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ABSTRACT

Two one-hundred-year equilibrium simulations from the NCAR Community Climate Model
(CCM1) are used to investi gate the activity of northern winter extratropical cyclones and
anticyclones under normal and greenhouse warming climate conditions. The first simulation uses
the 1990 observed CO-, CHy, N2O, CFC-11 and CFC-12 concentrations and the second adopts the

year 2050 concentrations according to the IPCC business-as-usuval scenario. Variahles that describe
the characteristic properties of the cyclone-scale eddies, such as surface cyclone and anticyclone
frequency and band-passed root-mean-square (RMS) of 500 hPa geopotential height, along with
the Eady growth rate maximum, form a framework for the analysis of the ¢yclone and anticyclone
activiry.

Objective criteria are developed for identi fying cyclone and anticyclone occurrence based on
the 1000 hPa geopotential height and vorticity fields and tested using ECMWE analyses. The
Potential changes of the eddy activity under the greenhouse warming climate were then examined.
Results indicate that the activity of cyclone-scale eddies decreases under the greenhouse warming
scen:.;riu. This is not only reflected in the surface cyclone and anticyclone frequency and the band-
passed RMS of 500 hPa geopotential height, but is also discerned from the Eady growth rate
maximum, Based on the analysis, three different phvsical mechanisms responsible for the decreased
eddy activity are discussed: (1) decrease of the extratropical meridional temperature gradient from
surface to mid-troposphere; (2) reduction in the land-sea thermal contrast in the east coastal regions
of the Asian and North American continents; and (3} increase in the eddy meridional latent heat
fluxes. Uncertainties of the results related to the limitations of the mode] and the model equilibrium

simulations are discussed.



1. Introduction

The passage of extratropical cyclones and anticyclones is closely linked to the day-to-day
weather changes and local climate in the mid-latitudes. These cyclone-scale eddies play an
important role in transporting heat, momentum and moisture in the extratropical regions and are an
indispensable part of the general circulation of the atmosphere (Newton, 1969), Study of the long-
term variation of extratropical cyclone and anticyclone activity is thus essential for the
understanding of extratropical climate change.

Although extensive research has greatly improved our understanding on nearly all aspects of
the extratropical cyclones and anticyclones (Newton and Holopainen, 1990), our knowledge of the
long-term climatology of cyclones and antieyelones is still very limited. The most often cited work
on this subject are still those of Petterssen ( 1936) and Klein (1957). And almost all of the studies
in this area to date have been devoted to documenting the observed long-term variations of eyclone
and anticyclone frequency and intensity, although the physical mechanisms that affect the variations
of the long-term cyclone-scale eddy activity are not well understood. For example, the cause of the
drastic decrease in cyclone and anticyclone frequency from the 1950s to the 1970s in North America
as documented by Zishka and Smith (1980) and Whittaker and Horn (1981) is still a mystery.

The long-term variation in cyclone and anticyclone activity is known to be important to the
general circulation of the atmosphere and is related to the global radiation balance because the heat
transported by these eddies dominates the total atmospheric energy transport in me mid-latitudes
(Holopainen, 1965). The global radiation balance can be disturbed by many factors, typically the
inereases in atmospheric greenhouse gas concentration and aerosol loadings. In this study, the
response of cyclone and anticyclone activity to a global radiative perturbation will be examined by
investigating eddy activity under the greenhouse warming scenario. To achieve this goal, relevant
interacting physical processes in the climate system have to be considered. General Circulation
Models (GCMs), which have long been recognized as the best available means to consider
simultanecusly the wide range of interacting physical processes that characterize the climate
system, will be used in this study.

