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Would it have been worth while 

To have bitten the matter off with a smile, 

To have squeezed the universe into a ball 

To roll it toward some overwhelming question, 

To say: "I am Lazarus, come from the dead, 

Come back to tell you all, I shall tell you all"

If one, settling a pillow by her head, 

Should say: "That is not what I meant at all. 

That is not it, at all." 

T. S. Eliot, The Love Song of J. Alfred Prufrock 1917. 



This thesis makes use of diverse data sets in order to develop an understanding of the 

dynamics of the upper mesosphere in the region near Birdlings Flat, New Zealand. 

Medium frequency radar data from the Birdlings Flat site were obtained for the period 

between May 1993 and December 1996. When analysed, the data reveal two distinct annu

ally varying patterns of circulation, one of which corresponds to seasonal behaviour cha

racteristic of the upper mesospheric, while the other is part of the lower thermospheric cli

matology. Time-series of wind data in the upper mesosphere also reveal the presence of a 

feature, recurring each winter, which appears to be the product of breaking gravity waves 

acting on the mesospheric jet. 

Wind data from the Birdlings Flat radar were compared with wind measurements made 

by the High-Resolution Doppler Imager aboard the Upper Atmosphere Research Satellite. 

Data from the two instruments were compared on short time-scales and are discussed with 

",,,,tl'>r'>tv'I'> to a number of physical parameters, especially proximity of measurement, data 

reliability and the local hour of observation. Although the small number of satellite over

passes limit the reliability of the conclusions of this comparison, proximity was found to be 

the most relevant of the three features. Data from the two instruments were also compared 

on longer time-scales with the intention of avoiding tidal contamination in the comparison. 

Two approaches to this problem are discussed. In one, the overpasses used in the individual 

comparisons are binned together according to season, while in the other, the longitudinal 

restriction was lifted from the satellite instrument, and a sampling period corresponding to 

a full hours of local time was obtained for both the radar and satellite instruments. This 

approach at least as good agreement as the previous methods. 

Radar wind data are also compared with wind data derived from the Improved Strato

spheric And Mesospheric Sounder for the month of May 1992. The comparison between 

the two data in conjunction with other material from this thesis, forms the basis of a 

study of the effects of gravity wave breaking on the momentum budget of the winter me

sosphere in the mid-latitude Southern Hemisphere. Even when the maximum likely uncer

tainty is added to the magnitude of the monthly mean radar winds, there is still a signifi

cant discrepancy between observed and derived winds. This appears as unresolved-scale 

forcing terms in atmospheric momentum equations. The unresolved-scale term in the 

zonal momentum equation is due primarily to the effects of breaking gravity waves, and 

was calculated to be D = 80 ± 40 ms-ld- l . The large and highly variable value of the 

unresolved-scale term in the meridional momentum equation, E 120 ms-ld-lis 

more complicated, but is likely to incorporate a large contribution from the inter-play of 

various small-scale curvature terms. 
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Figures 

1.1 Typical stmcture of the Earth's temperature field. Temperature decreases 

with height from the warm surface of the earth before reaching a mini

mum at the tropopause before increasing throughout the stratosphere in 

response to ozone heating. The stratopause marks the altitude of maxi

mum temperature in the middle atmosphere. Above the stratopause tem

perature decreases throughout the mesosphere. Temperature rises again 

in the thermosphere as ionisation effects become important. After Dun

ford [1998]. 

1.2 Latitude-height diagram showing the zonal-mean temperature field under 

solstice conditions (units in °C). (After Andrews et al., [1987J courtesy 

of R. J, Reed)), 

1.3 Latitude-height diagram showing the zonal-mean zonal wind field under 

solstice conditions (units in ms- I
). (After Andrews et al., [1987] cour

tesy of R. 1. Reed). 

1.4 (a) Radiative equilibrium temperature field (units in OK) for the southern 

hemisphere under summer solstice conditions. (b) Observed monthly mean 

temperature field for December (observations based on the work of Bar-

16 

18 

18 

nett & Corney [1985]). (After Shine [1987].) cf. figure 1.5 21 

1,5 Similar to figure 1.4, but for winter: (a) Radiative equilibrium tempera

ture field (units in OK) for the southern hemisphere under winter solstice 

conditions, (b) Observed monthly mean temperature field for June (ob

servations based on the work of Barnett & Corney [1985]). (After Shine 

[1987].) 

1.6 Radiatively determined temperature field for January. This field is gene

rated by using a realistic seasonal progression, as opposed to the radia

tive equilibrium diagrams (figures 1.4 and 1.5) in which the atmosphere 

22 

is subject to perpetual solstices, (After Fels [1985].) 23 

1 Gravity waves induced by a flow over a mountain range, featuring verti-

cally propagating gravity waves. (After Gerbier & Berenger [1961]), 40 
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6 Figures 

3.1 Plan of the Birdlings Flat radar site showing the relative positions of the 

receiving and transmitting antennae and the hut housing the electronics, 

designated RX hut at the centre of the right-angled receiving array. The 

transmitting array is displayed in the bottom left quadrant of the diagram. 42 

3.2 Partial reflection winds work by sending a medium frequency signal up-

wards. This interacts with spatial irregularities in regions of high electron 

density. These irregularities blow over the site at the same speed as the 

neutral wind and backscatter a Fresnel diffraction pattern which is then 

sampled by the receiving array. 44 

3.3 Backscattered pattern moving with a speed V in a direction which makes 

an angle ¢ with the y-axis. Y, and the Origin represent the three an-

tennae which comprise the receiving array. The pattern is essentially a 

contour map of lines of constant signal amplitude. 

3.4 (a) A spatially isometric Fresnel diffraction pattern as may be sampled 

by the receiving array. (b) The associated correlation pattern for such a 

diffraction pattern. After [Briggs, 1984]. 46 

3.5 (a) A spatially anisometric Fresnel diffraction pattern such as may be sam-

pled by the receiving array. (b) The associated correlation pattern for such 

a diffraction pattern. After [Briggs, 1984 J. 46 

3.6 Nadir viewing satellite geometry. The satellite looks directly beneath itself 

toward the centre of the Earth, viewing a slab of atmosphere of thickness 

fJz sitting above a base altitude z. The horizontal resolution is good 

measurements are from a box of width ox). 52 

3.7 Geometry for a limb-viewing satellite. The emitting region is represen-

ted by Ox, the altitude of which is z. Generally, limb-viewing satellites 

obtain radiances from a larger horizontal area than nadir-viewing instm·· 

ments (see ox in figure3.6). The satellite views the earth's atmosphere at a 

tangent height of h, although this is not necessarily the region from which 

the strongest radiances are obtained. 52 

4.1 Contour plot showing the diurnal variation in the data rate of the MF radar 

at Birdlings flat for the month of December 1993. The contours represent 

the number of wind data records returned for December 1993 displayed 

according to the time of day and altitude. 64 



Figures 

Diurnal variation in the Data rate of the MF radar at Birdlings flat for the 

month of May 1993, cf. 4.1. Note the presence of sudden deple

tions in the data between 11 am and 12 pm and between 5 pm and 6 pm. 

See text for discussion. 

4.3 Daily mean wind roses of Birdlings Flat MF radar data for each month of 

1996 at 80 km. Each of the lines can be viewed as the daily mean wind 

vector blowing away from Birdlings Flat which lies at the origin, with 

north to the top of the diagram and west to the right. 

4.4 Daily mean wind roses of Bird lings Flat radar data for each month of 1996 
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66 

69 

at 90 km. cf. figure 4.3). 70 

4.5 Daily mean wind roses of Birdlings Flat radar data for each month in 1996 

at 100 km. cf. figure 4.3). 71 

4.6 Daily mean wind roses of Bird lings Flat radar data for each available month 

in 1993 at 80 km. cf. figure 4.3). 71 

4.7 Daily mean wind roses of Bird lings Flat radar data for each available month 

in 1994 at 80 km. cf. figure 4.3). 73 

4.8 Daily mean wind roses of Bird lings Flat radar data for each available month 

in 1995 at 80 km. cf. figure 4.3). 74 

4.9 Time-series of monthly mean zonal wind data at 80 km (solid line), and 

ClRA 86 climatological monthly mean zonal winds ( dashed line). Month 1 

is January 1993 and month 48 December 1996. Strong seasonal beha

viour is evident in the annual cycle of summer easterlies and winter we

sterlies. Note especially the dip in the intensity of the westerly each win

ter. 

4.10 Time-series of monthly mean zonal wind data at 90 km. cf. figure 4.9. 

Unlike zonal time-series 10 km either side of this region, little sea

sonal behaviour is evident and the Birdlings Flat winds bear little resem-

76 

blence to the ClRA 86 data. 76 

4.11 Time-series of monthly mean zonal wind data at 100 km. cf. The seaso

nal cycle of the lower thermosphere can be seen emerging at this altitude, 

as evidenced by the moderate summer westerlies. See section 4.4.2 for a 

discussion of the differences between the seasonal cycle at 80 and 100 km. 

4.9. 77 



4.12 Time-series of monthly mean meridional radar wind data at 80 km. cf. 

figure 4.9. Even though meridional winds are typically somewhat wea

ker than their zonal counterparts seasonal activity is still evident in this 

time-series: The gravity wave driven diabatic circulation is apparent in 

the summer southerlies and winter northerlies. 

4.13 Time-series of monthly mean meridional wind data at 90 km. cf. figure4.9. 

Like the zonal wind time-series at the same altitude, little seasonal beha

viour is evident as this region represents something of an interface bet

ween the mesospheric circulation below and the lower thermospheric cir

culation above. 

4.14 Time-series of monthly mean meridional wind data at 100 km. cf. A 

weak seasonal periodicity is starting to re-emerge at 100 km but the me

ridional winds at this height are of smaller amplitude than are the gravity 

wave-driven meridional winds characteristic of the diabatic circulation at 

80 km. figure 4.9. 

4.15 Wind vs Height profile for Birdlings Flat MF radar data from the incohe

rent array December 1995 (triangles) and the coherent array after modi

fications were made to the radar in early January 1996 (diamonds). This 

diagram, which essentially shows the continuity of data either side of the 

modifications, should be contrasted with figure 4.16, which shows the 

cemberlJanuary data from the preceeding summer. 

4.16 Wind vs Height profile for the Birdlings Flat MF radar data from (a) De

cember 1993 (triangles) and January 1994 (diamonds) and (b) December 

81 

83 

84 

1994 (triangles) and January 1995 (diamonds). cf. figure 4. 85 

4.17 Monthly mean zonal wind vs height profiles for the MF radar data (solid 

lines) and CIRA 86 (dashed line). In this and the following three plots 

data from each year have different symbols; 1993 data are represented by 

diamonds, 1994 data by triangles, 1995 data by squares and 1996 data by 

crosses. 

4.18 Monthly mean zonal wind vs height profiles for the last six months of the 

year (continuation of the previous figure). 

4.19 Monthly mean meridional wind vs height profiles for the region between 

76 and 100 km above Birdlings Flat. First six months of year. As in fi

gure 4.17 CIRA 86 data are represented by the dashed line, while the Bird

lings Flat data are represented by diamonds (1993), triangles (1994), squa-

85 

86 

res (1995) and crosses (1996). 88 
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4.20 Monthly mean meridional wind vs height profiles for the region between 

76 and 100 km above Birdlings Flat. Last six months of year (continua

tion of previous figure). 89 

5.1 HRDI viewing geometry (after Burrage et al. [1996]). The instrument ob

tains an observation in the shaded region, which is approximately 300 x 300 km 

in horizontal extent. The telescope is then slewed through 90 degrees as 

the spacecraft moves in the direction indicated. The instrument then ta-

kes another measurement (on the same side of the satellite track) of the 

same region of atmosphere. These measurements are then combined and 

a velocity obtained for the relevant region of atmosphere. 93 

5.2 Schematic diagram of an overpass. The satellite viewing region is repre

sented by the cylinder S, the radar beam by the cylinder B and the outer 

limit of the overpass is denoted by the cylinder F. F has to pass through B 

for the observation to be considered an overpass. 

5.3 "Seasonal" averages of individual overpasses. Zonal wind in (a) winter 

and (b) summer. The solid line represents the HRDI data, the dashed line 

the two-hour bin, the dotted line the twelve-hour bin and the dot-dashed 

line the 6 hour-bin. In winter there is good agreement at the low altitude 

end of the sampled range, although this agreement diminishes with al

titude. In summer the two data sets reveal similar vertical shears in the 

wind field but disagree by a roughly constant amount throughout the range 

of measurements. 

5.4 "Seasonal" averages of individual overpasses. Meridional wind in (a) win

ter and (b) summer. As in the previous figure the solid line represents the 

seasonal mean wind as obtained by HRDI. The dashed line corresponds 

to the MF radar data from one hour either side of the time of the overpass 

(two-hour time-bin), the dot-dashed line corresponds to a data window 

three hours either side of the overpass (six-hour time-bin) and the dotted 

line corresponds to a data wind which extends six hours either side of the 

overpass (twelve-hour time-bin). The two-hour time bin shows the most 

structure, especially in winter, where the agreement between HRDI and 

the MF radar is good. In summer there is some difference between the 

radar winds and those obtained from HRDI; HRDI observes a northerly 

wind field throughout the height range while the radar observes souther

lies. 

