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Abstract. This paper devoted to the study of the storm track behavior under

increasing and further decreasing anthropogenic load. For our study we used global

large scale climate system model of intermediate complexity. The climatic scenario

RCP 8.5 was used as a scenario of anthropogenic load. We considered dynamics of

the seasonal mean (winter — December, January, February; summer — June, July,

August) v-variance at 250 mb ((v′v′) at 250 mb) as an indicator of the storm tracks

activity and eddy momentum flux at 250 mb ((u′v′) at 250 mb) as an indicator of eddy

kinetic energy behavior.

The study showed that areas of maximal storm track activity shift in the meridional

direction to high latitude simultaneously with the atmospheric CO2 concentration

increase and shift back with further CO2 concentration decrease. But the amplitude

of the storm track activity doesn’t change back to preindustrial value with the CO2

concentration decrease. Thus the amplitude of the storm track activity exhibits weak

hysteresis effect.
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1. Introduction

Changes in the location, intensity or seasonality of major climatological features of

the general circulation could be more important than average temperature changes,

particularly where these changes might affect local hydrology, energy balances and etc.

The recent increase in global tropopause heights is closely associated with

systematic temperature changes below and above the tropopause. Air temperature

increases in the troposphere and decreases in the stratosphere. The pattern of warming

and cooling also affects the zonal wind structure in the region of the subtropical upper

troposphere and lower stratosphere (UTLS). At intermediate heights of the UTLS

region (12-16 km) the tropics warming and the extratropics cooling lead to increase

of meridional temperature gradient and zonal wind speed. Extratropical tropospheric

eddies play a central role in this mechanism. The eddies tend to move eastward with

the zonal flow and equator-ward toward the subtropics until they approach their critical

latitudes, where their phase speed equals the speed of the background zonal flow.

The question is whether climate change will significantly affect the location and

intensity of midlatitude storm tracks and associated jets. Because of the wave, mean-

flow interaction in midlatitudes produces low-frequency variations in the latitude of the

jets, it can be supposed that a modest climate change might significantly affect the

position of jets and their associated storm tracks. The storm tracks are defined as

the region of strong baroclinicity (maximum meridional temperature gradient), which

are determined on the basis of eddy statistics like eddy fluxes of angular momentum,

energy, and water (with the use of high band-pass filter). Extratropical eddies are the

product of baroclinic instability, which shows itself particularly strongly during winter

as a consequence of the strong pole-to-equator temperature gradient during it. In the

Northern Hemisphere, there are two major storms in the region Atlantic and Pacific.

The storm tracks:

• bring heavy rains and other hazardous weather phenomena in the middle latitudes;

• play an important role in the global energy cycle and the hydrological cycle.

Example: The winter climate of Europe and the Mediterranean is dominated by

the weather systems of the midlatitude storm tracks. The behavior of the storm tracks

is highly variable, particularly in the eastern North Atlantic, and has a profound impact

on the climate of the Mediterranean region [5].

The study of the global warming effect on storm tracks and associated processes

is an area of high interest for modern investigators. Both associated with storm tracks

processes, such as frequency and rate cyclones and anticyclones, and more general

common characteristics, such as v-variance, eddy momentum, heat and moisture fluxes

are studied [1, 6, 10]. Currently, SRES are widely used to simulate a global climatic

forcing. In studies devoted to storm tracks one climatic scenario (frequently SRES A1B)

and one climatic model (e.g. [2]) or a climatic model ensemble (e.g. [13, 14]) are often

used. Currently, most research is done only for conditions with increasing anthropogenic
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impact. We think that it is equally important to understand whether these changes to

which climate system parameters were exposed due to the global climate change impact

are reversible [11]. Some parameters, like precipitation, cloud cover, land permafrost

area, demonstrate clear hysteresis behavior [4, 7].

In this paper we present results of our study of the storm track behavior under

increasing and further decreasing anthropogenic load.

2. Experimental design

We performed our experiment using a global large scale climate system model of

intermediate complexity “Planet Simulator” [8]. This model consists of several modules:

atmosphere, ocean, land surface module, module of soil, sea ice and biosphere. In

the experiment a horizontal resolution was T42, it is approximately 2.5 x 2.5 degrees.

Vertical resolution for atmosphere was 10 equidistant σ-levels with the highest level at

10 mb, and for soil it was 5 depth levels at 0.4 m, 0.8 m, 1.6 m, 3.2 m, 6.4 m from

surface. Time step was 20 minutes.