There have been several GCM studies related to the cyclone and anticyclone activity under
increased CO, conditions. Konig et al. {1993), based on analysis of model simulated northern

hemisphere surface cyclone frequency, suggested that there is no significant difference in cyclone
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frequency between the greenhouse warming and normal climate conditions. More recently, Lambert
(1995) indicated, using the Canadian Climate Centre model, that the total number of northern
hemisphere winter cyclones decreased and the frequency of intense cyclones increased under 2 x
CO, conditions. |

Both studies have addressed the important issue of the possible changes in the activity of
cyclone-scale eddies under the greenhouse warming condition. Differences in the conclusions from
the studies may stem from using different methods in approaching the problem and the model
dependence of the results. These studies could also have adopted a more complete set of variables.
For example, the only quantity used in Konig et al. (1993) was cyclone frequency at 1000 hPa;
Lambert (1995) also focused on the surface cyclone frequency and intensity. Because the
extratropical cyclones and anticyclones are baroclinic disturbances and they extend from the surface
to middle and upper troposphere, a better approach is to study both the surface and the 500 hPa
fields so that these eddies can be examined three-dimensionally. More importantly, none of the
studies has adequately addressed the physical mechanisms that caused the changes in cyclone and
anticyclone activity under the warming climate.

In order to better understand the cyclone and anticyclone activity under the greenhouse
warming scenario, we will approach this problem more comprehensively than Lambert (1995) and
Konig et al. (1993). Cyclone-scale eddy activity will be examined by using both the surface and
500 hPa quantities as well as a quantity that relates to the basic flow baroclinicity. In addition, we
will emphasize physical mechanisms that cause changes in cyclone and anticyclone activity under
the warming scenario. | ‘

Historically, cyclones have been the focus of most studies since they are often associated with
precipitation and stormy weather. It is actually more appropriate to include both cyclones and
anticyclones, because the atmospheric variability and weather changes arise from the vorticity
advection, which is related to the movement of both cyclones and anticyclones. Thus, the variables
chosen for this study includes: (1) variables that describe the basic characteristics of both cyclones
and anticyclones, i.e., surface cyclone and anticyclone.frequency and their geographical
distribution, and the band-passed (2.5-6 days) RMS of 500 hPa geopotential height; (2) Eady growth
rate maximum (or baroclinic parameter), a variable that represents the basic flow baroclinicity.
These two groups of quantities will serve as a framework to examine the cyclones and anticyclones

and to determine whether these eddies become more or less active under the greenhouse warming




condition. Some of the variables will also be used to explain the physical mechanisms related to
the changing eddy activity.

In section 2 we will briefly describe the model simulations and observational data. The design
and testing of the objective criteria for identification of surface cyclones and anticyclones are
discussed in section 3. The analysis of eddy activity under greenhouse warming conditions and the

- discussion of physical mechanisms are in section 4, and conclusions appear in section 5.

2. Model simulations and observational data

The model is based on version 1 of the National Center for Atmospheric Research (NCAR)
Community Climate Model (CCM 1), with incorporation of the radiative effects of trace gases (CHy,

N,O, CFC-11, CFC-12). CCM1 is a spectral model with rhomboidal wavenumber 15 truncation.

- This truncation yields an effective grid resolution of 7.5° longitude and approximately 4.5° latitude.
The model has 12 sigma levels in the vertical using energy-conserving vertical finite differences.
Realistic iand/ocean distributions and topography are used with the seasonal cycle included, and
both large-scale condensation and moist convective adjustments are included in the cloud prediction
schemes of the model. Major model characteristics such as circulation statistics, cloud radiative
forcing and sensitivity of climate simulations to horizontal resolution have been extensively
examined in many studies (see Kiehl and Williamson, 1991 and references therein). A detailed
description of CCM1 can be found in Williamson et al. (1987). Two 100-year equilibrium
simulations were performed (Wang et al., 1992) by coupling CCM1 with a 50-meter mixed-layer
ocean model containing seasonal heat storage, the first with observed 1990 concentrations of CO,
and trace gases and the second with increased concentrations of CO, and trace gases at the level of
the year 2050 under the business-as-usual scenario of the IPCC (Houghton et al., 1990).
Comparisons between the two cases provided the equilibrium climate changes due to projected
increases of CO, and other trace gases between 1990 and 2050

