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Predictability of seasonal climate variations: a
pedagogical review
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121  Introduction

Itis well known that the day-to-day changes in the large-scale atmospheric circulation
are not predictable beyond two weeks. The small-scale rainfall patterns associated
with the large-scale circulation patierns may not be predictable beyond even a few
days. However, the space-time averages of certain aimospheric and oceanic variables
are predictable for months to seasons. This chapter gives a pedagogical review of the
ideas and the results that have led to our current understanding and the status of the
predictability of seasonal climate variations,

We first review the current status of the understanding of the limits of the pre- .
dictability of weather. We adopt Lorenz’ classical definition of the predictability |
of weather as the range at which the difference between forecasts from two nearly
identical initial conditions is as large in a statistical sense as the difference between
two randomly chosen atmospheric states. With this definition of predictability, it is '
implied that the upper limit of predictability depends on the saturation value of the
maximur possible error, which, in turn, is determined by the climatological vari-
ance. Lorenz provided a simple conceptual model in which the upper limit of weather
prediction skill is described by three fundamental quantities: the size of the initial :
error, the growth rate of the error and the saturation value of the error. This simple '
model is able to explain the current status of the seasonal, regional and hemispheric
variations of numerical weather prediction (NWP) skill. For example, winter is more '
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predictable than summer, and the midlatitudes are more predictable than the tropics,
simply because the saturation value of forecast error is much larger in winter and
in the midlatitudes than in the tropics. The progress of NWP skill for the medium
range over the past 25 years can be explained almost entirely by the reduction in the
forecast error at day one, which, in turn, can be explained by the reduction in the
initial error. The models and data assimilation techniques have steadily improved,
thereby decreasing the initial error by 50%, while the growth rate of initial error has
increased only modestly, resulting in steady improvement in the skill of NWP models
for days 2-10.

We then will show that, in spite of the two-week upper limit of deterministic
weather predictability, the effects of anomalous boundary conditions at the Earth’s
surface (sea surface temperature, snow, soil moisture, etc.) are sufficiently large to
produce statistically significant anomalies in the seasonal mean atmospheric eircu-
lation. It is found, somewhat paradoxically, that the anomalous surface boundary
conditions are much more influential in the tropics, where the deterministic limit
of weather predictability is relatively short, than in midlatitudes, where the limit of
weather predictability is relatively long. We review some atmospheric general circu-
lation model (GCM) experiments which have helped advance our understanding of -
the boundary-forced predictability.

We then address the question of the predictability of the boundary conditions them-
selves. Since anomalous boundary conditions are produced by interactions between
the ocean, atmosphere and land-surface processes, we review the status of the pre-
dictability of seasonal mean climate anomalies using coupled ocean—atmosphere—~
land models. We also address the question of seasonal predictability in a changing
climate.

122 Predictability of weather

Ina series of three papers that appeared in the late 1960s, E. Lorenz laid the theoretical
groundwork for weather predictability that has been used in the subsequent decades
to great advantage. In a comprehensive study of the predictability of the 28-variable
model (Lorenz, 1965), in which for the first time he calculated the sin gular vectors, he
showed that error growth is a strong function of the structure of the initial atmospheric
flow and he estimated the doubling time of synoptic-scale errors to be a few days.
He then employed a turbulence model (Lorenz, 1969a), assnming a —5/3 power
law for the energy density spectrum, to compute the error saturation time, defined
as the time at which the error energy at a given wave number becomes equal to
the energy at that wave number prescribed in the initial conditions. He showed
that scale interactions cause the error in the smallest scales to saturate the fastest,
producing errors at synoptic scales within a few days after the initial time. Lorenz also
devised a method for estimating the predictability of the atmosphere by searching for
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analogues or states that are sufficiently close in some phase space to permit using the
evolution of the distance between the analogous states as a proxy for error growth
in the classical predictability sense (Lorenz, 1969b). He found that the observational
record available at that time was insufficient to find analogues that could be used
in this way; nevertheless, he assumed a quadratic model for the error growth to
estimate that the doubling time of small errors would be 2.5 days. These studies, along
with several others that examined the characteristics of turbulent flows (Leith, 1971;
Leith and Kraichnan, 1972) and later attempts to refine the predictability estimates
with analogues (Guizler and Shukla, 1984) and atmospheric GCMs (Smagorinsky,
1963; Charney et al., 1966, Williamson and Kasahara, 1971; Lorenz, 1982; Simmons
et al., 1995; see Shukla, 1985 for a review) have shown that the predictability of
weather is characterised completely by the growth rate and saturation value of small
errors. While early atmospheric GCM estimates of error doubling time were relatively
different (e.g. Charney, 1966), the diverse technigues to estimate the doubling time
have converged to become remarkably consistent, all around two days. The most
recent estimate available from ECMWF is 1.5 days (Simmons and Hollingsworth,
2002).

The ECMWF has shown recently that, as suggested by Lorenz (1982), the reduc-
tion in the error at day 1 has led to improvements in skill after 10 days. The expec-
tation that the reduction in error might be overwhelmed by the increase in growth
rate (smaller errors grow faster in the Lorenz model) has not occurred. A combina-
tion of improvements in the atmospheric GCM and better assimilation of available
observations has led to a sustained reduction in error through at least day 7 of the
forecast.