96 

99 

100 



10 Figures 

5.5 Scatterplots of HRDI winds in the altitude range 76-92 km for both zonal 

and meridional winds for the 28 Birdlings Flat overpasses. These scatter-

plots display the MF radar winds vs the HRDI winds for all overpasses 

at all the examined heights. Because neither HRDI nor the radar actually 

take independent measurements every 2 km not all the points in the plots 

are independent. 101 

5.6 The zonal wind fields from BirdlingsFlat (squares) and HRDI (diamonds) 

corresponding to four individual overpasses from July and December 1993. 

The radar data has been integrated for a period of one hour either side of 

the time of the actual overpass. 104 

5.7 The meridional wind fields from BirdJings Flat (squares) and HRDI (dia-

monds) corresponding to four individual overpasses from July and De-

cember 1993. The radar data has been integrated for a period of one hour 

either side of the time of the actual overpass. 104 

5.8 Scatterplot of HRDI vs MF radar zonal winds in the vicinity of 80 km in 

winter. The regression fit for the 80 km winds is indicated by the dashed 

line. The agreement between HRDI and Birdlings flat reached a maxi-

mum in winter near at this altitude. 105 

5.9 RMS differences between data obtained less than three hours from the lo-

cal noon (diamonds) and data obtained more than three hours from the 

local noon (squares). 108 

5.10 RMS differences between data obtained during overpasses less than 250 km 

from the radar site (diamonds) and data corresponding to overpasses which 

were more than 250 km from the radar site (squares). 110 

5.11 RMS differences between data which had more than the average number 

of contributory wind measurements for the six hour time-bin (diamonds) 

and data which had less than the average number of contributory wind 

measurements for the six hour time bin (squares). 112 

5.12 Zonal wind profile for the individual overpass occurring on 18 January 

1994. The radar data is particularly well-sampied at low altitudes during 

this overpass, but poorly sampled at higher altitudes where the agreement 

between data sets fades. 114 

5.13 Meridional wind profile for the individual overpass OCCUlTing on 18 Ja-

nuary 1994. The radar data is particularly well-sampled at low altitudes 

during this overpass, but poorly sampled at higher altitudes. 115 
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5.14 Zonal wind profile for the individual overpass occurring on 3 December 

1993. This is the only overpass which is well-sampled, proximate and 

within three hours of local noon. text for discussion. 

5.15 Meridional wind profile for the individual overpass occurring on 3 De

cember 1993. This is the only overpass which is well-sampled, proximate 

and within three hours of local noon. See text for discussion. 

5.16 Zonal wind profile for the individual overpass occurring on 29 May 1993. 

This overpass showed the best agreement - both zonally and meridio

nally - between the data sets of any of the overpasses studied. 

5.17 Meridional wind profile for the individual overpass occurring on 29 May 

1993. This overpass showed the best agreement - both zonally and me-

115 

115 

116 

ridionally between the data sets of any of the overpasses studied. 116 

5.18 Thirty six day averages ofHRDI (dashed) and Birdlings Flat (solid) zonal 

winds from January and February 1994. To produce these plots the longi

tudinal restriction (see section 5.2.3) was relaxed and all available HRDI 

data from within 500 km of the latitude of Birdlings Flat were considered 

and compared against an appropriate thirty-six day mean of the Birdlings 

Flat MF radar data. 119 

5.19 Thirty six day averages of HRDI (dashed) and "corrected" Birdlings Flat 

(solid) zonal winds from January and February 1994. To produce this plot 

the longitudinal restriction (see section 5.2.3) was relaxed and all availa

ble HRDI data from within 500 km of the latitude of Birdlings Flat were 

considered and compared against an appropriate thirty-six day mean of 

the Birdlings Flat MF radar wind data, corrected by the regression equa-

tionS.l. 120 

6.1 The behaviour of a gravity wave as it propagates into the mesosphere. At 
I 

Zs) U U - c and the wave is said to be saturated. Upon reaching 

saturation, the wave transfers heat and momentum to the background at

mosphere, up to the point where u = c, where the wave reaches a critical 

surface. (After Fritts [1984].) 126 

The mean meridional residual circulation. S refers to the summer pole 

and W the winter pole. (After Dunkerton [1978]). 127 



12 Figures 

6.3 Wind roses of the Birdlings Flat data at (a) 80 km and (b) 70 km for the 

month of May 1992. Each line corresponds to the MF radar data wind 

vector for a particular day in May 1992. The origin marks Birdlings Flat 

and each line represents the magnitude and direction of the daily mean 

wind field. 129 

6.4 UKMO Assimilation scheme grid points in the neighbourhood of Bird-

lings Flat (squares) and the site of the Birdlings Flat radar facility (circle). 132 

6.5 The area between the two curves represents the range of maximum ea-

sterly and westerly winds throughout the stratosphere in the region near 

Birdlings Flat. Each symbol refers to the most extreme zonal wind across 

the region spanned by the 12 grid points in figure 6.4 day between 20 Oc-

tober 1991 and 15 September 1994. 133 

6.6 The area between the two curves represents the range of maximum nor-

therly and southerly winds throughout the stratosphere in the region near 

Birdlings Flat. Each symbol refers to the most extreme zonal wind across 

the region spanned by the 12 grid points in figure 6.4 day between 20 Oc-

tober 1991 and 15 September 1994. 134 

6.7 The attenuation of the zonal flow due to gravity wave breaking. This fi-

gure plots the attenuation as calculated in equation 6.4. Months run from 

May (5) to August (8). The solid line represents the 1993 data, the dashed 

line the 1994 data and the dot-dashed line the 1996 data. 136 

6.8 Height profile of the stratospheric wind field at 43.40 S, 171 0 E for six 

consecutive days in May 1992. 138 

6.9 Polar stereographic plot of geopotential in the Southern Hemisphere on 

29 July 1992, showing a vortex centre displaced from the pole by a re-

gion of high pressure. Greenwich Meridian is towards the top of the page. 

New Zealand is visible (continental contours have been plotted) halfway 

between the origin and the bottom of the page, near the 180th meridian. 139 

6.10 Meridional wind field for 29 July 1992. Note the strong meridional flow 

as the wind essentially blows along the lines of constant geopotential in 

figure 6.9. Greenwich Meridian is towards the top of the page. New Zea-

land is visible (continental contours have been plotted) halfway between 

the origin and the bottom of the page, near the 180th meridian. 140 

6.11 Filaments of potential vorticity surrounding the pole in July 1992, in the 

lead-up to the warming event described in the text. 
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6. Filaments of potential vorticity surrounding the pole in July 1992 during 

the lead-up to the wanning event described in the text. Note how the outer 

layers of the polar vortex are stripped from the vOliex as a tongue of high-

PV air (the white region to the immediate right of the vortex) approaches 

and pushes the centre of the vortex from the pole. 144 

6.13 Wind rose of the daily mean winds for May 1992 as recorded by the MF 

radar at Birdlings Flat. 148 

6.14 Wind rose of the daily geostrophic winds as obtained from the ISAMS 

data. Note that the scale is different from that in figure 6.13. 149 

6.15 Polar stereographic plot of the monthly mean geopotential field at 80 km 

for May 1992. The arrow indicates the location of Birdlings Flat and the 

direction of the monthly mean radar wind field. 150 

6.16 Polar stereographic plot of the geopotential field for selected days in May 

1992, with arrows representing the mean daily radar wind field. cf. 

gure 6. 151 

6.17 Wind rose of the monthly mean radar wind field (solid line) and monthly 

mean geostrophic wind field (dashed line) for the month of May 1992. 155 

6.18 ISAMS grid points in the neighbourhood of Birdlings Flat (squares) and 

the site of the Birdlings Flat radar facility (circle). 157 
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4.1 MF radar winds from Birdlings Flat. monthly mean wind fields for 

both the zonal (u) and meridional (v) wind components are displayed here, 

along with the corresponding standard deviations, eJ, and the number of 

days of data contributing to the monthly mean, n. 72 

5.1 HRDloverpasses, 1993-94. The date of each overpass is indicated, along 

with whether or not it is "proximate," "near zenith," or "well-sampled." 

See text for details. 107 

6.1 Daily mean winds as obtained from the MF radar at Birdlings Flat and 

the ISAMS data for May 1992. Subscripts r refer to radar winds and 9 to 

geostrophic winds. 147 

6.2 Monthly mean radar and geostrophic winds, both zonal and meridional, 

and associated standard deviations. 

6.3 Terms from the zonal momentum balance from equation at each of 

the four vertices of the ISAMS grid plotted in figure 6.18. All units in 

ms-1d-1. 

6.4 Terms from the meridional momentum balance from equation 6.5 at each 

of the four vertices of the ISAMS grid plotted in figure 6.18. All units in 

153 

157 

ms-1d-1. 157 

Quantities used in determining the zonal momentum balance from 

tion 6.5. All units in ms-1d-1, f = -8.75. 159 

6.6 Quantities used in determining the meridional momentum balance from 

equation 6.6. All units in ms-1d- 1, f = -8.75. 159 
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As humanity becomes increasingly anxious about the effects of our activity on the Earth's 

environment, scientific attention has become focused on regions susceptible to anthropo

genic damage. One such region is the middle atmosphere, where the discovery in the 1980s 

of ozone depletion over Antarctica has caused major environmental concern. 

Historically, the middle atmosphere - which comprises the region from around IOta 

100 km in the vertical - has been somewhat neglected, neither as immediately relevant 

as the troposphere, nor as easily observable as the ionosphere. In fact, for a long time the 

middle atmosphere was something of an observational void, since balloons could only ex

amine the lower regions (up to about 25 km) and radars sensing the ionospheric E-region 

could only see down as far as the top of the mesosphere (80km). 

However, since the monitoring of the middle atmosphere commenced in earnest in the 

sixties (radar) and seventies and eighties (satellites and, later, lidars), many interesting and 

unexpected features have been discovered, the most famous of which is the annual cycle 

of depletion of stratospheric ozone over the Antarctic continent. As well as the Antarctic 

ozone hole, the development of theories describing "global warming" have contributed to 

the recognition that the dynamics of the middle atmosphere is an important field of study. 

The focus of this thesis is on the dynamics of the middle atmosphere, in particular the 

breaking of gravity waves in the (Southern Hemisphere) winter mesosphere. Radar wind 

data from the Birdlings Flat and Scott Base sites are presented and compared with data 

obtained from the Improved Stratospheric And Mesospheric Sounder (ISAMS) and High 

Resolution Doppler Imager (HRDI) experiments aboard the Upper Atmosphere Research 

Satellite (UARS), secondary data from other satellites (the Stratospheric Sounding Unit 

(SSU) experiments), and climatological data from the elRA 86 reference atmosphere. 

The Earth's atmosphere is comprised of layers which are naturally separated from each 

other by the structure of the vertical temperature field (see figure 1.1). 

At the bottom of the atmosphere, nearest the emth, lies the troposphere, a dense medium 

of moist, well mixed air in which temperature decreases rapidly with height. Above the 

upper boundary of the troposphere - known as the tropopause - lies the stratosphere, 

a stably stratified region from about 10 to km in the vertical in which temperature is 

found to increase with altitude because of the absorption of solar ultra-violet light by ozone 

15 
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Figure 1.1: Typical structure of the Earth's temperature field. Temperature decreases with height from the 
warm surface of the earth before reaching a minimum at the tropopause before increasing throughout the 
stratosphere in response to ozone heating. The stratopause marks the altitude of maximum temperature in the 
middle atmosphere. Above the stratopause temperature decreases throughout the mesosphere. Temperature 
rises again in the thermosphere as ionisation effects become important. After Dunford [1998]. 

(although the bulk of atmospheric ozone resides in the lower stratosphere, heating due to 

ozone peaks at around 56 km). 

Between the stratopause (the upper boundary of the stratosphere) and the bottom layers 

of the thermosphere lies the mesosphere, which extends from approximately 55 to 90 km 

above the earth's surface. In the mesosphere the temperature stmcture of the atmosphere 

is found to be substantially the opposite of that found in the stratosphere; temperature de

creases with increasing height due to the relative absence ofUV absorbing species. Above 

around 90 km temperature again begins to increase with height due to photoionisation. The 

region above the mesopause is known as the thermosphere and is the uppermost extent of 

the Earth's atmosphere. 
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Climatology 

Introduction 

The atmosphere is, in reality, a complicated, 3-dimensional, temporally varying non-linear, 

amorphous mass of particles. In order to simplify things somewhat, scientists employ a 

series of convenient approximations to enhance their understanding of real atmospheric 

phenomena. 

Among the most important approximations used by scientists are various sorts of mean 

states. It is frequently useful to study the atmosphere as though it were more constant than it 

really is. Consequently, approximations such as the monthly mean state of the atmosphere, 

in which the temporal variations of the atmosphere are averaged, or the zonal mean state, 

in which the atmosphere is averaged around each latitude circle, are employed. 