Global and annual mean changes of some important climate variables for the fwo cases are |
annual mean surface air temperature by 3.9°C. Consistent with this surface warming, the global
averaged cloud cover decreases and the precipitation and moisture increase. These characteristics
are similar to other GCM simulations on the greenhouse effect (Houghton et al., 1992). Also, the

inclusion of other trace gases in the current model yields a more realistic simulation of the surface



and the upper troposphere temperature and humidity in the present climate than those that use CO,
as a proxy (Wang et al., 1991).

Table 1: GCM simulated global and annual mean surface air temperature Ts (k),
precipitation P (mm/day), cloud cover (%) and column water vapor () (mm).

Case Ts dTs P dP C dC Q dg)

cantrol | 28819 ] L 3.39 el BRL 1 s BT ST
warming | 2929 | 388 | 3.64 025 | 446 | -14 32.4 6.9

Observational data for testing the cyclone-searching criteria is from 10 years (1979-1938) of
ECMWEF December-February (DJF) initialized analysis. For consistency between the horizontal
resolution of the model and the observations, the R15 version of the ECMWE anal yses will be used
for the testing. All the analyses and figures to be shown are for the northern hemisphere ten-year
winter (DJF) seasonal average unless otherwise specified,

3. Criteria for identifying cyclones/anticyclones

A proper set of numerical criteria for identifying cyclones and anticyclones in the model is
needed for this study. Considering the scale and characteristics of extratropical eyelones and
anticyclones, the following criteria have been designed to identify cyclones/anticyclones in the

extratropical regions (23°N to 70°N):

1) Minimum (maximum) 1000 kPa geopotential height at the grid point relative to the eight
surrounding points is required.

2) Identified cyclonic (anticyelonic) vorticity at the grid point must remain at least 24 hours,

3) Relative vorticity magnitude at 1000 hPa must exceed a critical value of 2.0x107 57! ({or
1.0x10°% 71y,
Disturbances satisfying the above criteria are defined as cyclones (anticyclones), Multi-counting
of the same cyclone (anticyclone) at one grid point in adjacent time periods must be avoided because
the criteria are applied to the data twice a day. To do this, we explicitly limit at most one cyclone/
anticyclone at one grid point within 48 hours. Due to the coarse resolution of the maodel, the
representation of high terrain is quite crude. Computational bigses arise in the vicinity of the Tiberan

Plateau when the 1000 hPa fields are interpolated. Any points that are in the Plateay or within two



grid points of the Plateau are excluded from the counting. These identification criteria, similar to
those of Konig et al. (1993) and Lambert (1988), use the minimum 1000 hPa geopotential height
as the quantity for initial identification. Constraints on the magnitude and duration of the 1000 hPa
vorticity field are then applied for further identification.

Based upon the above criteria, the cyclone events are counted for ten years (1979-1988) from
the ECMWF observational analyses (shown in Fig. 1 (a)). Comparing the percentage frequency of
cyclone centers from Petterssen (1956) in Fig. 1 (b), we find that the maximum cyclone frequency
centers are remarkably close. The geographical location of the Pacific and the Atlantic cyclone
centers are almost identical. The two plots also have very similar detailed regional characteristics
in the northwestern Pacific where a tongue of cyclone frequency maximum extends southward
along the west coast of North America. In the Atlantic, maximum frequency bands in both plots
exhibit a marked southwest-northeast orientation. The maximum cyclone frequency in the vicinity
of the Mediterranean is also correctly reproduced by these criteria. Fig. 2 is the same as Fig. 1 except
for anticyclones. Compared with the cyclone centers in Fig. l,b the anticyclones occur at relatively
lower latitude and their frequency bands extend more along latitude lines. In Fig. 2 (a), the

orientation and the geographical position of the two bands of maximum anticyclone frequency are
very close to those in Fig. 2 (b). The three high frequency centers at around 170°E-180°E, 130°W