123 Predictability of seasonal averages — from weather
prediction to seasonal prediction

One implication of the fact that the predictability of weather is a function of the error
growth rate and saturation value is that predictability is quite different in the tropics
and the extratropics. In the tropics, the variance of daily fluctuations, and hence
the saturation value of errors, is much smaller than it is in the extratropics (Shukla,
1981a). Similarly, the error growth rate in the tropics, dominated as it is by instabilities
associated with convection, is larger than in the extratropics where the error growth is
primarily associated with baroclinic instability. Based on these considerations, Shukia
{1981a) showed that the upper limit of deterministic predictability in the tropics is
shorter than in the extratropics. By contrast, the short-term climate fluctuations in the
tropics are dominated by the slowly varying boundary conditions, as will be described
below, so, ironically, the seasonal means in the tropics are more predictable than the
extratropics, in contrast to the situation for weather predictability.

Predictability also varies with spatial scale of motion. Several studies (Smagorin-
sky, 1969; Shukia, 1981b) have shown that the long waves are more predictable than
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the short waves in the extratropics. This is primarily due to the larger saturation value
of error for the long waves, which in general have larger amplitude than the short
waves. This is also consistent with the long-standing view of synoptic forecasters
who have relied on systematic progressions of large-scale patterns in the atmosphere,
variously called Grosswetferlagen, weather regimes, or centres of action (Hess and
Brezowsky, 1969; Namias, 1986; Barnston and Livezey, 1987).

The main determinant of seasonal atmospheric predictability is the slowly vary-
ing boundary conditions at the Earth’s surface (Charney and Shukla, 1977; Lorenz,
1979; Shukla, 1981b). It is well known that the lower boundary conditions of the
Earth’s atmosphere vary more slowly than the day-to-day variations of the weather
and that, insofar as the boundary conditions can influence the large-scale atmo-
spheric circulation, the time and space averages of the atmosphere are predictable
at timescales beyond the upper limit of instantancous predictability of weather. The
surface boundary conditions include the sea surface temperature (SST), which gov-
erns the convergence of moisture flux as well as the sensible and latent heat fluxes
between the ocean and atmosphere; the soil moisture, which alters the heat capacity
of the land surface and governs the latent heat flux between continents and the atmo-
sphere; vegetation, which regulates surface temperature as well as the latent heat
flux to the atmosphere from land surfaces; snow, which participates in the surface
radiative balance through its effect on surface albedo and in the latent heat flux,
introducing a lag due to the storage of water in solid form in winter which is melted
or evaporated in the spring and changes the soil wetness; and sea ice, which likewise
participates in the energy balance and inhibits latent heat flux from the ocean. In
each of these boundary conditions, anomalies can influence the surface fluxes and
low-leve] atmospheric convergence through changes in the horizontal temperature
and pressure gradients, at times leading to three-dimensional atmospheric heating
anomalies, which in turn affect the entire atmospheric circulation,

123.1 Oceanic influences

Over the past 20 years, literally hundreds of numerical experiments have been con-
ducted to test the hypothesis that the lower boundary conditions affect the seasonal
circulation. Sensitivity studies have examined the effects of SST and sea ice anoma-
lies in the tropical Pacific (e.g. Shukla and Wallace, 1983; Fennessy ef af., 1985),
the tropical Atlantic (e.g. Moura and Shukla, 1981), the Arabian Sea (Shukla, 1975;
Shukla and Misra, 1977), the north Pacific Ocean (Namias, 1969; Alexander and
Deser, 1995), the north Atlantic Ocean (Palmer and Sun, 1985; Bhatt ef al., 1998),
global SST anomalies (e.g. Miyakoda et al., 1983; Kinter et al., 1988; Shukla and
Fennessy, 1988; Shukla e al., 20002, 2000b), seaice (e.g. Randall ef a/., 1998), moun-
tains (Hahn and Manabe, 1975; Wallace ef al., 1983), deforestation (e.g. Nobre et al.,
19913, surface albedo anomalies associated with desertification (Charney, 1975; Xue
and Shukla, 1993; Dirmeyer and Shukla, 1996}, surface roughness anomalies (Sud
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Precip for (160E:160W, 58:5N)—average
1982-83 (solid) and 1988-89 (dashed)

—
Tropical Precip Index

Figure 12.1 Effects of S5T anomalies on tropical precipitation and extratropical
atmospheric circulation. (a) and (1t} show precipitation area-averaged over

(160° E~160° W, 5° §-5° N, for the boreal winter season. (c) and (d) show the
difference between two area-averages of the extratropical 500 hPa geopotential
height: (120° W-110° W, 50° N-60° N) minus (170° W-160° W, 40° N-50° N).
Anomalously warm tropical Pacific SST years are shown as a solid curve (198283
in a and ¢ and 1986-87 in b and d), and anomalously cold tropical Pacific SST years
are shown as dashed curves (1988-89 in a and ¢ and 1984-85 b and d). The thick
horizontal lines are the seasonal averages of the two time series.

et al., 1988), soil wetness anomalies (e.g. Dirmeyer and Shukla, 1993; Fennessy and
Shukla, 1999), vegetation (Dickinson, 1984; Sellers et al., 1986}, and snow cover
(e.g. Hahn and Shukla, 1976; Barnett ef al., 1988; Cohen and Rind, 1991; Bamzai
and Marx, 2000). The result of all these experiments is that, under favourable con-
ditions of the large-scale flow, and for certain structure, magnitude and location of
the boundary anomalies, there is substantial evidence that the seasonal variations of
the tropical climate are predictable and there is some possibility of predicting the
extratropical climate as well (Palmer and Shukla, 2000).