Figures 1.2 and 1.3 are both examples of these sorts of approximations; the atmosphere 

is considered as essentially static (at least as far as the largest scale stmctures are concer

ned) and longitudinally homogeneous. Zonal averages of atmospheric fields are combined 

with monthly or seasonal averages to produce "climatological" data, such as that embodied 

in figure 1.2 or figure 1.3. Climatological data such as these have proved exceptionally 

useful in gaining an understanding of the background state of the atmosphere. From such 

climatologies the basic atmospheric features can be derived. For example, the zonal mean 

solstice temperature field displayed in figure 1.2 shows the major features of the middle 

atmosphere; a cool stratosphere above the winter pole, a warm stratopause (the top of the 

stratosphere) above the summer pole and a latitudinal temperature gradient which shows 

a counter-intuitive temperature gradient in the upper mesosphere, where the summer pole 

is much colder than the winter pole. This last effect which is completely the opposite 

from that which would be expected by radiative considerations alone is primarily a re

sult of the breaking of gravity in the waves in the mesosphere. Mesospheric gravity wave 

breaking forms one of the principal foci of this thesis, and considerably more will be said 

about gravity waves in chapter 6. 

Although climatological means are powerful and in some senses essential techniques 

for determining atmospheric behaviour, it is important that climatological data not be taken 

out of context in studies ofthe atmosphere. The averaging processes required to make sense 

of large amounts of data (and required to enable the calculation of a mean atmospheric 

state), ignore many important features in the real atmosphere [Lawrence and Randel, 1996]. 

The stmctures of atmospheric fields change on a variety of time-scales. On very short 

time-scales localised quantities can be highly variable due to turbulence, eddy forcing, gra

vity wave breaking and other small-scale effects. On a daily or diurnal basis the atmos

phere is heated by the sun and cooled at night giving rise to strong tidal effects throughout 
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the atmosphere. Over time-scales of several days the atmosphere is subject to variations 

due to the activity of large-scale planetary waves, baroclinic eddies and other mesoscale 

effects. Most of these effects, which can be seen as perturbations super-imposed on back

ground fields, are said to occur on synoptic scales, that is, they have horizontal dimensions 

of the order of 1000 km, while their vertical scales are considerably smaller, around 10 km. 

Similarly, the velocities associated with such systems have horizontal velocities of a few 

tens of metres per second, while the corresponding vertical velocities are of the order of 

1 ems-I. The motions thus produced are, to a reasonable first approximation, horizontal. 

On longer time-scales, it is not only the synoptic scale systems which are varying, but 

also the background climatological fields themselves: The atmosphere also changes on an 

annual basis with the seasons and it changes over a very long time-scale with solar varia

tions, volcanic heating, etc. 

Various time-scales are discussed in this thesis, ranging from hourly time-scales in the 

comparison between data from the High Resolution Doppler Interferometer (HRDI) instru

ment aboard the Upper Atmosphere Research Satellite withMF radar data from Birdlings 

Flat (chapter 5) to inter-annual variations discussed in chapter 4. 

1.1.2 General Circulation 

To a first approximation the general circulation can be considered by looking at zonal means, 

that is, by examining a quantity averaged around a latitude circle, producing a 2-dimensional 

atmosphere in height and latitude. The result of this simplification is an assumption of zonal 

symmetry, which while not strictly true, provides a convenient starting point from which . 

to view climatological effects. 

Adopting this approach, figures 1.2 and 1.3 display - very roughly - the differences 

between the summer and winter temperature and wind fields. It must be emphasised that 

the phenomena represented in these figures do not provide a definitive climatology, but do 

serve as a reasonable first guide to the atmosphere under solstice conditions. 

The atmosphere is thermally driven, and figures 1.2 and 1.3 reflect this. The zonal

mean climatological wind fields are basically a response to the heating and cooling of the 

atmosphere, via the dynamical mechanisms embodied in the primitive equations which are 

presented in chapter 2. 

The temperature structure of the atmosphere is dependent upon seasonal variations in 

heating. Under solstice conditions, the summer pole above the stratosphere is the region 

of maximum radiative heating and the winter pole the region of minimum heating. At the 

equinoxes there is cooling at both poles and the radiative driving is greatest at the equator. 

It is readily apparent when comparing the observed and radiative equilibrium tempera

ture fields in figure 1.4 and figure 1.5 that the real atmosphere differs significantly from this 
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simple picture. Despite reasonable agreement in the upper stratosphere (from about 30 km 

up to around 60 km), there are quite striking differences between the radiative equilibrium 

atmosphere and the real atmosphere. 

Some of these differences are due to radiative effects - the real atmosphere is not under 

solstice conditions for a sufficiently lengthy period for the atmosphere to reach the radia

tive equilibrium state [Shine, 1987]. Even in the absence of dynamical a purely 

radiatively determined atmosphere would more closely resemble figure 1.6 than it would 

the radiative equilibrium state displayed in 1.4 and 1.5. 

However, differences still exist between the real atmosphere and that presented in fi

gure 1.6. Most notable among the differences are the relatively warm lower stratosphere at 

winter mid-latitudes and, above 60 km, a temperature gradient which is the reverse of that 

which is seen in the stratosphere; a gradual decrease in zonal-mean temperature from the 

winter pole to the summer pole. That such features which do not even remotely agree 

with the simple radiatively determined picture in figure 1.6 - exist at all implies that the 

real atmosphere is a long way from a purely radiatively determined state. 

The atmospheric circulation in the meridional (north-south) plane which balances these 

seasonal variations in radiative driving is known as the diabatic circulation. At a solstice, 

air rises over the summer pole. The air moves equatorward, being driven by the equator

ward forcing resulting from the breaking of gravity waves in the mesosphere. In the win

ter hemisphere, the gravity wave forcing results in a poleward motion and this combination 

sets up a method of transportation of material away from the summer pole towards the win

ter pole, where it subsides into the polar night jet, a region of exceptionally strong winds 

which blow around the winter stratospheric pole, separating the very cool polar air from 

the warmer mid-latitude air outside the vortex. 

The gravity waves responsible for this circulation are predominantly of easterly or we

sterly phase speed, but the Coriolis torque to which all large-scale flows are subject on a 

rotating sphere means that the net forcing effects of mesospheric gravity wave breaking 

occur in the north-south direction. This point may seem a little counter-intuitive but will 

be explained further in the next chapter when the primitive equations are introduced. 

These phenomena lead to a meridional drift from summer to winter pole. This circula

tion drives the meridional temperature gradient away from the radiatively determined tem

perature displayed in figure 1.6, which is the temperature structure the middle atmosphere 

would have at a solstice if radiative considerations alone drove the atmosphere. 

The difference between the radiatively determined model and the real atmosphere is ac

counted for by various dynamical processes; for example, eddy motion, wave phenomena 

and wave breaking. Improving our understanding of such dynamical effects will enable us 

to better understand the atmosphere as a whole. 
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Figure 1.4: (a) Radiative equilibrium temperature field (units in 0 K) for the southern hemisphere under sum
mer solstice conditions. (b) Observed monthly mean temperature field for December (observations based on 
the work of Bamett & Corney [1985]). (After Shine [1987].) cf. figure 1.5 
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Figure 1.6: Radiatively determined temperature field for January. This field is generated by using a realistic 
seasonal progression, as opposed to the radiative equilibrium diagrams (figures 1.4 and 1.5) in which the 
atmosphere is subject to perpetual solstices. (After Pels [1985].) 

Among the most striking features of the wind field in figure 1.3 are the various regions 

of strong wind (up to around 60ms-1), known as "jets". Two westerly jets occupy the lower 

stratosphere in the mid-latitudes of both summer and winter hemispheres, with the stronger 

of the two being the winter jet. In the tropics the zonal mean flow is slightly easterly at this' 

height Also, the jets decrease in strength towards the poles. 

Above those are the upper stratospheric/lower mesospheric jets, which are by far the 

strongest mean winds in the middle atmosphere. The winter jet is westerly and the summer 

jet is easterly with a further westerly jet above that at about 110 km. 

1.1.3 The Annual Cycle 

The zonal-mean climatological fields for temperature and wind presented in figures 1.2 

and 1.3 differ significantly from the real atmosphere for other reasons as well, notably in 

that it assumes a degree of hemispheric isotropy which is not apparent in the real atmos

phere. 

In the real atmosphere, there are significant differences between the northern and southern 

hemisphere. 

Although not the largest dynamical difference between the hemispheres, one of the 

more important differences is the cold polar winter stratosphere in the Southern Hemis-
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phere. This is produced in part by the relatively strong polar night jet in the lower regions 

of the Southern winter stratosphere and gives rise to an isolated polar stratosphere in winter. 

Temperatures are sufficiently cold in this region I for photo-dissociation of ozone to occur 

when the sun strikes this cold polar air-mass in early spring. This destruction of ozone in 

the southern spring - giving rise to the "ozone hole." 

This set of conditions is able to arise because there is a great deal more zonal symmetry 

in the southern hemisphere than there is in the north. In the southern mid-latitudes, there is 

little in the way of land, and - since troposphere-stratosphere interactions playa large part 

in the production of atmospheric waves - the lack of appreciable land mass in the southern 

mid-latitudes (and particularly the lack of mountainous areas such as the Rockies, Urals or 

Himalayas) means that zonal winds have a relatively unencumbered flow around latitude 

circles. This gives rise to stronger, more consistent and more zonally symmetric stratos

pheric and mesospheric jets. In addition, the presence of an extremely cool, large zonally 

symmetric landmass centred near the south pole enhances the depth of polar stratospheric 

temperatures. The extreme cold associated with the southern polar stratosphere, in con

junction with Polar Stratospheric Clouds (PSCs) enables the destruction of large quantities 

of stratospheric ozone in the southern spring. 

However, despite the importance of the ozone hole and marked differences between 

the polar winters of the two hemispheres, the largest interhemispheric differences occur at 

the equinoxes. If the spring equinoxes (October for the Southern Hemisphere, April for 

the Northern Hemisphere) are compared, it is found that the Southern polar spring is con

siderably warmer than its Northern counterpart. In fact, the temperature in the Southern 

polar spring stratosphere is greater than the temperature at that height in any other region 

of the middle atmosphere apart from the summer poles. 

To briefly summarise the seasonal march in the Southern Hemisphere: 

In summer, easterlies dominate virtually the entire middle atmosphere, stretching from 

the tropopause all the way to the thermosphere. For reasons which will be explained in 

chapter 2, an easterly atmosphere cannot support travelling planetary waves. The lack of 

wave activity over summer means the middle atmosphere is relatively quiet over summer. 

During February and March the easterlies decline and a weal<: mid .. Jatitude westerly de

velops in the upper stratosphere. Overall, there is a net westerly acceleration of the mean 

zonal flow throughout the Southern Hemisphere middle atmosphere. 

In April and May the last of the extra-tropical easterlies disappear and the entire Southern 

Hemisphere middle atmosphere is dominated by westerlies. The core of the westerly jet 

moves equatorward and intensifies during the early winter months. This phenomenon oc-

I Until very recently, the Antarctic pole in winter was thought to be the only region of ozone destruction 
in the stratosphere. Recent work has shown that ozone destruction also occurs over Northern Europe. 
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curs in response to the strong temperature gradients which have developed - the motion of 

the jet core acts to keep the atmosphere in thermal wind balance. 

The westerly stratospheric jet peaks in June and the region of maximum westerlies mo

ves south as a function of decreasing height from the jet peak. Strong temperature gradients 

give rise to baroclinic instabilities in various parts of the atmosphere. 

The lower regions of baroclinic instability [Houghton, 1987] intensify throughout the 

winter months of July and August, pushing the polar night jet downward and poleward. The 

wave drag associated with the planetary waves so produced, combined with the retarding 

effects of gravity wave breaking, starts to close off the polar night jet and smooths out the 

temperature gradient. 

By the end of winter (early September) the core of the stratospheric jet has decreased 

in strength and dropped in altitude. The first light of summer strikes the polar cap (and the 

air in the polar vortex) and the warming associated with that has the net effect of inducing 

easterly accelerations. 

During October and November the smoothing of the temperature gradients near the 

pole cause the regions of baroclinic instability near the tropopause to disappear. The extra

tropical middle atmosphere continues to become more easterly as it warms. 

Zonal Asymmetries 

The above climatological data is derived from monthly mean data (the average of a field 

taken over an entire month) and zonal mean data (in which a field is averaged around a la

titude circle). Monthly mean data need not be considered in this way. In practice it is often 

useful to consider the zonal asymmetries in climatological data: Zonal asymmetries are of

ten produced and sustained in the atmosphere by, for example, topographical features such 

as land masses (which heat the atmosphere in a different manner to the ocean), mountain 

ranges (which act to force flows around and over them, thus generating planetary or gravity 

waves). When such asymmetries are analysed (usually through Fourier analysis) the data 

reveal the presence of stationary waves, that is, waves with phase speeds of zero relative 

to the earth. 

Stationary waves are one type of wave - a type easily detectable in monthly mean 

data because of the continual forcing of the atmosphere by the source of the asymmetry; 

the city is constantly providing a heat source, the mountains are constantly disrupting air

flow, pushing air around or over them, generating waves all the time. 