and 30°W agree well between the two plots. In general, the geographical locations of the surface
cyclone and anticyclone frequency identified through these criteria agree well with their respective
results from Petterssen (1956), although the quantitative comparison between the two is very

difficult. This is because the frequency of cyclones and anticyclones is computed in terms of

percentage frequency of every 100,000 km? in Petterssen’ks study, while the frequency is measured
in real numbers in the current study. In order to quantitatiVely compare the current cyclone and
anti}cyclone frequency distribution With those from the previous studies, we reconstructed Fig. 3,
the northern winter seasonal mean (1958 -1977) cyclone frequency distribution based on the data
from Whittaker and Horn (1982). As expected, the qualitative features of Fig. 3 are very similar to
those from Fig. 1 (a) and Fig. 1 (b). In a quantitative sense, the Pacific and the Atlantic maximum
frequency in Fig. 3 is typically around 10 to 12 every season, while the magnitude of the same
quantity is about 8 to 10 from Fig. 1 (a). In rough terms, the cyclone numbers in the Pacific, the

Atlantic and the Mediterranean from Fig. 1 (a) are about 2/3 ~ 3/4 of those from Fig. 3. Clearly, the
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Fig. 1. (a) Winter seasonal averaged cyclone events from ECMWF global analyses (1979-1988) identified through the
cyclone searching criteria. Unit: number of events. (b) Winter seasonal averaged percentage frequency of cyclone cen-
ters during 1899 to 1939 from Petterssen (1956). Unit: Percentage frequency per 100,000 km?2.




Fig. L. {a) Same as in Fig. 1. {a) except for anticyclones, (b} Same as in Fig. 1. (b) except for anticyclones.




Fig. 3. Northern winter seaso;lal averaged (1958-1977) cyclone frequency reconstructed from the data of ‘Whittaker

and Horn (1982). Unit: numbers of cyclones.

bias is due td the R15 resolution of the data. Despite this quantitative bias, the R15 truncation of
the data realistically reprodUced! the centers and geographical location of cyclone and anticyclone
frequency. Giorgi (1990) has indicated that the R15 resolution of CCM1 can also realistically ;
portray the real geographical distribution and centers of maximum cycloné and anﬁcyc;lone ‘f

frequency.

4. Model results from Wafming and control simulations
4.1 Comparison between warming and control simulations

With the cyclone searching criteria tested, the previous mentioned variables can be used to
analyze the cyclone and anticyclone activity under the greenhouse warming scenario. Fig. 4 shows
cyclone frequencies from the control simulation and the difference (warminé - control) of
frequencies between the warming and the control simulations. Although areas with both decreasedf

and increased frequency can be found, the magnitude and areas of decreased frequency clearly
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‘numbers of events. (b) Difference of cyclone frequency between warming and control simulations. Units:

_Fig. 4. (a) Winter seasonal averaged geographical distribution of cyclone frequency from the control simulation. Unit:
. events.
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outnumber those.of increased frequency. One particular interesting phenomenon is that three of the
most prominent minimum centers are found near the east coast of North America, East Asia and
surrounding oceans, and the Mediterranean. These three regions are among the most important

cyclogenesis regions in the Northern Hemisphere (Petterssen, 1956; Whittaker and Horn, 1982).

The significant decreases of the cyclone frequency in these regions suggest that the cyclongenesis

has decreased. In agreement with the change of the cyclone frequency, the comparisoh of
anticyclone frequency shows a similar trend as indicated in Fig. 5. The areas and magnitude of
decreased frequency in Fig. 5 (b) clearly dominate over those of increased frequency. It should be
noticed that the geographical locations of both cyclone and anticyclone frequency bands have
remained the same between the control and warming simulations.