The dependence of the predictability of the climate on location and season is illus-
trated in Figures 12.1~12.3, Parts (a) and (b} of Figure 12.1 show an index of tropical
climate variability for the boreal winter season. Two years, shown as a solid curve,
have boundary forcing, i.e. SST in the tropical Pacific, that is significantly warmer
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Figure 12.1 (conr)

than usual. Two other years, shown as a dotted curve, have tropical Pacific SST that
is significantly cooler than usual. In Figure 12.1 (¢, d), an index of extratropical
climate variability in boreal winter is shown for the same years. In the extratropical
winter, the seasonal means of the two years are separated by a statistically significant
amount that is comparable to the magnitude of the intraseasonal variation. In the
tropics, the seasonal means are separated by a statistically significant amount that is
much larger than the magnitude of intraseasonal variations. The variance of a typical
quantity like sea-level pressure in the exiratropical winter is larger than in the tropics.
The boundary-forced seasonal mean differences in the tropics are relatively large, As
shown schematically in Figure 12.2, the typical spread of forecasts initialised with
slightly perturbed initial conditions becomes saturated at about five days or less in
the tropics (dashed line) and about 10 days in the extratropics. Figure 12.3 illustrates
the large difference in day-to-day variability between the tropics (typical values of 4
m/s) and the extratropics (typical values of 10 m/s).

An anomaly in the boundary conditions can affect the seasonal mean, large-scale
atimospheric circulation through a relatively complex pathway, which is illustrated
schematically in Figure 12.4. An SST anomaly, forexample, locally alters the sensible
and latent heat fiuxes from ocean to atmosphere, thereby changing the temperature
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Time (Days}

Figure 12.2 Schematic diagram illustrating the error growth in the tropics (dashed)
and the extratropics (solid). Both thick lines depict the rates at which initially
different states reach the boundary-forced state. The thin lines show typical spread of
forecasts Initialised with slightly perturbed initial conditions on day 0.
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Figure 12,3 Standard deviation of daily values of 500 hPa zonal wind, computed
with respect to individual monthly means for December, January and February,
averaged over 1970—1999 (i/s).
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Figure 12.4 Schematic diagram of the effecs of boundary condition anomalies on
large-scale atmospheric heating and large-scale atmospheric circulation, See text for
explanation,

and humidity in the atmosphere ncarest the surface. Depending on the scale and
magnitude of the SST anomaly, such changes can be relatively unimportant for the
seasonal mean, or they can alter the siafic stability and moisture flux convergence
available for convection, which can lead to an atmospheric heating anomaly over
the course of 5-7 days. The nature of the heating anomaly associated with a given
SST anomaly also depends on the magnitude and structure of the background SST
on which it is superimposed. For example, a large warm SST anomaly that is super-
imposed on a very cold background ocean temperature will have little effect and
likely will not lead to a large-scale atrospheric heating anomaly. The development
of an atmospheric heating anomaly also depends on the structure of the large-scale
atmospheric circulation overlying the SST anomaly as well as the degree to which the
convergence and divergence of the atmospheric circulation are affected. A given SST
anomaly may significantly alter the surface temperature gradient and, consequently,
the surface pressure gradient, which then changes the low-level atmospheric con-
vergence. The latter depends on the latitude of the anomaly, because the further the
location is from the equator the less significant the divergent circulation associated
with the pressure gradient anomalies is with respect to the rotational component of
the flow. Changes in the divergent flow directly affect the moisture flux convergence
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(especially in the tropics), which is important in driving convection, thereby altering
the deep heating of the atmosphere through latent heat release. Under the right condi-
tions, a positive feedback loop invalving boundary layer moisture finx convergence,
precipitation and deep tropospheric heating, can significantly alter the large-scale
atmospheric circulation.

Once a three-dimensional atmospheric heating anomaly has developed, it can
influence the large-scale atmospheric circulation over the course of 10 to 30 days.
Again, this is dependent on the size, magnitude and structure of the heating anomaly
as well as several other factors. For example, if the heating anomaly is located in
the tropics, its effect on the circulation depends on its position relative to the rising
and descending branches of the Hadley and Walker circulations. Associated with the
large land masses and the air—sea contrast in the tropics, the seasonal monsoon is
the largest feature of the large-scale circulation, so the location of a heating anomaty

- with respect to the centres of the monsoon circulations is also an important factor.

In the extratropics, matters are more complex, because there is a non-linear dynamic
interaction between the zonal mean flow, the quasi-stationary eddies and the transient
eddies. Similar heating anomalies located on different sides of a jet or at different
phases of a stationary wave will have dramatically different effects, either through
the forcing of transient waves or through an alteration of the mean flow by means
of instability or wave—mean flow interaction. The effects of a given heating anomaly
may be non-local as well, For example, a healing anomaly in the tropics may lead to
a change in the Hadley circulation, which can thereby alter the zonal mean flow in
the subtropics or mid-latitudes and change the orographically forced response. That
change in the mean circulation can also, in turn, fead to an altered index of refraction
for dispersive planetary waves. Through resonance, the forced waves might feed
back on the tropical circulation and change the heating anomaly itself. There is also
a possibility of teleconnections through propagation and dispersion of Rossby waves
or through normal mode-type responses to forcing.

The role of boundary conditions in enhancing the predictability of time averages
was demonstrated by Shukla (1998) through a set of numerical experiments with
the COLA atmospheric GCM. Two sets of five-member ensemble simulations were
conducted with very different initial conditions but identical observed SS'F specified
as lower boundary conditions. The initial conditions were for December 1982 and
December 1988, which corresponded to La Niifia and El Nifio years, and therefore
had very different tropical atrrospheric states. It was found that, in spite of very large
differences in the initial conditions but the same (observed) SST for 19823, the sim-
ulated tropical winter mean precipitation pattern was nearly identical and had great
similarity to the observed precipitation anomaly. Likewise, for the winter of 1988-9,
the two simulations with very different initial states were also nearly identical, and
were very similar to the observed precipitation anomaly for that year. An examination
of the day-by-day simulation of tropical Pacific rainfall and circulation showed that
the simulations with two very differentinitial conditions began to converge under the
influence of the boundary conditions, and they became statistically indistinguishable
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within 7-10 days. This experiment confirmed what had been suspected for quite some

time, namely that some parts of the tropics are so strongly forced by the underlying

SST anomaly that even a very large perturbation in the initial conditions does not

change the simulation of the seasonal mean rainfall.