However, travelling waves - waves with non-zero phase speeds relative to the earth 

- are not so easily detectable in a monthly mean analysis. In the case of travelling waves, 

the wave is not a constant feature at one particular longitude, but rather it makes its way 

around a latitude circle, and so, over a long enough temporal baseline, it will effectively be 
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"smeared out" by the time averaging process. 

However, this zonally asymmetric view of climatological data can be misleading. Not 

all zonal asymmetries are due to the presence of "waves" in the ordinary sense in which 

the term is used in physics. The best illustration of this is the phenomenon known as Stra

tospheric Sudden Warming, in which a cell of warm air displaces the normal (cold) polar 

cap during the Northern winter. Ordinarily, the polar stratosphere in winter is extremely 

cold (~200 K). In a typical warming event this polar night air is displaced from the pole 

by a cell of warmer mid-latitude air for a brief period, and this displacement causes tem

peratures in the polar stratosphere to increase by up to 60 K in the space of a single week 

[Andrews et al., 1987], [Rosier et a1., 1994]. Sudden warmings are relatively frequent in 

the northern hemisphere (where the polar night jet is weaker and the land-sea distribution 

encourages large scale planetary wave activity). No major warming events have yet been 

observed in the southern hemisphere (probably on account of the stronger polar jets, wea

ker planetary wave activity and enhanced zonal symmetry here). Much has been written 

on Stratospheric Sudden Warmings and the interested reader is referred to [Andrews et aI., 

1987] [Rosier et a1., 1994] and [Manney et al., 1994] for more complete discussions of this 

interesting phenomenon. For the present purposes, it is sufficient to note that a literal in

terpretation of the time means of zonal asymmetries can be (and often is) misleading. 

Another problem with the time mean approach inherent in climatological data is the 

suppression of inter-annual variability, which is unfortunate because inter-annual variabi

lity is one of the more striking features of the middle atmosphere. 

In the previous subsection we looked at the way in which a time mean approach can 

over-look data (travelling planetary waves) or mislead (Stratospheric Sudden Warmings). 

The same problem arises (for the same reason) when data from several years are binned 

together to provide a mean yearly climatology (in CIRA 86, for example). Briefly, binning 

data together in this way and then averaging the resultant data set may provide a picture of 

the atmosphere which never actually happens. More will be said on this in chapter 5 in the 

context of a comparison between Birdlings Flat radar data and satellite derived data. 

1 Outline Thesis 

This thesis begins with a review of some of the basic principles of atmospheric dynamics. 

The climatological state of the middle atmosphere is introduced and some of the gravity 

wave driven dynamical aspects are briefly discussed. Simple ideas such as zonal and monthly 

mean fields are introduced and departures from these mean state are discussed. The annual 

march of monthly mean climatological states is presented and interesting features noted. 

In chapter 2 a standard mathematical framework of atmospheric dynamics is presen-
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ted, including the primitive equations which govern the fluid dynamics for a shallow fluid 

envelope on a rotating sphere. Various approximations are made in order to simplify the 

often complex behaviour of these equations. Atmospheric phenomena including tides and 

waves are discussed in the context of the standard picture of the atmosphere provided by 

both c1imatologies and the primitive equations. 

The various data sets used in this thesis are introduced and discussed in chapter 3. The 

main source of data in this thesis is the MF radar at Birdlings Flat, near Christchurch. These 

data gi ve a near continuous picture of the atmosphere directly above the site between about 

75 and 100 km. Augmenting the radar data are data from various satellite sources, most 

notably the High Resolution Doppler Imager (HRDI) and Improved Stratosphere And Me

sosphere Sounder (ISAMS) aboard the Upper Atmosphere Research Satellite (UARS). In 

addition to these two data sets, the United Kingdom Meteorological Office's (UKMO) As

similation scheme is employed to generate a picture of the stratospheric atmosphere be

neath the mesospheric region which forms the prime focus of this thesis. 

In chapter 4 a three year time-series of the Birdlings flat MF radar data is discussed. 

This time-series runs from May 1993 through to the end of 1996. The mesospheric time

series thus produced is examined at a variety of heights between 75 and 100 km, and the 

main features of and differences between the data from different heights is discussed and 

explained, where possible, in terms of atmospheric dynamics in order to generate a ground 

station view of the Southern Hemisphere mid-latitude mesosphere. 

In chapter 5 the MF radar data discussed in chapter 4 are compared with data from the 

HRDI instrument aboard the UARS satellite. Several other similar comparisons between 

HRDI and MF radar stations have been conducted in the past and, following these, this the

sis employs a comparati ve technique whereby the radar winds are compared with a satellite 

"overpass" (where the instrument sensing region passes within 500 km of the radar site). 

This technique is discussed in some detail and the overpass data are binned according to 

three variables thought to possibly influence the degree of correlation between satellite and 

radar winds. 

Chapter 6 forms the major focus of the thesis in telms of atmospheric dynamics: MF 

radar winds from the Birdlings Flat site are compared with the wind field obtained by the 

ISAMS instrument aboard UARS. Unlike HRDI, ISAMS did not directly measure wind as 

its primary dynamical quantity. In the case ofISAMS the wind field is derived via the appli

cation oflarge scale dynamical equations (introduced in chapter 2). Consequently, the wind 

field "measured" by ISAMS does not adequately reflect the contribution of small-scale dy

namical effects to the momentum budget. The breaking of gravity waves is believed to be 

the primary source of such small-scale contributions [Andrews et al., 1987]. Therefore the 

major difference between the observed wind field of the radar and the derived field of the 
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ISAMS instrument is likely to be largely due to the action of mesospheric gravity wave 

breaking. This contention is discussed in the light of the findings of the preceeding chap

ters. 

The thesis concludes in chapter 7 with a summary of the previous chapters and a brief 

parable about small number statistics. 



Chapter 2 

Essential to any study of the atmospheric dynamics is an understanding of the physics of 

the middle atmosphere. This chapter provides a brief overview of the basic dynamics of 

atmospheric motion. For a more advanced treatment of atmospheric dynamics the reader 

could consult [Houghton, 1987], [Andrews et al., 1987] or [Holton, 1979], on which the 

following brief summary is based. 

2.1 Vertical Coordinate 

The first important point to consider concerns the vertical co-ordinate: Although geometric 

height - the height of a parcel of air above the surface of the earth - is the most obvious 

choice of vertical coordinate, it is not necessarily the most convenient. In order to simplify 

some of the subsequent equations, we define geopotential as the work done to lift a parcel 

of air of unit mass from sea level to geometric height 

<]? == !oz* g dz*. (2.1) 

This in turn allows the geopotentiai height Z to be defined as 

(2.2) 

where go is the force per unit mass due to gravity at the Earth's surface. 

Geopotential height Z, although not as simple or intuitively relevant as geometric height, 

is especially useful in the processing of satellite data where the thickness of a layer of at

mosphere can be expressed simply in terms of geopotential height [Andrews et al., 1987]. 

.. """a .. u ..... Temperature and Buoyancy Frequency 

It is appropriate at this point to introduce two further dynamical quantities which play an 

important role in atmospheric dynamics potential temperature and the buoyancy fre

quency. The potential temperature e is the temperature that a parcel of dry air at pressure]J 

29 
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and temperature T would acquire if it were expanded (or compressed) adiabatically to the 

reference pressure Ps = 1000 mb, such that: 

(2.3) 

where K, ;:::j ~. Strictly K, R/ cp , where is the gas constant and cp is the specific heat 

at constant volume. One advantage in using potential temperature rather than temperature 

is that potential temperature is conserved for adiabatic flows, making it a more suitable 

quantity than temperature for a of situations and giving rise to isentropic coordinates. 

Another important dynamical quantity, especially in the study of vertical wave motions, 

is the buoyancy frequency, which is the frequency of oscillation of a cell of air displaced 

vertically from its equilibrium altitude in a stably stratified atmosphere: 
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(2.4) 

This quantity provides a measure of the stability of the atmosphere; when N 2 > a the 

atmosphere is statically stable, which is the usual case for the stratosphere but not neces

sarily in the mesosphere, where < 0, thus reducing the value of N 2 [Andrews et al., 

1987]. 

2.3 The Equations 

The atmosphere is basically governed by five equations appropriate to the flow of a shallow 

fluid around a body the radius of which is much greater than the depth of the fluid. 

equations are known as the primitive equations and, in conjunction with the variables 

fined above, can be expressed in terms of the following quantities: 

u the zonal (westerly) wind, 

'u the meridional (southerly) wind, 

¢ latitude, 

/\ longitude, 

f the Coriolis parameter, such that f = 2D sin 4;, where, 

D 27f(sidereal day)-l = 7.292 x lO-')S-l is the rotation rate of the earth, 

a the radius of the earth, 

is the gas constant (= 287 JK-1 kg-1 for dry air), 

9 is the force per unit mass due to gravity, 

geometric height and 

geopotential height. 

The primitive equations consist of two momentum equations, an equation governing 
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hydrostatic balance in the vertical, an equation relating to the continuity of mass and finally 

the thermodynamic relation between diabatic heating and potential temperature. 
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where 

X is the zonal force per unit mass exerted on a parcel of air due to small-scale forcing, 

Yis the meridional force per unit mass exerted on a parcel of air due to small-scale for

cmg. 

Q is known as the the diabatic heating term and is simply the material derivative of 

potential temperature. 

Equation is known as the zonal momentum equation and determines the momentum 

balance in the zonal direction. Equation 2.6 is its meridional analogue. These two equa

tions are the most important to this thesis and considerably more will be said about them 

below, especially in chapter 6. 

Equation 2.7 refers to hydrostatic balance in the atmosphere and equation 2.8 describes 

the continuity of mass in the atmosphere. Equation 2.9 deals with the relationship between 

potential temperature and diabatic heating. This is known as the Thermodynamic Equation. 

The material (or total) derivative 

D a u a va a -=-+ +--"+w
Dt at a cos¢aA aa¢ az (2.1 0) 

is the derivative which follows a particular parcel of air as it travels through the atmosphere. 

Central to any treatment of atmospheric dynamics is the hypsometric relation, relating 

differences in altitude to temperature and, especially, pressure. If the geopotential field (as 

defined in equation 2.1) is known on anyone pressure surface, then the hypsometric equa

tion, 



32 Chapter 2. Basic Dynamics 

Z2 - Zl = (Fl T dlnp. 
go iP2 

(2.11) 

allows the geopotential on any other surface to be obtained, providing the vertical tempe

rature field is known. The hypsometric equation is of particular relevance to the data ac

quired by satellites: As long as the geopotential field can be reliably obtained for the base 

level, and providing the satellite can obtain a vertical temperature profile, a set of winds 

spanning the entire region (for which .there is data) can be derived using the geostrophic 

approximation discussed below. 

Geostrophy 

The primitive equations can be simplified by making a dynamical approximation called 

geostrophy. 

Replacing the spherical coordinates (/\'9) with northward and eastward cartesian coor

dinates (x, y), we can rewrite the material derivative as 

a a a a 
at + li ax + u ay + 11) az . 

D 
(2.12) 

Writing the momentum equations out in full in the new coordinates yields 
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Geostrophic balance is the approximation that for large-scale, slow moving, extra-tropical 

motions, the Coriolis terms (- Iv, Ill) roughly balance the horizontal gradients of geopo

tential (q:,X) q:,y). The geostrophic approximation assumes both that the terms involving the 

vertical wind are negligible (ie., flow is horizontal) and that the terms obtained from the 

material derivative of the winds and the curvature terms 
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are negligibly small by comparison to the q:,x, fv and q:,y, In terms in the momentum equa

tions above. The horizontal (zonal and meridional) non-conservative forcing terms X and 
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Y, which are measures of small scale contributions to momentum balance, are similarly 

assumed to be small . 

The geostrophic momentum equations can then be expressed as 

-Jv+ =0 (2.17) 

and 

+J'U + o (2.18) 

because under geostrophic balance all the non-linear terms - those which are second order 

products of 'U and/or v - are generally regarded as considerably smaller than the linear 

tenns. 

The horizontal wind Cu, v, 0) can then be approximated by U = ug and v = Vg and the 

geostrophic wind can then be defined as 

U = (ug)Vg, 0) and 

A useful feature of the geostrophic wind is that it allows calculation (or, rather, estima

tion) of the horizontal wind from knowledge of only the geopotential field. The geostrophic 

wind can then be combined with the hydrostatic equation (2.7 above) to obtain the thermal 

wind relations, 
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(2.20) 

relating the vertical shear of the geostrophic components to horizontal potential tempera

ture gradients. 

Of course, the atmosphere is not always in geostrophic balance; small-scale eddies and 

forcing telIDS can dri ve it away from geostrophy. It has been shown [Elson, 1986J, [Randel, 

1987J, [Marks, 1989] that geostrophic winds over-estimate the real wind by a considerable 

amount in the stratosphere, I and this over-estimate leads to errors when the geostrophic 

winds are used to calculate derived quantities like potential vorticity and the vertical wind. 