The eddy activity at 500 hPa can be studied by examining the band-pass filtered (period 2.5
- 6 days) RMS value of 500 hPa geopotential height. Because surface cyclones and anticyclones
are always associated with wave patterns in the middle to upper troposphere, high values of this
quantity are expected In areas where cyclones and anticyclones often occur. Consistent with the
trend at the surface, the eddy activity decreases at 500 hPa as indicated in Fig. 6. The maximum
reduction tends to occur over re gions where cyclone-scale eddies are found most active, including
the east coastal region of North America, the Northwestern Pacific region and the Mediterranean.
The reduction over these regions is consistent with the trend of surface cyclones and anticyclones.

A similar decreasing pattem of the same variable was found by Bates and Meehl (1985) in a 2xCO,

simulation using an earher version of the NCAR CCM.
Fig. 7. shows the 780 hPa Eady growth rate maximum from the contro] simulation and the
difference between the warming and control simulations. This variable, also called the baroclinic

parameter, can be represented in the form
g = 0.31 9_‘”N“
Bl d , 3z
where fis the Coriolis parameter, N is static stability, V is total wind and Z is height. This parameter
was first shown by Lindzen and Farrell (1980) to be an accurate estimate of the growth rate

maximum in a range of baroclinic instability problems. Hoskins and Valdes (1990) used this

parameter as a measure of the basic flow baroclinicity and indicated that a proper way to determine
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- Fig. 5: (ay Winter seasonal averaged geographical distribution of anticyclone frequency from the control simulation.
“#:Unitr numbers 'of ‘events. (b) Difference ‘of anticyclone frequency: bet%’véen.;w‘mnting and control simulations, ‘Unit
numbers of events. ‘
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meters. (b) Difference of RMS of 500 hPx-geopotential height between the warming and control simulétions. Unit:

Fig. 6. (a) Winter seasonal avemged band-pyzyassed RMS of 500 hPa geopotential height from control simulation. Unit:
meters.



Fig. 7. {a) Winter seasanal ave

raged Eady growth rate maximum at 780 hPa from control simulation. Unic: day™ (b}
Difference of the Eady growth

rate maximum betwesn the warming and control simulations. Unit: day™!



its value is to calculate above the boundary layer where N tends not to play a dominant role. The
region in Fig. 7 where the 7 80 hPa level is within 1 km of the orography and probably in the boundary

layer, is blocked. Clearly, a reduction of the atmospheric baroclinicity occurred in most areas of
the mid-latitudes, The magnitude of the decrease in these areas ranges from 0 day™! to 0.08 day’l.
If the mean baroclinicity and the Eady growth rate maximum are at all related to the extratropical
baroclinic eddy activity, the reduction in its magnitude implies less active cyclone-scale eddies,

which agrees with what has been discussed above.

4.2 Physical mechanisms

The analyﬁes of the variables related to the extratropical cyclone-scale eddies in the previous

section have consistently indicated that the eddy activity decreases under the greenhouse warming

_ scenarjo. In this section, we discuss the physical mechanisms that are responsible for the decrease.

90N
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Fig. 8. Difference of the winter seasonal averaoed surface air temperature between warming and control simulations. :

Areas with warming greater than 4°C are shaded. Unit: °C

The difference in surface air temperature between the two simulations is plotted in Fig. 8.

Note that the large magnitude of warming occurs primarily-north of 55°N, a consistent feature from

all models due to the feedback between temperature and snow-ice albedo (Mitchell etal., 1990).
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Fig. 9. Zonal mean vertical distribution of lemperature difference between WIrming and control simulation, Unit: °C