There is an ability to set any atmospheric CO2 concentration in the “Planet

Simulator”. Using it we performed the experiment so that the atmospheric CO2

concentration has changed for each next calculated year according to climatic scenario

RCP 8.5. Climatic scenario we used reproduces both the atmospheric CO2 concentration

increase due the anthropogenic pressure and its further decrease till return to

preindustrial value (http://climate.uvic.ca/EMICAR5). Thus, the scenario of the

atmospheric CO2 concentration change consists of four parts:

(i) For a time period from 850 to 2005 CO2 concentration was set according to the

protocol “Historical simulations” of CMIP5.

(ii) During the 21–23 century CO2 concentration was set according to the most

aggressive scenario RCP 8.5.

(iii) During 24–29 century CO2 was fixed on the level of the year 2300.

(iv) During 30–31 century CO2 was returned to the preindustrial value. At this period

during the first 100 years CO2 concentration was decreasing linearly to preindustrial

value and then fixed.

For the study of storm-track dynamics we selected following 9 time periods (Fig. 1).

Zeroth period (1751–1760) is characterized by the equilibrium state of the climate system

before the CO2 increase. First period (1991–2000) was selected at the beginning of CO2

concentration increase time period, second (2101–2110) was in the middle of this period,

third (2191–2200) was at the end of this period. Fourth period (2691–2700) was selected

for the conditions of equilibrium state of climate system with the extremely high CO2

concentration. Fifth (3011–3020), sixth (3051–3060) and seventh (3111–3120) periods

were selected for the atmospheric conditions at the beginning of CO2 concentration

decrease, in the middle of this period and at the end of this period, respectively. The
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last, eighth, period (3191–3200) was selected for the climate system conditions at the

end of the simulation when CO2 concentration has returned to the preindustrial state.

Figure 1. Reproduced both the atmospheric CO2 concentration increase and

following its decrease with the return it to preindustrial value climatic scenario

(http://climate.uvic.ca/EMICAR5).

In this study we considered dynamics of the seasonal mean (winter – December,

January, February; summer – June, July, August) v-variance at 250 mb ((v′v′) at

250 mb) as an indicator of the storm tracks activity and eddy momentum flux at 250 mb

((u′v′) at 250 mb) as an indicator of eddy kinetic energy behavior [6, 10]. To define these

parameters we performed following sequence of calculations. First, u- and v-velocity

data were filtered at each of the nine time periods to separate medium-scale waves (i.e.

with periods 2–8 days) [3]. Then using filtered data for each season, mean (v′v′) and

(u′v′) at 250 mb were calculated [6, 10].

3. Results

We focused on areas of maximal storm track activity. Because the atmospheric dynamics

of winter and summer seasons varies, we considered these seasons separately. To examine

the dynamics of the storm track activity in the zonal direction Hovmöller diagrams were

constructed for the 10-years mean variance of meridional velocity (v′v′) at 250 mb, as

an indicator of baroclinicity. Here we need to note that v-variance is a part of the eddy

kinetic energy. The figure 2 shows these diagrams for winter and summer seasons. In

these diagrams X axes presents the number of our time periods, Y axes is the latitude.
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For both seasons the diagrams show a shift of areas of maximal storm track activity

to high latitudes simultaneously with the CO2 concentration increase. Furthermore,

unlike the winter season the summer one demonstrates the reduce of the storm track

activity besides the shift Hovmöller diagram. As for the energy, baroclinic weather

layer (tropospher) is less active in summer than in winter. When atmospheric CO2

concentration decreases and returns to preindustrial value, the areas of maximal storm

track activity are shifted back to the preindustrial location for both seasons. The

summer storm track activity tends to its preindustrial value but the winter storm track

activity tends to less value then preindustrial. Here CO2 concentration has returned to

preindustrial value, but storm track activity has not and continues to decline.

(a) (b)

Figure 2. Hovmöller diagrams of meridional averaged 10-years mean variance of

meridional velocity (v′v′) at 250 mb for the winter (a) and for the summer (b) seasons.

To study the change of a maximal storm track activity distribution in the meridional

direction, we constructed another Hovmöller diagrams. Diagrams in figure 2 show that

maximal storm track activity occurs over 54–55 N. In figure 3 Hovmöller diagrams of

10-years mean variance of meridional velocity (v′v′) at 54.4 N for winter and summer

seasons are presented. X axes is the longitudes, Y axes is the number of the time

periods. It is shown that the response of Atlantic storm track to CO2 concentration

change is stronger then the response of Pacific storm track. For a winter season Atlantic

storm track amplitude raises with the CO2 concentration increase, and it reduces with

the CO2 concentration decrease. Here the mentioned above phenomenon appears again.