In the same experiments, it was also found that even the extratropical seasonal
mean circulation anomalies, especially over the Pacific-North American region, were
largely determined by the SST anomalies. For example, the 500 hPa seasonal mean
height anomalies for two very different initial conditions were nearly identical fora
given SST anomaly. This suggests that the high predictability of the tropical atmo-
sphere can also enhance the predictability of the extratropical atmosphere if the SST
boundary forcing is quite strong. There has been some debate among the researchers
whether boundary forcing merely changes the frequency of midlatitude modes of
variability, or whether the boundary-forced variability is distinctly different from the

unforced variability (Straus and Shukla, 2000). ;

One dramatic example of the fact, that, in spite of the high degree of variability in
the extratropical atmosphere, tropical forcing can produce predictable effects in the
extratropics, is shown in Figure 12.5 (colour plate). The bottom panel of the figure
shows the difference in the boreal winter 500 hPa geopotential height field between
large positive tropical Pacific SST anomaly (El Nifio) years (1983, 1987 and 1992)and
large negative (La Nifia) years (1985 and 1989). The top panel shows an ensemble-
mean simulation of the same field produced by an atmospheric GCM forced by the
observed SST in those years. The ensemble average of several runs started from
slightly different initial states was computed to filter the unpredictable component
of the simulations. There is an tncanny match in both phase and amplitude of the
simulated difference to the observed difference (anomaly correlation coefficient =
0.98 for the spatial domain shown in the figure).

This result has been reproduced by several atmospheric GCMs. Figure 12.6 shows
the anomaly correlation coefficient for each of three different models (COLA, NSIPP
and NCEP atmospheric GCMs) in each of 18 years, The years have been reordered
in ascending absolute values of the cotresponding NINO3 index, an indicator of the
amplitude of the tropical Pacific SST anomaly, to show that the predictability of
the extratropical Pacific-North American regional height anomalies depends on the
magnitude of the forcing, A Systematic evaluation of the possibility of dynamical
seasonal prediction has been made (Shukla ez al., 20004, 2000b)

It is by no means a given, however, that seasonal predictions, even in the pres-
ence of relatively strong SST anomalies in the tropical Pacific, will be highly
skilful for all quantities and in all cases. As an example, a pair of seasonal
hindcasts, produced using one of the models whose skill scores are shown in
Figure 12.6, is shown in Figure 12.7 for two La Nifa cases, 1989 and 1999,
In both cases, the tropical Pacific SST forcing is fairly strong. The surface
air temperature anomaly hindecast is quite good, both in terms of geographi-
cal distribution and amplitude, for the 1989 case, but only somewhat resem-
bles the observed in the 1999 cage, This is indicative of some of the difficulties




Model Simulation of ENSO Effects
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ACC = 0.98

NINO3 Warm(83,87,92) — Cold(85,89)

Figure 12.5 (See also colour plate section.) Composite, ensemble-mean AGCM
simulation of January—February-March seasonal mean difference of 500 hPa
geopotential height. Average of three years with warm SST anomalies in the eastern
tropical Pacific (1983, 1987 and 1992) minus average of two years with cold 38T
anomalies (1985 and 1989). The ensemble of 10 model simulations were made with
observed SST specified as lower boundary conditions and slightly different initial
condifions in each ensemble member. The model used is the COLA atmospheric
GCM.
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Figure 12,6 Bach thin vertical bar shows the pattern correlation of the ensemble-
mean seasonal mean 200-hPa height of an atmospheric GCM with the observed
seasonal mean over North America 15°-70° N and 180°-60° W. The pattern
correlation is computed separately for each year and for each GCM,; the bars show
the results for the COLA, NSIPP, and NCEP GCMs from left to right. The years are
ordered by the absolute value of the NIN O-3 index, increasing to the right and shown
by the thick vertical bars. Bold and light numbers indicate warm and cold years
respectively. Results (top) for boreal autumn (Sep—Nov), (middle) for boreal winter
(Jan-Mar), and (bottom) for boreal spring (Mar-May).
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OBSERVED

=3 2

Figure 12,7 The seasonal mean surface air temperature anomaly for January—March
1989 (top row) and January—March 1999 (bottom row) from the observed (left
column) and from a simulation in which the observed SST and sea ice were specified
as the lower boundary conditions of an atmospheric GCM.

of translating the advances in understanding predictability into real improvements in
seasonal prediction.,

Likewise there is an asymmetry between warm and cold ENSO events in the
extratropical variability associated with each. In particular, the warm and cold events
influence the internal variability in the Pacific-North America region. Figure 12.8,
comparing the ratio of interensemble variance computed for three different atmo-
spheric GCMs, shows that all the models have more variability in cold events than
in warm events, and, for some parts of the region (near the Aleutian Islands, over the
west coast and south-eastern USA), the cold event variance exceeds the warm event
variance by a factor of two or more.