The nonuniform warming pattern means weaker meridional surface air temperature gradient in the
extratropical region. Because the baroclinicity of the flow and the strength of the cyclone-scale
eddies are inherently related to the meridional temperature gradient throughout the troposphere,
the reduction of the surface temperature gradient alone does not necessarily mean the weakening
of the mean flow bareclinicity. Plotted in Fig. 9 is the Zonally averaged verticql distribution of
[emperature difference between the two simulations. There is a VETY strong temperature incregse
north of 60°N and below 2 km, and decreasing ‘emperature gradient in the eXtratropics up to 5 km.
Clearly, a reduction in temperature gradient of such depth will weaken the dtmospheric mean flow
baroclinicity, A slight increase in temperature gradien Qccurs above 5 km, This increase in the
UPPer roposphere may slightly offser the effect of the decreasing temperature in the lower
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troposphere. But the vertical extent and magnimde of the increasing temperature gradient are not
nearly as large and as strong as those of the decreasing gradient. Also, even if the upper troposphere
effectis comparable to that of the lower troposphere, the sign of the lower level temperature gradient
would still likely be dominant as suggested by Held and O'Brien (1992), who show that the eddy
heat flux is more sensitive to the lower than to the upper-level mean temperature gradient for equal
values of vertical wind shear in an idealized quasigeostrophic model.

Another prominent feature from Fig. 8 is that the magnitude of warming over the continents
15 much larger than the warming over the oceans. As a result of this, the direct thermal contrast
between the oceans and the continents is reduced, an effect considered by Sutcliffe (1951) as a
primary reason for the existence of the troughs to the east of the American and Asian continents.
The direct thermal effect of the land and sea 15 of great significance to the differences betwesn the
summer and winter flow patterns near the east coasts of the two continents and the associated
cyclone-scale disturbances downstream. The weakening of the thermal contrast will shift the coastal
circulations toward its summer counterpart and thus tend to reduce the intensity of the troughs and
the activity of the eddies.

On the other hand, depending on the magnitude of the reduction in coastal temperature
gradient, the coastal cyclogenesis and cyclone activity will possibly become weaker due to less
generation of vorticity. This is because the vortex tube stretching is one of the most important
mechanisms of generating vorticity in the coastal area during the formation of a cyclone. The
generation by the stretching will become less effective with the decrease of the coastal thermal
contrast. Cyclones that would have formed under the normal condition will, in the warming case,
either not form at all or will form with less intensity depending on the reduction of the temperature
gradient. The reduction in coastal thermal contrast also directly decreases the local baroclinicity in
the coastal regions, which produces a less favorable condition for cyclongenesis and development.
This effect plus the effect of the stretiching mechanism can greatly affect the total number and
intensity of cyclone events because the east coastal regions of the two continents are the two major
regions of cyclogenesis in the Northern Hemisphere (Petterssen, 1956; Whittaker and Horn, 1982).
The reduction of cyclone numbers in the three major cyclongenesis regions in Fig. 4 (b) suggests
that this is what actually happened in the model simulation.

Another very important factor related o the eddy activity under the greenhouse warming
condition that has been suggested by Held (1993) is the global water vapor budger. Water vapor is
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the major absorber in the infrared contributing to the greenhouse effect. Iis residence time in the
almosphere is on the order of a week and is controlled by convective, radiative and dynamical
processes in the atmosphere, and the changes in moisture content will affect the sources and sinks
of latent heat which will in turn affect the activity of cyelones and anticyclones (Danard, 1964-
Chen and Dell'Osso, 1987).

The increase in specific humidity between the warming and contro| simulations, similar to

those from Washington and Meghl (1984) and others, indicates that the maximum value is around

2 gkg™! in the tropical-to-subtropical lower troposphere. The increase in moisture content is known
to have the effect of enhancing the eddy activity. This is becanse the increase in moisture will
Increase the latent heat release in the warm sector of the baroclinie disturbance, and thys enhance
the transfer of available potential energy into kinetie energy as the warm air rises and moves
Poleward and the cold air sinks and moves equatorward. The increased moisture content will
produce a more favorable environment 1o generate more kinetic energy and thus intensify the eddy
activity.