Atlantic storm track amplitude doesn’t return to preindustrial value, and it continues

to decline while the atmospheric CO2 concentration obtains the preindustrial value and

fixed on it. Pacific storm track amplitude reduces with the CO2 concentration increase

and raises with the CO2 concentration decrease. Like the Atlantic storm track, Pacific

storm track amplitude doesn’t return to preindustrial value. For a summer season the

amplitudes of both Atlantic and Pacific storm tracks reduce with the CO2 concentration

increase and raise with the CO2 concentration decrease.

The reason of such climate system behavior is the fast return of atmospheric CO2
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(a)

(b)

Figure 3. Hovmöller diagrams of 10-years mean variance of meridional velocity (v′v′)

at 54.4 N and 250 mb for winter (a) and summer (b) seasons.

concentration, and as a consequence radiative forcing, to preindustrial value, leaving

behind a slower, so-called recalcitrant, component [9]. The model “Planet Simulator”

has a module of vegetation dynamics. It is a potential sources of hysteresis behavior

of climate system. Here we considered the carbon cycle, which has own fast and slow

components. The fast component can be readily driven by modifying of the atmospheric

CO2 concentration. Unlike the fast component slow, recalcitrant, one has a different

spatial structure and cannot be return fully to preindustrial state by the same CO2

concentration manipulation.

To highlight transport of momentum by eddies of synoptic time scale for both

seasons we consider eddy momentum flux (u′v′) at 250 mb, (fig. 4). Hovmöller diagrams

of eddies momentum flux demonstrate that the influence of the CO2 concentration

change to these fluxes for a winter season stronger then for a summer. It naturally

follows from baroclinic activity increase. Absolute value of these fluxes raises with the

CO2 concentration increase and it reduces with the CO2 concentration decrease.

There are two kinds of wave breaking: anti-cyclonic wave breaking (AWB) and
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(a) (b)

Figure 4. Hovmöller diagrams of meridional averaged 10-years mean poleward eddy

momentum flux (u′v′) at 250 mb for the winter (a) and for the summer (b) seasons.

cyclonic wave breaking (CWB) [12]. The AWB is an equatorward wave breaking of

the main westerly jet. CWB corresponds to a polewards wave breaking of it. In

general AWB corresponds to an equatorward fluxes of wave activity (EliassenPalm

fluxes). Similarly CWB corresponds to poleward flux of wave activity. Sign of the eddy

momentum fluxes indicates a type of the wave breaking and depends on the spatial

scales of the waves. Long (short) waves break anticyclonic type (cyclonic type) leading

poleward (equatorward) shift of the jet. The transition from one type of breaking to

another usually occurs at wave numbers 6–8 and depends on the background flow. It’s

known, that in first approximation the poleward momentum flux takes the opposite

sign to meridional wavenumber. Thus associated with a equatorward propagating wave

packet will be an poleward momentum flux, and vice versa. However, there is no well-

established theory to explain it.

The effect on the zonal mean flow can be seen by writing the equation for the zonal

mean momentum in term of EliassenPalm fluxes. A convergence of the wave activity

leads to flow deceleration. AWB, which corresponds to an equatorward convergence

of wave activity of the main westerly flow, thus gives rise to flow deceleration in that

region, actually shifting the core of the eddy-driven jet to Pole. At the same time CWB

leads to an equatorwards shift tendency of the jet.

4. Conclusion

Summing up the above we can conclude that in our case the variation of atmospheric

CO2 concentration significantly affects storm track behavior. In general the areas

of maximal storm track activity shift in the meridional direction to high latitude

simultaneously with the atmospheric CO2 concentration increase and shift back with

further CO2 concentration decrease. But the amplitude of the storm track activity

doesn’t change back to preindustrial value with the CO2 concentration decrease. At the

end of simulations when CO2 concentration is already returned to preindustrial value
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and fixed, the storm track amplitude continues to decline. Thus the amplitude of the

storm track activity exhibits weak hysteresis effect. We associate this effect with a

presence of so-called recalcitrant component in the climate system. This component

is slow and cannot be driven by atmospheric CO2 concentration variation only. The

obtained storm track behavior is very interesting and requires further detailed study.
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