One solution to this is to parameterize the wind into a geostrophic component, ug and a 

smaller, eddy-dri ven term called the ageostrophic component, 'U a , such that the real zonal 

wind, U = u g + U a and the real meridional wind, v Vg + Va, with U ~ u g and v ~ v g , 

I In fact, throughout most of the middle atmosphere u g > ·U. 
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tqerefore u g U a and 'Vg » 'Va 

The ageostrophic components in these equations can be thought of as small perturbati

ons to an atmosphere roughly in geostrophic balance. These perturbations are often asso

ciated with wave motion in the atmosphere or with disturbances due to small-scale eddies 

(turbulence, for example). The geostrophic approximation will be discussed with particu-

1 ar reference to gravity wave breaking in chapter 6. 

2.5 Zonal-Mean Theory 

A different way of regarding atmospheric fields, touched on in chapter 1, is provided by 

the separation of fields into "zonal-mean" and perturbation terms, 

This formulation allows the primitive equations to be reorganized into a useful, if not 

particularly elegant set, whose focus is on finding a relationship between those quantities 

representing the eddy forcing (terms on the RHS) and the zonal mean circulation (LHS), 

The "mean flow" term is represented by the first term on the right of equation 2.21 and 

the perturbation term is represented by the primed quantity on the right hand side of the 

same equation. 

U(A, z, t) = u + ul

, (2.21) 

where 

u(¢,z,t) 1 1271" - u(A, ¢, z, t) cZA. 
27f 0 

(2.22) 

Although this formulation is a useful first approximation for large scale, slow moving 

dynamical structures, it is not particularly useful at smaller scales. Much dynamical acti

vity in our atmosphere is due to smaller scale flows such as eddies and waves. For instance, 

the behaviour of the winter meso spheric jet is in large measure determined by the small 

scale turbulence generated by the breaking of gravity waves (which are themselves rather 

a small scale feature). The above quasi-geostrophic formulation is limited in that it yields 

little information as to how the zonal-mean flow will behave in the presence of an eddy 

momentum flux u l 
Vi or eddy heat flux 'VI 81

• Nor are the physical properties of the waves 

associated with such disturbances obvious from the Eulerian-Mean equations, 

These limitations are dealt with by the (now standard) approach of Andrews and McIn-

tyre [1976J: Defining a residual mean meridional circulation (0, as 

1 R a viT' 
=v--- (Po-.-) 

PoH N2 
(2.23) 

and 
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1 R a v'T' 
w* == w - a cos ¢ H a¢ (N2 cos ¢) (2.24) 

These are then substituted for v and w in the Eulerian-Mean equations 2.5-2.9 above to 

produce the Transformed Eulerian-Mean equations: 

au v* a(ucos¢) 1- _au 'iT v.F - + - v* + w*- -./\. = ----
at a cos ¢ a¢ az poa cos ¢ , 

(2.25) 

u 1 a~ 
u(J + -;- tan ¢) + ;, a¢ = G, (2.26) 

where G is the sum of all terms which lead to the departure from gradient-wind balance 

between u and ~. Generally, G is considerably smaller than the other dynamical terms in 

the equation [Andrews et aI., 1987]. 
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where F == (0, F'P, FZ) is the Eliassen-Palm Flux (EP Flux), which has components 

pcp = poa cos ¢ [_Vi u' - ~ ~~ VJ;'] (2.30) 

and 

Fz- "'[(1 1 a(ucos¢»)RvIT'] (231) - Po a cos <p - a cos ¢ 8¢ H ~. . 

The Transformed Eulerian Mean formulation allows calculation of these components, the 
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divergence of which is the sum of the effects of eddy heating and momentum flux. This 

acts as a "force per unit mass" on the zonal mean flow and is known as the wave driving 

and describes the dynamical effects of resolved-scale waves on the zonal-mean flow. 

Although quantities such as X, Y, D, and G have units ms-2 , it is perhaps best 

not to think of them as "accelerations" in the usual sense of the word: The above terms 

act to maintain balance in various reformulations of the primitive equations. That is, these 

terms provide the necessary forces/per unit mass to keep the flow from accelerating. Hence 

the expression "force per unit mass" is actually a more appropriate way to describe them 

than "acceleration", because they do not actually "accelerate" the flow, but rather they act to 

other forces in some sort of balance. The point may seem pedantic, but it is important. 

In equation 2.26 'above we can readily see that G is the meridional analog to repre-

senting the wave driving on mean flow in the meridional direction. However, G is of 

less importance than F because it is considerably smaller than the other terms in the equa

tion and so plays only a marginal role in the dynamics. 

Returning to the Eliassen-Palm flux, one of the advantages of using this formulation is 

that a wave-driving conservation law can be posited [Andrews and McIntyre, 1976J: 

aA -+'\7. at (2.32) 

in which A is the wave action density and D represents diabatic and frictional effects. Para

phrasing the above law, the wave driving will be zero (ie. . F = 0) if the waves present 

are steady (ie. ~~ = 0), and conservative D 0, It can also be shown [Eliassen and Palm, 

1961] that terms on the RHS of equation 2.32 vanish in the case of linear steady conser

vative waves. More generally, contains the zonal and meridional residuals X' and y' 

("accelerations" in ms-2) and Q', the residual heating. The term on the far right represents 

the contribution from terms which are higher order in perturbed quantities. 

Momentum balance in the atmosphere is basically understood by a series of approxima

tions to the primitive equations, with the most basic being the geostrophic approximation 

in which 1£ = ug and U a O. The real atmosphere is a long way from being in geostrophic 

balance, so the next step is to include first order perturbation terms such as u' and 'v' in the 

equations. The inclusion of such terms necessarily complicates the primitive equations, but 

the reward is a more accurate understanding of the dynamics embodied therein. 

The next section provides a good example of an iterative technique for finding winds 

which makes use of the perturbation terms discussed above. 
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2.S.1 Balanced Winds 

Although geostrophy is a reasonable initial approximation of the horizontal wind field, a 

better estimate of satellite derived winds can be obtained by using other balance conditions, 

most notably those set out by [Randel, 1987], in which the horizontal forcing and vertical 

advection terms are ignored on the grounds they are negligibly small in most cases. 

Calculation of the balance winds is an iterative process, with the initial estimate of 

the winds being simply the geostrophic wind. Subsequent estimates are made iteratively2, 

using the equations 

1 8<I> v 8v U 
2 

U 8v 
2Dsin¢· U = --- - [-- + -tan¢+ -] 

a 8¢ a 8¢ a a cos ¢ 8 A ' 
(2.33) 

and 
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a cos u/\ a cos u/\ a cos U,+, 
(2.34) 

and using previous estimates of the wind to find subsequent ones, that is, letting Un+l = 

u g + U en and Vn+l = Vg + V en ' with the U en and Ven terms being the nth iteration of the 

non-linear term on the RHS of equations 2.33 and 2.34 respectively. 

Balance winds provide a better measure of the real wind [Randel, 1987], [Marks, 1989], 

[Lawrence, 1990] than geostrophic winds because they include the above non-linear terms 

(equations 2.33 & 2.34 which couple the zonal and meridional momentum equations (as 

expressed in equations 2.5 & 2.6) to each other, thus enabling iterative numerical solutions 

to the wind equations. 

Randel [1987] and Marks [1989] both compared winds obtained in this way with model 

winds and found that balance winds yielded a more accurate picture of the horizontal wind 

field in the stratosphere. 

More will be said about balance winds in chapter 3 in which the application of Randel's 

balance wind equations to the SSU and ISAMS data sets will be discussed, along with mo

difications to the balance conditions inherent in the MADPO code of Lawrence & Allison 

[1992]. 

2.6 Classification of Atmospheric Waves 

Waves in the middle atmosphere come in a wide range of spatial and temporal scales, ran

ging from small-scale eddies to planetary scale waves, with periods ranging from a matter 

of minutes to several days. For the most part, this thesis is concerned with that set of waves 

2See chapter 3 for a discussion of the iterative calculation of balance winds. 
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known as "gravity waves." 

The classification of atmospheric waves can be undertaken in a variety of ways, but is 

usually done in terms of their physical properties or geometry. 

One important method of classification is to group waves according to their restoring 

mechanisms, creating the distinction between waves in which the oscillations are main

tained by buoyancy mechanisms (the vertical stratification of the atmosphere), known as 

(internal) gravity waves, and Rossby or planetary whose restoring mechanism is due to Co

riolis effects. A third type of wave is the inertio-gravity wave, whose existence is due to a 

combination of buoyancy and Coriolis effects [Andrews et a1., 1987]. 

Another important means of classification is provided by the distinction between wa

ves which are "forced" from those which are "free". Forced waves are waves, such as 

those gravity waves produced by wind encountering a mountain range, which must be con

tinually maintained by an excitation mechanism of constant phase speed and wavenumber. 

Free waves are waves which can exist without this type of continual generation, such as 

the 16-day wave [Houghton, 1987J, which exists as a global normal mode [Andrews et al., 

1987]. 

Other geometric properties can be usefully employed to differentiate between waves: 

Waves can be stationary or traveling, meaning that their phase speeds can either be statio

nary with respect to the (rotating) earth, or they can move relative to the earth. Further, 

some waves can propagate in any direction, while others are trapped (or evanescent) in 

some directions. An example of this is horizontally propagating planetary waves trapped 

in the vertical. 

All these classification schemes are useful in atmospheric d.Ynamics, but the most useful 

for the purposes of this thesis is probably the first - grouping waves according to their 

physical restorative mechanisms (and how they are generated). To this end a little more 

should probably be said about the most significant types of waves: Thermal tides, planetary 

scale Rossby waves and internal gravity waves. 

2.7 Atmospheric Tides 

Atmospheric tides are generated by a number of mechanisms, but by far the most important 

is solar heating of the atmosphere. Because tides are caused by a heating function which 

resembles a truncated sinusoidal function [Andrews et al., 1987J, a number of tidal Fourier 

components arise, chief among them being the diurnal (24 hr) and semi-diurnal (12 hr). 

Tidal components vary in strength with latitude, because of the axial tilt of the Earth and 

because the zenith angle (and hence the heating) is a function of latitude, and height (since 

the vertical distribution of absorbing gases is sensitive to heating). 
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Tidal motion in the atmosphere can be quite complex, as illustrated by a very old pro

blem dating back to Lord Kelvin in 1882; that the daily heating rate has a period of 

24 hours, it seems anomalous that the semi-diurnal (12 hr) component is of greater strength 

than the diurnal (24 hr) component. The resolution to this problem has to do with the atmos

pheric modes excited by each component. It turns out that the semi-diurnal oscillation has 

quite a long vertical wavelength (;:::::: 100 krn), which enables the effects of ozone heating 

(which occurs throughout a large spatial region) to propagate to the surface, where large 

semi-diurnal pressure variations are recorded as a result. The behaviour of the diurnal tide 

(which has a much shorter vertical wavelength of around 28 km [Andrews et aL, 1987]) 

is more complex, but basically there are large parts of the earth (polewards of around 30°) 

where it is vertically trapped, causing the tide to interfere destructively with itself. Howe

ver, above the stratopause the magnitude of the diurnal tide can be as great as the semi

diurnal. 

Planetary "Vaves 

Planetary waves, also known as Rossby waves, are a set of large-scale waves - features 

with scales of the order of several thousand kilometres - for which the restoring mecha

nism is due to Coriolis effects. 

When a large cell of air is displaced from its original latitude, the northward gradient 

of potential vorticity, acting through the Coriolis parameter f, pushes the cell back to (and 

beyond) its equilibrium latitude. The restoring force is thus negatively proportional to the 

distance from the cell's equilibrium latitude, giving rise to a periodic (often sinusoidal) os

cillation about the equilibrium latitude. 

These waves can be generated by several means; interaction between a flow and an 

orographic feature, for example, or thermal differences as a cell passes over a boundary 

between land and sea. Planetary waves can also be generated higher up in the atmosphere 

by instabilities in the atmosphere. 

There also exist a class of planetary waves for which there is apparently no forcing me

chanism - these are known as atmospheric normal modes and are simply the result of the 

background hum of atmospheric activity. The waves can be generated by the accidental 

excitation of atmospheric resonant modes. 

Gravity Waves 

The atmosphere is stratified in the vertical. Gravity waves arise because a cell of air is 

displaced vertically (by, say, wind striking an orographic feature), Because the atmosphere 



40 Chapter 2. Basic Dynamics 

Figure 2.1: Gravity waves induced by a flow over a mountain range, featuring vertically propagating gravity 
waves. (After Gerbier & Berenger [1961]). 

is stably stratified, the displaced cell experiences a restoring force proportional to, but in the 

opposite direction of, the displacement (see figure 2.1). As in the cases of all wave motion, 

the cell is forced back to and beyond its equilibrium height. 

Gravity waves are generated continually in the troposphere by mechanisms such as oro

graphic forcing and frontogenesis. As a result of the multitude of generating mechanisms, 

gravity waves have a wide range of phase speeds, length scales (up to hundreds of kilome

tres) and periods (up to about a day), though these are typically smaller scale disturbances 

than those associated with planetary waves. 

Of particular interest in this thesis is the breaking of gravity waves, which usually oc

curs in the mesosphere. Briefly, the gravity wave grows in amplitude as a function of p-l. 