However, the increase in moisture content in the atmosphere has a different, but potentially
Tore powerful, effect on the eddy activity. Since the increase in moisture content is more abendant
in the low latitudes, the meridional eddy latent heat flux incregses significantly under the warming
condition. Plotted in Fig. 10 is the zonally averaged vertically integrated eddy flux of latent hear
of water vapor from both simulations. Although cyclone-scale eddies are less active in the Warming
condition as indicated in the previous analysis, the eddy latent heat flux Increases on average by

about 0.4x10" W around 30°N to 50°N. The part that contributed by the cyclone-scale eddies (2.5-

6 days) is about 0.2x10'* W_ The reason for the increase most likely is due to the increase in moisture
content under the warming condition, with more moisture in the subtropical air is transferred by
the eddies to higher latitudes where the temperature is relatively lower; the air thus becomes
saturated, which results in more latent heat release. This is supported by the commenly known
results of the increase in extratropical precipitation in warming conditions from other GCMs
(Mitchell et al., 1990) and this model. As mentioned before, it is the balance betwesn the
quator-to-pole heating gradient and eddy heat flux that determines the meridional temperature
gradient and the strength of the eddies. The increase in meridicnal eddy latent heat flux has two
effects: first, it will reduce the meridional lemperature gradient more than in the normal condition

18



when less water vapor is transferred from the low latitudes; second, with the addition of more latent
heat transport, the eddies become more efficient in transporting energy poleward. On a global
average, fewer and less intense eddies are then required to maintain the same (if not smaller) |
meridional temperature gradient. It is thus anticipated that the activity of cyclones and anticyclones II

will decrease as the moisture content increases under the warming condition.
Of the two opposing effects of the water vapor on the eyelone-scale eddy activity, the former
is more important for mesoscale and small scale disturbances. This is because moist dynamics tend

10 =15 Waltts

Fig. 10 Winter seasonal averaged mean meridional eddy flux of latent heat from the control and warming simulations.
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to influence small scale phenomena much more than the large-scale ones. On a planetary scale, the
cyclone-scale eddies will be more affected by the latter. Therefore, we believe that the increase in
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the moisture content will weaken the extratropical eddy activiry.

3. Conclusions and discussion

The objectives of this study, as stated in the introduction, are 1o investigate the possible
changes of cyclone and anticyclone activity under a greenhouse warming scenario. The following
conclusions are reached:

(1) The analysis of model simulated variables has indicated that the cyclone and anticyclone
activity decreases under greenhouse warming scenario. This decrease is not only reflected in the
surface cyclone and anticyclone frequency and the band-passed RMS of 500 hPa geopotential
height, but is also discernible from the Eady growth rate maximum,

(2) Three different physical mechanisms contributed to the decreasing eddy activity: a) the
decrease of the extratropical lower-to-middle troposphere meridional temperature gradient; b) the
reduction of the land-sea thermal eontrast in the east coastal regions of the continents; and c) the
increase in eddy meridional latent heat fluxes.

Although this study indicates that cyclone-scale eddies become less active in a greenhouse
warming climate in NCAR CCM], the current analysis is far from complete and further studies are
warranted.

First, all the conclusions are derived from the ten-year winter seasonal averaged quantities.
This decision was made mainly based on the length of the available observed data and the length
of the model simulations. The ten-year duration sesms to be long enough to have fairly stable
statistics of most variables, such as temperature, wind and surface cyclone frequency. To be
cautious, comparisons between ten-year and thirty-year averaging were made on selected model
simulated quantities. The comparisons indicate that the span of ten years produce the same results
as those of the thirty years. Ten years of observational data and model output have been used to
study extratropical eddy activity and storm tracks by other investigators as well (Hoskins and
Valdes, 1990; Trenberth, 1991).

Second, a complete and satisfactory discussion of the physical mechanisms that caused the
decreasing of eddy activity under the warming condition would not be achieved without the
examination of the effect of the Hadley circulation, given that a change in the tropical heating
structure could change the intensity of the Hadley circulation and thus may greatly affect the
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subtropical jet and the extratropical baroclinic wave activity (Chang, 1995). According to Lindzen
(1990), the mass flux in the tropical convective clouds increases with warming, and the increase in
the mass flux will intensify the strength of the rising branch of the Hadley cell. If this is true, the
subtropical high will be intensified along with the baroclinicity and the. subtropical jet stream.
Depending on the magnitude of the intensification, the effect of the Hadley cell on the eddies could
partly offset the effect of decreasing eddy activity.