1232 Land influences

The physical processes at the land surface have effects on the climate, including the
components of the hydrologic cycle and the atmospheric circulation, on a wide range
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Figure 12.9 Schematic diagram showing the cycle of interactions between the Jand
surface and the climate. Beginning with the oval at the left, a change in the land
surface state (soil wetness, vegetation or snow) leads to a change in the fluxes of
water, heat and radiation between the Tand surface and the atmosphere (oval at top).
These changes can, in turn, lead to changes in the humidity and temperature of the air
near the surface, as well as changes in the wind due to changes in the gradients of
surface temperature or pressure (oval at right). The changes ocenrring near the
surface can produce changes throughout the atmospheric column that occur in solar
radiative flux (cloudiness), precipitation, air temperature and winds {oval at bottom).
These changes can then affect the land surface state, completing the feedback loop,

of temporal and spatial scales (c.g. Dirmeyer and Shukla, 1993). The properties of
the Ianc_} surface, such as soil wetness, snow cover, and vegetation, affect both the
evolution and predictability of climate (Dickinson, 1984), For example, soil moisture
determines the rate of evapotranspiration as well as the partitioning of incoming
radiation into sensible and iatent heat flux. Likewise, the spatial distribution and
temporal variability of vegetation, soil wetness and snow are determined by climatic
conditions, so that a complete cycle of feedbacks is in operation (Figure 12.9).

The majority of modelling experiments so far have focused on the effect of land
surface properties on climate predictability, beginning with the early atmospheric
GCM study of Shukla and Mintz (1982) in which simulations were made with the
model’s land surface constrained to produce no evapotranspiration (desiccated case)
or for the evapotranspiration to take place at the potential rate (saturated case), over
the whole globe. They found that, in the desiccated case, there is almost no rainfall
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over the exiratropical continents in boreal summer, and an increase in the rainfall
over South-east Asia and India due to the large moisture flux convergence from the
oceans. They interpreted their results to indicate that dry soil at the beginning of the
summer would lead to anomalously low rainfall in the extratropical summer season,

The ‘memory” effect of soil wetness is frequently invoked as the underlying mech-
anism for its role in predictability. Delworth and Manabe (1988, 1989), using an
atmospheric GCM with a simple ‘bucket’ model of soil moisture, showed that soil
wetness ‘reddens’ the spectrum of climate variability. More sophisticated models
incorporating a model of the biosphere (Sellers ez al., 1986; Sato et al., 1989) were
used to show that soil wetness anomalies can persist much longer than previously
thought, and that the climate is guite sensitive to variations in soil wetness.

Atlas et al. (1993) and Fennessy and Shukla (1999) showed that the initial soil
wetness anomalies present in extreme drought (e.g. 1988) or flood (e.g. 1993) sum-
mers in North America contribute to the subsequent summer rainfall with persistent
soil wetness anomalies, dry (wet) rainfall anomalies and warm (cold) surface {emper-
ature occurring with dry (wet) soil wetness anomalies. For example, Figures 12,10
and 12.11 (taken from Fennessy and Shukla, 1999) show that an initial soil wetness
anomaly on 1 June (Figure 12.10) can persist for up to a season, in some regions,
and have a significant impact on the evaporation (Figure 12.11) and surface air tem-
perature (not shown). They also found that the strength and nature of the impact
of initial soil wetness anomalies on precipitation and surface temperature depend
on several factors, including the extent and magnitude of the initial soil wetness
anomaly, the strength of the solar forcing, the proximity to moisture sources, and
the strength of the regional atmospheric circulation. They interpreted their results
to suggest that seasonal atmospheric predictability could be increased by realistic
initial soil wetness.

It has recently been shown that the sensitivity of precipitation to soil wetness is
regionally localised. Koster et al. (2004) used 10 different land surface models in the
Global Land--Atmosphere Coupling Experiment (GLACE) to show that the coupling
strength between the atmosphere and the land surface is a strong function of location,
Koster e al. (2004) identified the areas where this coupling is strong, and therefore
has a strong bearing on the variability of precipitation, during boreal summer. The
places where the coupling is strong, referred to as ‘hot spots’, are primarily transition
zones between dry and wet climatic zones where the evaporation is large and sensitive
to soil moisture and where the boundary layer moisture can trigger convection in the
atmosphere.

1233 Ocean—atmosphere-land influences (monsoon
predictability)

The monsoon circulation is a dramatic example of the combined ocean, land and
atmospheric effects; therefore, an estitate of the Hmit of monsoon predictability
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Figure 12,11 Area-averaged daily time series of evaporation for nine study regions

shown in Figure 12.10(b) for control ensemble (solid) and observed initial soil
wetness ensemble (dotted). Units are mm per day.

requires a clear understanding of the atmosphere—land interaction, atmosphere-ocean
interaction, and the internal dynamics of the atmosphere alone. It was suggested by
Charmey and Shukla (1977) and later shown by Charney and Shukla (1981) that the
large-scale, seasonal mean monsoon rainfall over India is largely determined by the
boundary conditions over land and ocean. This was based on the observed relationship
between Eurasian snow cover and monsoon rainfall (Blanford, 1884) and tropical
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ocean temperature and Indian monsoon rainfall (Sikka, 1980; Rasmusson and Car-
penter, 1983). However, it is well known that there is a large intraseasonal variability
of the regional rainfall in the monsoon region during the monsoon season. Therefore,
in a simple conceptual model, the seasonal mean monsoon rainfall over any small
region can be considered to consist of two components: one large-scale seasonally
persistent component and one relatively small-scale intraseasonal component (Krish-
namurthy and Shukla, 2001). The large-scale seasonally persistent component can
be attributed to ocean and/or land surface effects and the intraseasonal component to
the internal dynamics of the atmosphere. The predictability of the seasonal mean for
any given season depends on the relative magnitude of the two components. Evenin
the presence of large boundary forcing (namely SST anomalies in 1997), if the large-
scale effect is small and the intraseasonal variations are large, the seasonal mean will
not be predictable. To the extent that the seasonal mean anomalies are determined
by the sampling of intraseasonal variations of rainfall, and if the intraseasonal varia-
tions were independent of the boundary forcing, the seasonal mean anomalies would
not be predictable. It has also not been possible either to make dynamical predic-
tions of seasonal mean rainfall or even to make reliable estimates of the monsoon
rainfall, because of various limitations in models and modelling strategies. For exam-
ple, models of the monsoon circulation and rainfall have large systematic errors in
the mean and variance. The current atmospheric GCM experiments in which models
are forced by prescribed SST are inadequate to capture the coupled ocean—atmosphere
variability, and the current models do not have adequate treatment of land surface
processes. The models are also not able to simulate the intraseasonal variability over
the monsoon region.

