also be unpredictable. We conjecture
that it is the quasi-steady component of the tropical heat source which affects
the middle latitude circulation and therefore it should be possible, in principle,
to prescribe it for a few days from the observations. This may require special
techniques of initialization and assimilation of tropical data of cloudiness

(vertical velocity) and rainfall (heating).
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Fig. la. Root mean square error between four summer model rune as a function
of time for zonal velocity (m/3) at 175 mb. Solid line, dashed line
and dotted line refer to an average over 10° latitude belt centered
at 6°N, 30°N and 58°N respectively.

Fig. lb. Same as Fig. la but for sea level pressure (mb).

Fig. 2a. Zonally averaged values of the ratio of root mean square error between
four summer model runs and standard deviation of daily values for the
gsame four runs for zonal velocity at 175 mb. Curve labeled as DAY
1,2,3,7 refer to the ratio at the end of one, two, three and seven
days.

Fig. 2b., Same as Fig. 2a but for zonal velocity at 835 mb.

Fig. 2c. Same as Fig. 2a but for sea level pressure.

Fig. 3. Doubling time (days) for the initial error among the four predictability
runs of sea level pressure (solid line), zonal velocity at 835 mb
(dashed line) and zonal velocity at 175 mb (dotted line).

Fig. 4a. Root mean square as a function of time between a summer control and a
predictability run for sea level pressure (mb). Solid line, dashed
line and dotted line refer to an average over 10° latitude belt
centered at 6°N, 30°N and 58°N respectively.

Fig. 4b. Same as Fig. 4a but for zonal velocity (m/s) at 500 mb.

Fig. 4c. Same as Fig. 4a but for meridional velocity (m/s) at 500 mb.

Fig. 4d. Same as Fig. 4a but for temperature (°C) at 500 mb.

Fig. 5a. Root mean square error between four winter model runs as a function
of latitude and time (day) for geopotential height at 500 mb.

Fig. 5b. Zonally averaged values of the ratio of root mean square between nine
pairs of winter model runs and standard deviation of daily values for
geopotential height at 500 mb.

Fig. 6sa. Difference between the climatological sea surface temperature used
for the control run and observed sea surface temperature during July
1972 between eq'iator and 30°N.

Fig. 6b. Same as Fig. 6a but for July 1973,

Fig. 6c. Same as Fig. 6a but for July 1974.
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Zonally averaged standard deviation among monthly mean (July) sea
level pressure (mb) for 10 years of observations (o,, thir solid line)
dashed line) and four model runs with identical boundary conditions
(op. thin dotted line). f(hick solid line and thick dashed line

show the ratio oolop and g,/0p respectively.

Zonally averaged standard deviation for predictability rune (thin solid
line), boundary forced runs (dashed line) and the ratio of boundary
forced and predictability runs (thick solid line) for geopotential
height at 300 mb,

Sixteen year (1961-76) mean sea level pressure (~1000 mb) for January.
Sixteen year (1961-76) mean sea level pressure (-1000 mb) for July.
Variation of monthly mean rainfall (mm) averaged between 30°N and
30°S (from Jaeger, 1976), and intensity of subtropi:al highs measured
by number of (4° lat. x 5° long.) grid points for which sea level
pressure 18 greater than 1020 mb (from Godbole arnl thukla, 1981).

Stationary variance of January mean geopotential height at 500 mb
simulated by two versions of the GLAS climate model, and observations,
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