Obviously, the amplitude of the wave cannot grow indefinitely, and it is found [Lindzen, 

1981] that these waves grow unstable and "break" as they ascend. 

Chapter 6 is concerned with examining the effects of gravity wave breaking on the me

sospheric momentum budget. This is done by comparing radar data from Birdlings Flat 

and wind fields obtained by HRDI (which are a measure of the "real" wind - ie. a direct 

measurement of the wind) with ISAMS Temperature data, from which winds, which do not 

include gravity wave effects, are calculated. 
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Data 

3.1 Introduction 

Various sources of data are used in this thesis. Data from the Improved Stratospheric And 

Mesospheric Sounder (ISAMS) and High-Resolution Doppler Imager (HRDI) instrnments 

aboard the Upper Atmosphere Research Satellite (UARS) are compared with measurements 

from the Medium Frequency (MF) radar site at Birdlings Flat near Christchurch. Although 

these three instrnments provide the bulk of the data discussed in this thesis, several secon

dary sources also contribute data, including the Pressure Modulated Radiometer (PMR) 

aboard the Nimbus 6 satellite, which provided much of the mesospheric data for the CIRi\ 86 

climatology. 

In addition to the above mesospheric data sets, stratospheric data is provided through 

the United Kingdom Meteorological Office (UKMO) Assimilation System, which makes 

use of various satellite and ground station data records to produce daily stratospheric fields. 

J\tlF Radar Theory and Data 

One of the principal sources of data considered in this thesis, and indeed most atmosphe

ric physics theses written at the University of Canterbury, is the radar site at Birdlings 

(440 S, 1720 E). The radar at Birdlings Flat, and the sister site at Scott Base (78° S, 1670 E) 

are Medium Frequency (MF) radars specifically designed to examine the mesosphere and 

lower thermosphere, including the D-region and lower E-region in the ionosphere, from 

about 70 to about 105 km in the vertical [Brown, 1992]. Medium Frequency radars backs

catter a radio signal from the free electrons resident in this region to measure electron densi

ties directly, and then use the diffraction pattern of this backscattered signal to derive hori

zontal winds by use of the Partial Reflection Winds technique, pioneered by [Fraser, 1965]. 

The first radar facilities at Birdlings Flat were built in 1963, and the radar has steadily 

evolved since then. The instrnments relevant to this thesis are shown in a map of the site 

in figure 3.1. 

Several other instruments share the rather inhospitable Birdlings Flat site with the MF 

radar: There is the AMOR meteor radar [Taylor, 1991] which has been responsible for 

41 
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Figure 3.1: Plan of the Birdlings Flat radar site showing the relative positions of the receiving and transmit
ting antennae and the hut housing the electronics, designated RX hut at the centre of the right-angled receiving 
array. The transmitting array is displayed in the bottom left quadrant of the 
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much seminal astrometry, while another, being developed as part of a PhD by Steven Marsh, 

is beginning to provide high-quality Doppler winds. In addition, development of a Stratosphere

Troposphere radar is underway. 

The Medium Frequency (MF) radars operated by the University of Canterbury at Bird

lings Flat and Arrival Heights (Scott Base) operate at 2.4 and 2.9 MHz respectively. These 

frequencies are chosen in order to maximise partial reflections from the D-region. At such 

frequencies the collision frequency is sufficiently high that magneto-ionic effects are not 

significant; the main source of movement in the reflecting region is due to the neutral wind 

[Brown, 1992], [Dunford, pers. com.]. 

3.2.1 Partial Reflection Winds 

Partial Reflection Winds are obtained by analysing the backscatter signal produced by radio 

waves (transmitted at the radar site) reflecting from the lower ionosphere (see figure 3.2). 

A signal is transmitted vertically, and reflections occur as the signal encounters gradients in 

the refractive index of the D-region (the mesosphere - between around 60-100 km). The 

refractive index varies because the degree of ionisation increases with height. 

The signal backscattered from small-scale spatial irregularities then produce diffraction 

patterns on the ground (figure 3.3). Because these spatial irregularities are moving with the 

wind (the scale of the irregularity means it blows over the radar site like a cloud), the backs

cattered diffraction patterns move over the ground at the twice the of the background 

wind allowing a wind velocity to be determined by analysing the path of the signal over the 

radar receivers. 

Measurements are obtained at a range of heights by transmitting a pulse (vertically) 

and then measuring the amplitude of the backscattered signal at the spaced receivers over 

a range of intervals. 

The data series produced by each receiver is then analysed by calculating a set of cor

relation functions; one autocorrelation function (ACF) of the receiver with itself, and two 

cross-correlation functions (CCF) of each receiver with the two others. These correlation 

functions are then corrected for zero lag noise. 

3.2.2 Correlation 

Consider first a stationary, time invariant pattern. A correlation function, p( (, '17) can be 

defined as follows: 

< > p( (, ''1) = -----'-------'---'-':----:-::-----'-- (3.1) 
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,~ A Region 

Figure 3.2: Partial reflection winds work by sending a medium frequency signal upwards. This interacts with 
spatial irregularities in regions of high electron density. These irregularities blow over the site at the same 
speed as the neutral wind and backscatter a Fresnel diffraction pattern which is then sampled by the receiving 
array. 
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Figure 3.3: Backscattered pattern moving with a speed V in a direction which makes an angle ¢ with the 
y-axis. Y, X and the Origin represent the three antennae which comprise the receiving array. The pattern is 
essentially a contour map of lines of constant signal amplitude. 

where ( and 7] are displacements in the :r and 'Y directions respectively, and p( x, 'Y) is the 

zero-mean scattered signal received at vector receiver location x eastward and y northward 

from the transmitter. Following the notation of Briggs et at., [1984], <> refers to the time 

average and * refers to the complex conjugate. 

If the pattern is isometric, as in figure 3.4, then the cOlTelation function, p will depend 

only on the magnitude of the displacement. The colTelation function will not be depen

dent on direction, because the pattern is spatially isometric. Thus an isometric scattering 

pattern leads to a symmetric colTelation function in which lines of constant cOlTelation are 

concentric circles centred on the receiver at the origin. In this simlple case the cOlTelation 

function is 

(3.2) 

Anisometric patterns produce correlation functions which do depend on direcetion. This 

case is represented in 

ellipses, such that 

. Here the correlation contours are described by concentric 

(3.3) 

where A, B and are constants. This more general case still includes the assumptions of 

stationarity and time invariance, but does introduce the concept of the correlation ellipse 

- elliptical contours which describe lines of constant correlation. 

Time-varying patterns are dealt with by introducing a time displacement T along the t 

(time) axis into the correlation function. In this case the pattern experiences random varia

tions with time but does not move (as a whole) relative to the receivers. The correlation 

function now becomes 
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Figure 3.4: (a) A spatially isometric Fresnel diffraction pattern as may be sampled by the receiving array. 
(b) The associated correlation pattern for such a diffraction pattern. After [Briggs, 1984]. 

x 

Figure 3.5: (a) A spatially anisometric Fresnel diffraction pattern such as may be sampled by the receiving 
array. (b) The associated correlation pattern for such a diffraction pattern. After 1984]. 

p( (,17, 
< f(x, y, t)!* 

< > 
(3.4) 

where the fonn of the correlation ellipsoids (which now possess a third axis, in the time 

dimension) is 

+ 2H(7]). (3.5) 

In the case described, the ellipsoids must not contain a tilt relative to the T axis because 

this would imply that they are moving relative to the site a tilt along this axis would 

imply that the of constant correlation move with time, which violates the stationarity 

criterion. This is the reason for the lack of products of T at the right hand end of equa

tion 3.5. 
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3.2.3 Correlation Analysis 

Relaxation of the stationarity condition allows the correlation ellipsoid to tilt along the T 

axis, which means that the maximum region of correlation moves with respect to the recei

vers with time. 

For a radar of frequency f the correlation function becomes 

(
I' T) _ < f(x, y, t)r(x + (, y + 'I'l, t + T) > 

P ':,) 1], - < [f(x, y, t)]2 > ' (3.6) 

where the notation is the same as in equation 3.4. For an observer at the origin, contours 

of constant correlation would be given by the complete ellipsoid equation 

+ 2F(T + 2G1JT + 2H(1J) (3.7) 

such that this represents the correlation contours for a moving, anisotropic, randomly vary

ing pattern passing over the radar site. In this completed form, the function thus described 

is known as Full Correlation Analysis (FCA). This correlation function can then be transla

ted back to a stationary coordinate system by simply making a change between Lagrangian 

and Eulerian coordinate systems. 

+ 2H (( - Vx ) (1] - Vy )), (3.8) 

where Vx and Vy are the horizontal components of the motion of the pattern. 

True Winds 

Provided there are at least three l spaced receivers in the array, the coefficients A, B, C, F, 

G, H can be measured, and can fully describe the horizontal movement of the diffraction 

pattern on the ground, and hence the motion of the reflecting region above. 

Equation 3.7, in conjunction with equation 3.8 allows the following pair of equations 

to be produced: 

Al';:c + HVy = (3.9) 

(3.10) 

allowing the solution of Vx and Vy. The winds thus produced are known as the true winds as 

obtained by the Full Correlation Analysis proceedure. These winds are so known because, 

lThree non-collinear spaced receivers are the minimum in order to resolve the motion in two directions 
on a plane. 
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in addition to obtaining the wind from the passage of the pattern over the site, they also 

take into account spatial anisotropy and random variations in the pattern as it passes over. 

Apparent Winds 

A simpler, but less complete, account of the winds is given by ignoring anisotropy and the 

random variations with time. Apparent winds, as these winds are known, are obtained by 

simpl y measuring the delays between the maximum correlation at each of the recei vers and 

solving for velocity given the known distance between receivers. The data files used in this 

thesis usually presented both true and apparent winds. Only the true winds were used in 

this analysis but in practice it is often useful to know the apparent winds as well if the 

true and apparent winds differ by a large amount it may cast some doubt on the authenti

city of the true winds since this implies either that the patterns which produced the winds 

were highly asymmetric, or that there were substantial random variations in the pattern as 

it passed overhead. See [Brown and Chapman, 1972J for the derivation of apparent winds. 

3.2.4 Acceptance Criteria for Partial Reflection 'Winds 

Once the raw data has been collected by the receiving array, a set of tests are carried out 

on the data series to examine whether or not the recorded winds are sufficiently reliable. 

This is done by the application of an algorithm which examines the data against a set of 

"acceptance criteria" [Briggs, 1984J. Initially, the tests focus on the ACFs: 

• Signal to Noise The signal to noise ratio (for each receiver this is determined by its 

ACF) must exceed -6 dB > 0,5) . 

.. Fading Time Data were accepted if the fading time was less than lOs. 

The data are then subject to acceptance tests on the cross correlation functions (CCFs): 

• Amplitude of maxima of cross correlation The amplitude of the cross correlation 

functions had to have maxima which were within 7 dB of the mean signal of the two 

contributing antennae. That is, the correlation function had to have a maxima of at 

least 0.2. 

lag of maxima of cross correlation The time lag between the maxima of the 

correlation of the data sets from the two antennae could be no greater than six seconds 

(which is 10% of the length of the dataset). 

Normalized Time Discrepancy The Normalized Time Discrepancy (NTD) is the 

sum of the time delays around the loop of antenna pairs, normalized by the sum 

of the absolute time delays, can be no greater than 0.9. 
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Once the ACFs and CCFs have been examined in this way, the FCA procedure is carried 

out and the data accepted providing it meets the following conditions: 

True and apparent velocity directions The true velocity vector must not differ from 

the apparent velocity (the initial estimate) by an angle of more than 90°. 

• True and apparent velocity magnitudes The magnitude of the true velocity vector 

must not be less than a third of the magnitude of the apparent velocity vector. 

III True velocity magnitude The magnitude of the true velocity milst be less than 300ms-1, 

which is approximately the speed of sound. 

• Random velocity parameter A random velocity parameter can be defined as the 

ratio of the spatial con-elation parameter along the direction of motion to the temporal 

scale moving with the pattern. For FCA winds to be acceptable (providing it meets 

the other criteria, of course) this parameter must be more positive than -30ms~1. 

• Elongation ofthe correlation ellipse The ratio of the major axis ofthe characteristic 

ellipse, as obtained in section 3.2.2 above, to the minor axis of the ellipse must be no 

greater than 5. 

• Size of the correlation ellipse And the length of the minor axis of the characteristic 

ellipse may be no less than fifty metres. 

In the case of the Birdlings Flat radar, a program to check the data series against the 

above criteria was written by Dr Grahame Fraser. The radar is repeatedly pulsed over the 

sampling period (one minute) and data series obtained for each receiver. 

The radar pulses every 160 milliseconds, and the receivers sample the backscatter 

gnal approximately one hundred times at intervals of one microsecond. 

An average radar wind is compiled for a range of heights for the entire radar site each 

minute. 