An estimate of monsoon predictability using coupled ocean-atmosphere models
is even more problematic, because the coupled models have even larger systematic
errors in simulating the mean climate and its variability. If the coupled model cannot
capture the march of the annual cycle in SST in the Indian Ocean and the surrounding
areas, it is nearly impossible to get a reasonable simulation of monsoon circulation.

i24  Predictability of coupled system

In the previous section, we described the predictability of the tropical atmosphere
with prescribed SST. In similar experiments with an ocean model (B. Huang, per-
sonal communication), it was shown that the tropical upper ocean circulation and
temperature are largely determined by the overlying atmospheric forcing, When an
ocean model with completely different initial conditions (for 1982 and 1988) was
forced by the atmospheric fluxes of 1982-3, the resulting tropical SST anomalies
were indistinguishable from each other after 3—4 months. These experiments suggest
that the tropical atmosphere is highly predictable for prescribed SST and the tropical
ocean is highly predictable for prescribed aimospheric fluxes. However, these results
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Figure 2,12 COLA anomaly conpled GCM NINO-3.4 forecast root mean squared
error as a function of lead time, The forecast error is calculated based on 480 six
member ensemble hindeasts initialised each January, April, uly and October from
1981 to 2000 (see Kirtman, 2003, for details). The ideatised NINO-3.4 root-mean-
squared error growth is based on a multi-century simulation of the COLA anomaly
coupled GCM (see Kirtman et al., 2002) using an analogue approach to estimate the
growth of initial errors.

do not necessarily imply that the coupled system is also as highly predictable as the
individual components of the atmosphere and ocean. To estimate the predictability
of the coupled ocean—atmosphere system is one of the major curtent challenges of
climate research.

An estimate of the growth of initial error in the Zebiak—Cane coupled ocean-
atmosphere model (Zebiak and Cane, 1987) was made by Goswami and Shukla
(1991), and it was found that the coupled system is characterised by two timescales.
One had an initial error doubling time of four months and the other had a doubling time
of 15 months. In a more recent calculation, B. P. Kirtman (personal communication;
Figure 12.12), using a global anomaly coupled ocean—atmosphere model, found that
an initial error of about 0.2 K in the NINO-3.4 index of tropical Pacific SST takes
about five months to double. Comparing the evolution of the forecast model’s error
with the growth of idealised initial errors in an “identical twin’ experiment, it was
found that the forecast model reaches the same level of error in five months that is
only reached after 10 months of idealised error growth, This suggests that there is
substantial room for improving the prediction of tropical SST in a coupled model.
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We do not yet have a clear understanding of mechanisms that determine the
amplitude and the life cycle of ENSO. For example, we do not know whether ENSO
should be considered to be a manifestation of an unstable oscillator, or whether it
should be considered a stochastically forced damped linear system. The observations
for the past 50 years can support both theories. We also do not understand the role of
weather noise in the initiation and growth of ENSO events. A better understanding
of ENSO dynamics, and improved methods of initialising models of the coupled
ocean—atmosphere system for ENSO prediction are required before we can make
reliable estimates of the predictability of ENSO.

12.4.1 Case study

A low-resolution coupled ocean—atmosphere model, a moderate-resolution atmo-
spheric GCM and a high-resolution nested regional climate model were used to
produce six-month lead forecasts for the boreal winter of 1997-8. The procedure for
producing forecasts of the tropical SST anomaly, the global atmospheric circulation
and precipitation and the regional climate anomalies over North America is shown
schematically in Figure 12.13. It should be noted that this experimental strategy was
devised only to overcome the problem of insufficient computer {ime to integrate
high-resolution global coupled models. Briefly, the tropical Pacific SST pattern was
predicted for up to 18 months in advance using the conpled ocean-atmosphere model
with available input data at the time of the forecast (Kirtman ef al., 19G7). Muitiple
realisations of the coupled model forecast were averaged to produce an ensemble-
mean SST forecast that was then statistically extended to predict the global SST
anomaly. The latter was added to an observed climatology for global SST and used
as a lower boundary condition for an ensemble of integrations of the global atmo-
spheric GCM. Each of the global mode] integrations was used to provide the lateral
boundary conditions for a companion integration of a regional climate model, The
ensembles of global and regional model predictions were made at least six months
prior to the verification time of the forecasts.