The mean meridional streamfunction from the control and warming simulations was

computed and the maximum magnitude at the center of the Hadley cell was found to decrease by

16x10° kg s°! (less than ten percent) under the warming scenario. Del Genio et al. (1991) have
indicated that the strength of the Hadley cell increases or decreases slightly depending on the version
of the NASA/GISS model used. The most updated version of the NAS A/GISS GCM shows a slight
decrease in the Hadley cell intensity (Del Genio 1995, personal communication). Based on the
results of the current model and those of the NASA/GISS model, the change in the intensity of the
Hadley cell under the greenhouse warming scenario seems too small to have any significant effect
on the extratropical cyclones and anticyclones. Clearly, this is a problem that needs to be further
investigated.

Third, we must bear in mind that all our results are based on model equilibrium simulations.
In reality, the concentration of greenhouse gases increases gradually and the climate responds
slowly to the gradual changes of greenhouse gas concentrations. The thermal capacity of the oceans
will delay and effectively reduce the climatic response to the increased greenhouse gases. To make
reliable predictions of climate change under realistic scenarios of increasing forcing by the increase
of greenhouse gases, coupled atmosphere-ocean general circulation models are essential. Due to
the computational constraint, only a few groups of researchers (Stouffer et al., 1989, Washington
and Meehl, 1989; Mitchell et al., 1995; Hasselmann et al., 1995) have performed transient
simulations using fully coupled ocean-atmospheric models. The planetary response patterns for
both temperature and precipitation of these coupled ccean-atmosphere models for a steadily
increasing forcing generally resemble those of an equilibrium simulation, except that the increases
are uniformly reduced in magnitude. In rough terms, the temperature response of these
time-dependent simulations is about 60% of the current equilibrium simulation. Taking this into
consideration, the present conclusions concerning the changing eddy activity will be affected

guantitatively, not qualitatively. All of the physical mechanisms discussed in the last section e
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still valid for the coupled ocean-atmosphere simulations except the magnitudes of the changes will
be smaller. Therefore, there still will be less active extratropical cyclone-scale eddies under the
greenhouse warming scenario, but the magnitude of the decrease will be less than that estimated
from the equilibrium simulations.

Finally, all the results discussed here are based on simulations from one model. In general,
the model simulated results from the control or the perturbed runs are a combination of real climate
change which is physically caused and changes due to errors that are inherently related to a specific
model. The model dependent uncertainties must be smaller than the real climate change if the model
result is to be given credibility. It is very difficult to distinguish the rea changes and model
dependent uncertainties in a quantitative way. The response of model results to a perturbation has
been shown to depend on the control climate (Mitchell et al., 1987). Before the model is used to
study this problem, the variables related to the cyclone-scale eddies from the control simulation
have been thoroughly evaluated against observations (Zhang, 1995). These model simulated
variables, which include surface cyclones and anticyclones and the band-passed RMS of 500 hPa
geopotential height, are in general agreement with the observations. However, a model indicating
4 good control simulation is not sufficient to guarantee that the perturbed runs will be equally well
simulated unless the relevant physical mechanisms can be identified. During this study, the relevant
physical mechanisms related to the changing eddy activity have been discussed, and the physical
interpretations are consistent with results that derived from the model variables. Therefore, it can
be stated with confidence that the conclusions about the changing cyclone-scale eddy activity under
the greenhouse warming scenario, based on the current understanding of the climate modeling and
observations, should be reproduced in most other current generation climate models. We thus
conclude that the northern winter extratropical cyclones and anticyclones will become less active

in a global warming scenario.
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