Practically, fewer winds are detected in the night-time than the day time: The main 

sources of ionisation in the mesosphere (D-region) are solar far UV light, hard X-rays and 

cosmic rays (as opposed to soft x-rays and far UV light in the E-region). All these sources 

decline dramatically at night. Certainly in the case of UV, solar and hard x-radiation, it is 

immediately evident that the absence of incident sunlight will markedly reduce the amount 

of ionisation in the D-region, making scattering features harder to find. 

It is found [Brown, 1992] that variations in solar activity dramatically affect ionisation 

enhanced activity produces an increase of an order of magnitude in electron densities. 
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The best configuration for a spaced antenna array is an equilateral triangle [Golley and 

Rossiter, 1970] because this configuration minimizes the distortion of the correlation 

lipse due to differing lengths of the triangle's sides. Other configurations can lead to di

rectional bias, yielding systematic variations in wind strengths with direction [Brown and 

Chapman, 1972]. 

3.2.5 Coherence 

From 1965, approximately four years after the establishment of the Birdlings Flat site, until 

the end of December 1995 the Birdlings Flat receivers were set up in a "phase incoherent" 

manner. This means the receivers detected only the amplitude of an incoming signal, not 

its phase. In January 1996 the radar was modified to obtain phase information as well as 

amplitudes, becoming a phase coherent system. 

Phase coherent receivers compare the incident signal (reflected from irregularities wi

thin the atmospheric D-region) with the waveform from which the transmitted pulse was 

originally generated. The outputs generated by phase coherent receivers consist of inphase 

and quadrature channels, which are basically the real and imaginary parts of a complex 

function [Dunford, 1998]. 

There are various benefits in making the change to a phase coherent configuration; the 

major benefits are an increase in the signal to noise ratio and an increase in the size of the 

back-scattered Fresnel pattern which passes over the receivers [Briggs, 1980]. Basically, 

when coherent detection is employed, the autocorrelation of the amplitude, P R is related to 

the complex autocorrelation of the wave-field PE by 

(3.11 ) 

for random scattering. Provided both autocorrelation functions are of Gaussian form, then 

P R is around V2 smaller than the modulus of the complex autocorrelation [Ratcliffe, 1956]. 

Practically, this means that the complex autocorrelation function is a factor of Vi bigger 

in the T direction for coherent receivers than the autocorrelation of the amplitude is in the 

case of incoherent receivers [Briggs, 1980]. 

Satellite Theory Data 

Remote sounding of the atmosphere by satellite began in 1960 with the launch of the first 

TIROS (Television and Infra-Red Observational Satellite). The TIROS range of satellites 

were the first specifically designed to study the earth's atmosphere from orbiting satellites 

and featured on board instmments designed to examine electromagnetic radiation leaving 
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the earth's atmosphere. This radiation, which may be emitted from, reflected from, or par

tially absorbed by the atmosphere, is known as radiance data. 

Briefly, all satellites approach the problem of remote sounding in essentially the same 

way: The only physical variable a satellite outside the earth's atmosphere can measure di

rectly is radiance.2 Radiance represents the integrated energy flux over a large vertical and 

horizontal region of the atmosphere. 

Satellites usually obtain raw radiance data by examining the shapes of atmospheric ab

sorption lines. Wherever in the frequency spectrum a constituent of the atmosphere absorbs 

radiation, it will also, by Kirchoff's Law, emit radiation.3 A result of this is that the radia

tion leaving the top of the earth's atmosphere will be a function of the spatial distribution 

of the emitting gas. Further, this radiation will also be a function of the temperature field 

to which the emitting gas is subjected. 

The temperature of a gas affects the emission (and absorption) spectrum of a that gas 

- a parcel of hot gas presents a wider line profile than a parcel of cool gas. As a result, the 

temperature from an emitting region can be obtained through knowledge of the observed 

line shape, by comparing the observed atmospheric profile with the profile of a cell of gas 

of known temperature (usually housed in the satellite instrument). 

This is how most satellite instruments work although there are exceptions, such as HRDI 

and the Wind Imaging Interferometer (WINDII) aboard the Upper Atmosphere Research 

Satellite (UARS) which measure wind (rather than temperature) as their primary dynami

cal quantity. In the cases of HRDI and WINDII the line shape is examined for Doppler 

shifting rather than thermal broadening, which means that velocity rather than temperature 

is the first dynamical quantity obtained from each measurement. 

For satellite instruments of the first sort those which sense temperature as their pri-

mary dynamical quantity, the relevant relationship is usually expressed as an integral over 

pressure of the Planck function (which is a function of temperature) multiplied by a func

tion of height called the weighting function, K(z), which represents the height dependent 

contributions of all the wavelength dependent and constituent dependent terms, such that 

the total Radiance at the top of the atmosphere is 

Lv = J (T) K(z) dz, (3.1 

where Bv(T) is the Planck function at frequency 1/ and temperature T and K(z) is the 

weighting function. 

2Usually expressed in units of energy received per square metre from a solid angle at a specified frequency, 
mWm- 1 . 

3The use of Kirchoff's Law implies that the scattering of solar radiation is unimportant, and that Local 
Thermodynamic Equilibrium (LTE) should hold, which is true at pressures greater than about 1 mb. 
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Satellite 

z+oz oz 

Figure 3.6: Nadir viewing satellite The satellite looks directly beneath itself toward the centre 
of the Earth, viewing a slab of atmosphere of thickness oz sitting above a base altitude z. The horizontal 
resolution is good measurements are from a box of width ox). 

Satellite 

Earth 

Figure 3.7: Geometry for a limb-viewing satellite. The emitting region is represented by the altitude 
of which is z. Generally, limb-viewing satellites obtain radiances from a larger horizontal area than nadir
viewing instruments ox in figure3.6), The satellite views the earth's atmosphere at a tangent height of 
h, altllOugh this is not necessarily the region from which the strongest radiances are obtained. 

The weighting function is an expression relating the vertical region from which the ra

diance is received to the instrumental parameters (for example, the choice of line) of the 

particular sounding instrument. In this way, analysis of different spectral lines can result 

in the sounding of different atmospheric depths [Houghton et aI., 1984]. 

Satellites typically make use of the absorption bands associated with well mixed gases 

such as oxygen (for example the 5 mm band) and carbon dioxide (the 15 /Lm and 4.3 ~tm 

bands), which are well mixed up to heights of around 100 km. It is advantageous to use 

bands associated with well mixed gases because the radiance data obtained is then a func

tion of temperature only. 

It can be difficult to obtain radiation from high altitude regions of the atmosphere be

cause of the low densities at these heights. As a consequence, the emitting region is a fairly 

well-defined layer of atmosphere in between the active but distant lower atmosphere, and 

the nearby but sparse upper atmosphere. 

There are two different geometries used in the remote sounding of the atmosphere: Na

dir viewing, in which the satellite looks directly down through the atmosphere toward the 

centre of the earth (see figure 3.6), and limb-viewing, in which the satellite measures radia-
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tion propagating towards it along a path tangential to the earth's atmosphere (see figure 3.7). 

Both geometries are used to examine the atmosphere in modern instruments. Generally, 

however, nadir-viewing instruments (such as the Stratospheric Sounding Unit, on the TI

ROS series) view only the stratosphere, because of the LTE restriction mentioned above. 

Those instruments aboard UARS which were concerned with monitoring the mesos

phere (HRDI, WIND II , ISAMS) are all limb-viewing devices (limb-viewing allows much 

better vertical resolution than nadir-viewing). 

are three different sets of satellite data considered in this thesis; stratospheric data 

from the near-nadir viewing TIROS-N satellites which are incorporated into the UKlVIO 

Assimilation Scheme, and data from the limb-viewing ISAMS and HRDI instruments aboard 

the Upper Atmosphere Research Satellite (UARS). 

3.3.1 TIROS~N Satellite data 

The UKMO Assimilation Scheme is the source of stratospheric data in this thesis. Much of 

the stratospheric data which goes into generating the assimilation scheme is obtained from 

the TIROS series of polar orbiting satellites [Swinbank and O'Neill, 1994]. 

The NationalOceanic and Atmospheric Administration's TIROS series of satellites have 

comprised a series of satellites, with the TIROS-N sub-series being launched in October 

1978. This series of satellites continues to monitor the middle atmosphere, providing a 

long running and invaluable global data record of the stratosphere. 

The raw radiance data obtained by the instruments aboard the satellites are converted 

into layer-mean temperatures by the National Environmental Satellite Data and Informa

tion Service (NESDIS). 

The data record has two sources: (1) SATEM reports, which involve satellite soundings 

at approximately 500 km horizontal resolution and at levels up to around 48 km and (2) 

higher resolution soundings which have twice the horizontal resolution. 

3.3.2 The Stratospheric Sounding Unit 

The SSU is actually one of three instruments comprising the TIROS Operational Vertical 

Sounder (TOVS) system, described in depth by [Smith et aI., 1979J. The other two com

ponents of the TOVS system are the Microwave Sounding Unit (MSU) and the High reso

lution Infra-Red Sounder (HIRS). The latter instruments gather data from lower altitudes 

than the SSU (the MSU gathers data from around 90 mb, while the HIRS instrument has 

three channels, corresponding to radiance data from around 30, 60 and 100 mb). It is the 

SSU, however, which gathers the data used by the UKMO Assimilation Scheme. 

The TOVS instruments all work on the Pressure-Modulated Radiometer technique, which 
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employs cells (three in the case of the SSU) of gas (C02 ) in which the pressure is modu

lated. As the pressure in the cell varies the contributions to atmospheric absorbtion bands 

(of that particular gas) by radiance at different heights are isolated. 

Using the PMR technique, the SSU can obtain temperature data from about 30 mb (20 km) 

up to about 0.4 mb (56 km), from which other physical quantities (especially winds) can 

be obtained by application of the hydrostatic equation and the primitive set. 

Although a detailed explanation of the retrieval techniques associated with satellites 

is beyond the scope of this thesis, a few brief points should be made about the reduction 

procedures associated with TOVS data. information beyond that which appears below, 

the interested reader is referred to [Houghton et al., 1984] for further reading. 

TOVS data is analysed by both the US National Meteorological Center (NMC) and the 

United Kingdom Meteorological Office (UKLYIO), each using their own retrieval techni

ques. The retrieval techniques essentially attempt to do the same thing: Both attempt to 

obtain temperature data from the raw radiance data via the hypsometric equation. This is 

done via the use of statistical inversion techniques using regression coefficients based prin

cipally on a sample of 1200 rocket soundings of the atmosphere. Despite the fact that both 

the NMC and UKMO use the same rocket sampling and the obtain the same radiance data, 

they use differing regression coefficients and thus obtain different temperature fields. 

3.3.3 ISAMS Data 

One of the nine instruments aboard the Upper Atmosphere Research Satellite, the Improved 

Stratospheric And Mesospheric Sounder is a limb-sounding instrument which employed 

the Pressure-Modulated radiometer technique to obtain atmospheric radiance data. The 

instrument measured radiances in eight different channels in the 4-17 ~Lm range (ie in the 

infra-red). Each channel corresponds to a cell containing a different gas (although there 

are two CO2 cells), and one of the main tasks of the ISAMS instrument was to provide 

information about the vertical profiles of temperature mixing ratios. 

Being a limb sounding device, ISAMS viewed the earth's limb in a direction normal to 

the orbital track. One unique feature of ISAMS was its ability to view the limb on either 

side of the spacecraft, though this was often limited in practice by solar glare on the sunny 

side of the spacecraft. 

ISAMS worked from beginning of operations on the UARS satellite, 28 September 

1991 (17 days after the launch) until July 1992 when the chopper (part of the Selective 

Chopper Radiometer (SCR) see Taylor citeTayEA93 for details) failed.4 

The ability to sound the atmosphere on both sides of the spacecraft gave ISAMS the 

4rSAMS was the first instrument aboard UARS to break down. It has since been joined by most of the 
others. The only instruments still operational on UARS are HRDI, WINDII and HALOE. 
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capacity to acquire global data under the right conditions, although for much of the instru

ment's working life, this capacity was used to maintain a constant, complete view of the 

Northern Hemisphere. 

However, in both November 1991 and May 1992 ISAMS gathered long (ie. monthly) 

series of global data. This thesis is concerned with data from May 1992.5 

ISAMS Data Processing Techniques 

The ISAMS data used in this thesis has gone through a number of data processing steps by 

the time it is used here, progressing through a set of "levels", from the raw telemetry data 

(level 1) through to geophysical quantities interpolated onto a standard grid (level 3). 

Initially, the raw telemetry data is corrected for instrument specific effects and a set 

of calibrated data (expressed in physical units such as voltages and radiances) derived at 

along-track points. 

These data then undergo an inversion procedure similar to that applied to the TOVS 

data; the temperatures are retrieved using a sequential estimation scheme which combi

nes the ISAMS radiance data with existing climatoiogies (temperature profiles, weighting 

functions, etc) of the middle atmosphere to produce a statistically optimal picture of the 

along-track temperature, pressure and mixing ratio profiles. 