1242 The tropical Pacific SST forecast

The SST forecast produced by the anomaly coupled model and subsequent statistical
projections called fora continuation of the unprecedented, anomalously warm surface
temperature in the tropical eastern and centra! Pacific through boreal summer of 1998
with a peak amplitude in about December 1997 and January 1998, and diminishing
thereafter. The predicted warmer than normal water in the Pacific was located east
of the dateline along the equator and extended about 5—-10° north and south of the
equator. The peak SST value forecast by this model was about 3 °C above normal.
Up to the time that the forecast was made, during the ENSO warm event (through
September 1997), the model had been quite accurate in predicting the onset and
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members were generated by initialising the model with slightly different initial con-
ditions to provide some measure of the uncertainty of the forecast. The COLA
model ensembie mean forecast was quite skilful, comparable to the result shown in
Figure 12.5,

1244 Precipitation over North America

Typically, predictions of precipitation are less reliable than femperature forecasts
due to the fact that precipitation is more variable, has a smaller spatial correlation
scale and is non-normally distributed. Nevertheless, the large-scale characteristics
of precipitation anomalies are known to be correlated with those of other fields and
some information may be obtained from predictions of seasonal mean precipitation.
The seasonal mean precipitation anomaly for January through March 1998 is shown
in Figure 12.14: the prediction made by the global model is in the top panel, the
observations (Xie and Arkin, 1996) are in the middie panel, and the prediction made
using the nested Eta80y modelis in the bottom panel. The main features of the predicted
anomaly patiern are a swath of positive anomalies to the south and a band of negative
anomalies to the north. The positive anomalies (more than 0.5 mm per day or 50 mm
for the entire season above normal) extend from the Pacific nerth-west states of the
USA, through California and the south-west USA into Mexico, and along the Gulf
of Mexico into the south-east USA. The band of negative departures from normal
extends from the Pacific coast of Canada through the northern plains and Great Lakes
states of the USA into the maritime provinces of Canada.

This relatively limited case study shows that by employing an ensemble of models
it is possible to make useful predictions of the evolution of the large SST anomalies
that can have a large effect on the tropical and extratropical climate up to seasons
in advance, Furthermore, these SST predictions can be used in a tier-2 system (e.g.
Mason ef al., 1999; Goddard er al., 2003) to force a reasonably good atmospheric
GCM to produce predictions of the large-scale atmospheric circulation. A nested
regional climate model can then be used to resolve important details of the topography
and the solution itself to further constrain the forecast precipitation field and make
useful six-month lead predictions of regional seasonal mean precipitation anomalies.

125 Predictability of seasonal variations in a
changing climate

The observed current climate changes are a combination of anthropogenic influences
and the natural variability. In addition to possible anthropogenic influence on climate
due to changing the atmospheric composition, it is quite likely that land use in the
tropics will undergo extensive changes, which will lead to significant changes in the
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Figure 12.14 Seasonal mean precipitation anomaly over North America for
January-March 1998 case. (Top) COLA atmospheric GCM ensemble mean.
(Middle) Observed. (Bottom) Ftal0 nested in COLA atmospheric GCM.




J. L. Xinter III

12 Predictability of seasonal climate variations

biophysical properties of the land surface. There is a scientific basis and a plausible
mechanism for the contention that these land use changes could have significant
remote influences on the climate system, and in the case of Amazon land use change,
on ENSO variability in particular (Hu ez al., 2004). The dominant effects of changes
in the land surface appear to be due to changes in the albedo and soil wetness.

Therole of SST variability on the atmosphere and land in the Tast century, including
problems such as the variability and predictability of ENSO and the ENSO/monscon
relationship have been investigated in the Climate of the 20th Century (C20C; Folland
et al., 2002} project using SST specified from analysis of existing data. It has been
shown, for example, that the general increase in SST in the eastern tropical Indian and
Pacific Oceans has led to an increase in the predictability of seasonal variations (L.-S.
Kang, personal communication). This can be projected in future chimate scenarios
using variants of the C20C approach, in which the SST is specified from coupled GCM
climate change projections. This ‘two-tier’ approach can illuminate the atmospheric
and land surface response to the SST variability. However, it is of limited value in
helping to understand the changes in the SST variability itself. A coupled approach
is needed for this part of the problem.

126  Factors limiting seasonal predictability

Estimates of seasonal predictability are model dependent. For example, the estimates
of seasonal predictability have changed considerably as the models have evolved. In
Figure 12.15, the response to ENSO forcing simulated by various versions of an
atmospheric GCM, as it evolved over a 20-year period, is shown. It is clear that
the fidelity of the simulation, and consequently the estimate of predictability, has
changed markedly over the two decades of model development. Even at this Iate
stage of model development, model differences give rise to very large differences
in estimates of predictability. Figure 12.16 shows the probability distributions of
geopotential height variance explained by tropical Pacific SST in the Pacific-North
Americaregion produced by six different atmosphieric GCMs, based on ensembles of
simulations. Current state-of-the-art models may underestimate or overestimate the
variance explained by as much as a factor of two, and there is even some variation in
the spread of the models’ distributions of this quantity, This is a divect consequence of
the uncertainty in the medels’ parametrisations of subgrid-scale processes, especially
convection, As shown in Figure 12.17, the six models used to produce Figure 12.16
have significantly different rainfall variance in the tropical Pacific, where the atmo-
spheric response to SST anomalies is most sensitive. The range of rainfall variance
among the models is up to a factor of 8.

Another major factor limiting progress in understanding seasonal predictability
is the limited size of ensembles employed. The problem of seasonal prediction is a
probabilistic one, and the simple way in which this is addressed in current prediction
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Figure 12.15 Some simulations of the difference in Jan-Feb-March mean 500 hPa
geopotential height for 1983 (a year with warm SST anomalies in the eastern trapical
Pacific) mimes 1989 (a year with cold SST anomalies in the eastern tropical Pacific).
"The simulations are done with various versions of the same atmospheric GCM. (Left)
Atmospheric GCM simulations with the Kuo parametrisation of cumulus convection:
top, R40 horizontal resolution; middle, T30 herizontal resolution; botton, R15
horizontal resolution. (Upper right) Atmospheric GCM simulation with RAS
parametrisation of cumulus convection and R40 horizontal resolution. (Lower right)
Observed difference computed using NCEP/NCAR reanalysis fields.

systems is to build ensembles of model integrations that are intended to sample the
uncertainty in the initial conditions. It has been shown that fairly large ensembies
are needed for cases with weak or moderate tropical forcing (Straus and Molteni,
2004). It has also been shown that the use of multiple models in an ensemble is more
elfective than using multiple realisations with a single model (Palmer ef al, 2004;
T. Palmer, personal communication), The latter finding is probably because multiple
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Figure 12.16 Prohability distributions of (area-averaged) temporal variance of
winter mean 500 kPa height explained by an observed tropical Pacific SST time
series from 100 *samples’ of seasonal simulations with various atmospheric GCMs.
The SST time series is obtained from the leading mode of a singular value
decomposition of observed tropical Pacific SST wiih 500 hPa height over the
Pacific—North America region obtained from the NCEP reanalysis for the winters
January—March 1968-97. Each GCM sample was formed from an ensemble of
winter simulations for the winters of 1983-93 by picking one member of the
ensemble at random for each year. The temporal variance explained by the SST time
series was averaged over the Pacific-North America region (180°—60° W).

models sample the uncertainty in the physical parametrisations, and due to a non-
linear interaction between the individual models’ systematic error and the predictable
signal. The requirement for large ensembles with multiple climate models has only
been lightly explored, primarily due to limited computational resources.

A third barrier to progress is the difficulty with initialising coupled ocean—
atmosphere-land models. Atmospheric data assimilation has reached a mature stage
that is demonstrably extracting a large fraction of the usable information from the
available observations (Simmons and Hollingsworth, 2002). Similarly, ocean data
assimilation has made great strides in the recent decade, and new ocean observing
systems hold the promise of providing a more complete representation of the ocean
state, at least for the upper 500 m (Derber and Rosati, 1989; Ji ef al., 1995). The
assimilation of land surface observations has only recently been attempted globally
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(Dirmeyer, 2000), so we have only a limited understanding of how well we are ini-
tialising land surface conditions, Furthermore, the systematic errors in the seasonal
prediction models make the evolution of soil moisture from its initial state problem-
atic. Most importantly, the climate system is known to have modes of variability that
depend on the couplings between ocean and atmosphere and land and atmosphere,
but these modes are not necessarily being initialised in the process of initialising the
components of the coupled model.

127 Summnary and prospects for the future

Improvements in dynamical weather prediction over the past 30 years did not occur
because of any major scientific breakthroughs in cur understanding of the physics or
dynamics of the atmosphere. Dynamical weather prediction is challenging: progress
takés place slowly and through a great deal of hard work that is not necessarily
scientifically stimulating, performed in an environment that is characterised by fre-
quent setbacks and constant criticism by a wide range of consumers and clients.
Nevertheless, scientists worldwide have made tremendous progress in improving the
skill of weather forecasts by advances in data assimilation, improved parametrisa-
tions, improvements in numerical techniques and increases in model resolution and
computing power.

The growth rate of initial errors in NWP models is well known, and the current
limits of predictability of weather are well documented. The most promising way to
improve forecasts for days 2—15 is to improve the forecast at day 1. During the past
23 years, the weather forecast error at day ! has been reduced by more than 50%.
At present, forecasts for day 4 are, in general, as good as forecasts for day 2 made
25 years ago. With improved observations, better models and faster computers, it is
reasonable to expect that the forecast error at day 1 will be further reduced.

There is a scientific basis for extending the successes of NWP to climate prediction.
A model’s ability to reliably predict the sequential evolution of the climate system
depends on the model’s ability to simulate the statistical properties of the observed
¢limate system. There is sufficient evidence to indicate that, as models improve in
their representation of all the statistical properties of the observed climate, they also
improve in their prediction skill of the evolution of climate anomalies.

Unitil 25 years ago, a dynamical seasonal climate prediction was not conceivable.
Over the past 25 years, steadily progressing dynamical seasonal climate prediction
has achieved a level of skill that is considered useful for some societal applications.
However, such successes are limited to periods of large, persistent anomalies at the
Earth’s surface. There is significant unrealised seasonal predictability. Progress in
dynamical seasonal prediction in the future depends critically on improving coupled
ocean—atmosphere—land models, improving observations, and increasing the ability

to assimilate those observations, The current generation of ENSO prediction models
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is able to predict the average SST over the equatorial Pacific, but not the evolution
and amplitude of an individual ENSO event.

Caurrently, about 10 centres worldwide are making dynamical weather forecasts
every day with a lead time of 5-15 days with about 5-50 ensemble members, so that
there are about 500000 daily weather maps that can be verified each year. It is this
process of routine verification by a large number of scientists worldwide, followed
by attempts to improve the models and data assimilation systems, that has been the
critical element in the improvement of dynamical weather forecasts. In conirast, if
we assume that dynamical seasonal predictions, with a lead time of 1-3 seasons,
could be made by 10 centres worldwide every month, each with 10-20 ensemble
members, there would be fewer than 5000 seasonal mean predictions worldwide that
could be verified each year. This is a factor of 100 fewer cases than are available for
advancing NWP, so improvement in dynamical seasonal prediction might proceed
at a pace that is much slower than that for NWP if we don’t do something radically
different.

It is suggested that, for accelerating progress in dynamical seasonal prediction,
we reanalyse and reforecast the seasonal variations for the past 50 years, every
year. This will entail annually reanalysing the observations of the atmosphere and
ocean available since 1950, and making an ensemble of six-month lead forecasts,

starting from initial conditions in each month of the ~50-year period. By doing
80, we will exercise state-of-the-art coupled ocean—atmosphere-land models and
data assimilation systems for a large number of seasonal prediction cases and verify
them against observations. We should also conduct model development experiments
(sensitivity to parametrisations, resolution, coupling strategy, etc.) with the specific
goal of reducing seasonal prediction errors,
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