The retrieval procedure to this point produces ISAMS level 3AT temperature profi

les. These profiles are generated every 400 km along the limb-viewing track (which corre

sponds to around 1300 points/day). The temperature profiles have a vertical resolution of 

around 2.5 km and a cross-track resolution of about 400 km. UARS orbits the earth about 

15 times per day and this yields an east-west separation for successive orbits (as the earth 

turns under the orbit) of around . It should be noted that this will correspond to a rather 

large spacing at the equator (around 2500 km) and a comparatively short spacing (400 km) 

at the maximum poleward latitude to which the satellite ventures (around 7SO). 

This thesis concentrates on data from mid-latitudes in the Southern Hemisphere (ap

proximately 45° S), where the spacing between successive orbits is around 1700 km. 

The level 3AT profiles are then interpolated onto a three-dimensional grid using a syn

optic analysis scheme developed at Oxford University. This scheme weights profiles wi

thin 1200 km and 12 hours of the output grid point and analysis time. The scheme employs 

weighting factors such that the e-folding distance is 500 km and the e-folding time 6 is 6h. 

Using this scheme, two grids were produced each day (one from each side of the in

strument) and these grids were then averaged to provide a daily "synoptic" grid. 

5Unfortunately, no Birdlings Flat radar data are available for the month of November 1991. 
6The e-folding distance is the distance at which the weighting function falls to times the central value. 

The e-folding distance involves an analogus weighting function operating in the time domain. 
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The resultant three-dimensional grid was then smoothed to wavenumber 6. Missing 

data were linearly interpolated. 

The ISAMS temperature profiles were then converted into sets of geopotential heights 

by stacking thicknesses (derived from the temperature profiles) onto UKMO assimilated 

geopotential height fields in the region of 57mb. 

The geopotentials thus obtained were used throughout the Gravity Wave analysis car

ried out in chapter 6 of this thesis. 

Using the Middle Atmosphere Dynamics Package at Oxford (MADPO), physical quan

tities such as temperature, potential vorticity and, most importantly for the present purpo

ses, wind, can be obtained. 

MADPO offers several different methods of deriving wind vectors: 

• Geostrophic Winds are the most mdimentary set of temperature or geopotential ba

sed winds available. See chapter 2 for a discussion of geostrophy . 

• Balance Winds are obtained in a similar way to geostrophic winds, but include non

linear terms (products of u and v, for example). 

This is done by a multiple stage loop within the wind deriving program. MADPO 

uses methods developed by Randel and Lawrence which are part of a family of wind 

field algorithms known as "balance winds." 

The balance wind approach involves solving iteratively a set of coupled, non-linear 

equations in order to obtain an approximate solution to the wind field. Comparisons 

[Lawrence, 1990], [Marks, 1989], [Randel, 1987] show that balance winds perform 

significantly better in the stratosphere than geostrophic winds. 

Randel's approach starts with the equations 

. 1 81:> [ u 81t v 8 ] 
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(3.14) 
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in which the unbracketed telIDS represent the geopotential wind balance without the 

time tendency or vertical advection telIDs.7 The non-linear terms (those in the brackets) 

are initially set to zero. In each successive iteration they are obtained by using the 

winds from the previous iteration. 

Randel found that three iterations were usually enough to produce significant impro

vements on the geostrophic winds. 

Marks' method is a little different incorporates the vertical advection term, by com

bining the continuity equation (see equation 2.8 in chapter 2) and the thennodynamic 

equation (equation 2.9) into his seven step algorithm. 

It is not clear that balance winds are as applicable in the upper mesosphere. Presen

ted in chapter 6 is a comparison between MF radar data from Birdlings Flat and data 

from the ISAMS experiment aboard UARS. Part of this comparison involves exami~ 

nation of the curvature terms in the momentum equations at the grid points near Bird

lings Flat. It is apparent from this work that there are substantial variations across a 

small region and that some of these tenns seem - on the spatial and temporal scales 

discussed - quite unstable. 

" 3D 'Winds Although MADPO offers 3D wind fields, they are less reliable than ba

lance or geostrophic winds at the limits of satellite coverage, such as the 80 km region 

being examined in the case of ISAMS data. Consequently, 3D winds were not used 

in this thesis. Because it involves the calculation of small differences between large 

numbers, the vertical wind is to some extent a measure of the stability of the data, 

rather than a reflection of the "tme" vertical wind. 

3.3.4 HRDI Data 

The High Resolution Doppler Imager is another instrument aboard the UARS satellite. 

Like ISAMS it is a limb-sounding instmment but unlike ISAMS it uses the position of at

mospheric absorption and emission lines to directly determine the velocity of the atmos

phere, rather than relying on derived wind values (as ISAMS does). 

Although over a long period of time (months) it can view from ± 75°in latitude, in 

practice HRDI can only see part of this field at any given time, because (unlike ISAMS) it 

7These are found to be small when compared with the other terms. 
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can only see from one side ofthe spacecraft at a time [Hays et al., 1993]. 

HRDI obtains winds for two separate regions of interest; the stratosphere (10-40 km) 

and the mesosphere/lower thermosphere (50-92 km). The instrument can also (by analysis 

of thermal broadening of the atmospheric lines) derive temperature and (by analysis ofllne 

strength) various mixing ratios, but these are well beyond the scope of this thesis. 

HRDI generates a wind profile approximately once every minute. This profile alter

nates between the stratosphere and mesospheric regions - never both at once. A further 

restriction on HRDI's sampling occurs when the satellite passes through regions of dark

ness; then observations are restricted to a narrow altitude band in the mesosphere/lower 

thermosphere where an emission layer provides the necessary signal. However, this is a 

relatively small contribution to the data set and, given the types of the comparisons being 

made in this thesis, it is fair to say that HRDI is effectively blind at night. 

The basic mechanism behind the HRDI instrument is that light from the earth's atmo

sphere is collected either through the telescope or through calibration sources. The light 

beam is passed through a series of filters to a photometer, which analyses the spectrum of 

incident light. The light is then focussed onto the detector, a device which scans the obser

ved spectrum at a very high resolution. The Doppler shift thus derived (properly calibrated 

and corrected for the motion of the satellite about the Earth) gives the velocity of the con

stituent gases from whence the emission or absorption lines originate. 

Typically, the operational cycle will be to scan the atmospheric limb at an angle (say 

4S ofrom the velocity vector of the spacecraft) and then to slew the telescope around to the 

opposite angle (say 13SOfrom the velocity vector ofthe spacecraft), and to then return to the 

original configuration, so that the same volume in space can be viewed from two different 

directions in order to derive an appropriate wind velocity from the two different line of 

sight velocities. For a more complete discussion of the workings of the HRDI instrument, 

see [Skinner et al., 1987] and [Hays et al., 1993]. 

Processing Techniques: 

The line of sight (1. o. s.) velocity is then corrected for the spacecraft velocity and a weigh

ted average of the data is obtained. This data record, which incorporates measurements, 

corrected 1. o. s. velocities and the collection conditions for several tangent heights then 

forms the level 2A data. 

Processing software produces vertical profiles from the level 2A data, average values 

for latitude, longitude, time, etc., are calculated and various aspects of the atmospheric state 

(temperature, pressure, O2 density) are determined so that the 1. o. s. velocity can be recon

structed into a "kernal," which allows the calculation of how much of the 1. o. s. velocity 

came from a particular atmospheric point along the line of sight [Skinner and Gell, 1995]. 
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The level three processing is essentially a collation of these profiles onto a standard 

grid. 

Finally producing a set of daily level 3AT file, which NASA very kindly shipped to the 

author in the form of a compact disc. 

The level3AT along track data stored on compact disc is in the same form as the ISAMS 

data, but is not interpolated onto a grid (as has been done for the ISAMS data). Along-track 

HRDI data are compared directly with Birdlings MF radar data in chapter 5. HRDI is 

discussed further in that chapter. In the mean time, the essential point of physics to note is 

this: 

Because HRDI measures the wind field, as opposed to calculating it, HRDI provides a 

useful tool for analysing the dynamics of the middle atmosphere, because it is able to 

away from the large-scale dynamical assumptions inherent in the process of wind calcula

tion from temperature. Like the Birdlings Flat radar winds, HRDI obtains a picture of the 

observed rather than derived wind field, although the scales on which they measure 

are very different. 

Summary 

Throughout this thesis the Birdlings Flat MF radar data is the primary data source. Radar 

data are discussed in terms of a three year time-series with in chapter 4, which also contains 

a discussion of the data both before and after the alterations made to the receiving array in 

January 1996. 

In chapter 5 radar data from 1993 and 1994 are compared with overpasses made by the 

HRDI instrument aboard UARS. The overpass data are compared according to proximity, 

local time and the quality of the radar winds at the time of the overpass. 

In chapter 6 the radar data are then compared - in light of the caveats and conclusi

ons presented in the previous two chapters - with data from the ISAMS instrument for 

the month of May 1992. This comparison is between directly observed radar winds and 

geostrophic winds which are derived from temperature fields via the application of large

scale dynamical equations. The resulting discrepancy between the monthly averages of 

these two data sets is then discussed in terms of gravity wave breaking in the mid-latitude 

winter mesosphere. 
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Winds 

Introduction 

As discussed in the previous chapter, the Birdlings Flat MF radar was modified at the be

ginning of January 1996 to enable it to record phase information as we1l as amplitudes. In 

this chapter, data from throughout 1996 are compared with data from the previous two and 

a half years. The Birdlings Flat winds from the years 1993 to 1996 are also compared with 

the ClRA 86 climatology and the observed inter-annual variability is discussed. 

This chapter begins with an examination of various issues surrounding the radar data, 

such as noise, biasing and an extended discussion regarding the quality of the data, inclu

ding various spatial and temporal issues. 

In section 3 daily mean winds are presented. The daily mean winds are binned into 

monthly data sets and these sets are discussed with reference to the broad monthly trends 

characteristic of the time of year and the observed variations within the month. 

In section 4 these daily winds are binned together into monthly means and the three 

and a half years for which data was available are examined. Time series were obtained at 

various heights in the 76-100 km and the monthly mean radar winds are discussed 

with reference to some of the observed features, and also with reference to the correspon

ding monthly CIRA 86 values in order to examine the radar data against a broad long-telm 

climatological average. 

In section 5 monthly mean radar wind height profiles (for the range 76-100 km) are 

presented for each available month between May 1993 and December 1996. are 

compared with profiles from corresponding months in other years and with profiles built 

from the CIRA 86 data. 

Finally, the results are reassembled and discussed in order to build up a ground station 

view of the Southern Hemisphere mesosphere and lower thermosphere at one mid-latitude 

location. 

60 
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4.2 Quality 

Notes Data 

Before examining the Birdlings Flat MF radar data set several points should be noted. 

1. In times of high wind, the auto-correlation function narrows. As described in chap

ter 3 the correlation function describes a characteristic ellipsoid. The time depen

dent part of this characteristic ellipsoid is a function of how long the reflecting re

gion remains above the radar site; if it is persistent then the back-scattered pattern 

will remain roughly constant, producing good correlation in the time domain. A sta

ble atmosphere therefore leads to a long time axis in the characteristic ellipsoid of 

the correlation function. 

However, when winds are strong, the back-scattered signal is changing rapidly (as 

the reflecting region blows over the site). As a result the correlation drops off much 

more quickly than it would if the atmosphere were at rest. In times of strong wind 

the patterns are much less persistent and so the auto-correlation function will narrow 

considerably. 

MF radar winds winds are obtained by comparing the auto-correlation function with 

the cross-correlation function during the acceptance criteria algorithm. The result is 

that more high winds are thrown out in an incoherent receiver array than in a coherent 

array [Ratcliffe, 1956]. 

Generally, this occurs because there is less agreement between the diffraction pat

terns for strong winds than there is for weak winds, which can lead to strong winds 

being thrown out when the acceptance criteria are applied. This effect is less pro

nounced in the case of coherent arrays than it is in the case of incoherent arrays be

cause of the coherent array's better handling of narrow characteristic ellipses. 

2. Small-scale turbulence can "boil" the atmosphere. This may produce larger recorded 

winds, because of the greater difference in the back-scattered patterns between the 

different receivers. In theory [Ratcliffe, 1956J, [Briggs et a1., 1950J, turbulence can

not affect the trne winds because it is - theoretically - possible to separate random 

variations from the signal via the correlation analysis. Apparent wind velocities do 

fall victim to small-scale turbulence and random variations in the reflecting region. 

Practically, a radar experimentalist cannot be certain that the reduction procedures 

which convert the apparent winds into trne winds remove all these variations. 

3. Several sources of noise serve to degrade the already weak signal received by the 

antennae; by far the bulk of this noise is external in origin, ie., it comes from sources 
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outside the radar array, including signals from television and radio stations and even 

such bizarre sources as squid boats operating off the Canterbury coast (many of whom 

communicate with each other via medium frequency radio). The noise thus introdu

ced has (as true noise should) a mean of zero, that is, it does not "push" or bias the 

signal in any particular direction in a systematic way. 

4. One of the happy by-products of the 1996 upgrade to the radar array is that the ra

dar yields significantly more data; in the period between 1993 and 1995, an average 

monthly data file from winter (June 1995, for example) yielded around 3000 data 

points. In June 1996 this increased to around 8500 data points per month. An ave

rage summer monthly data file (February 1995) contained around 8500 data points, 

while the data file for February 1996 contained about twice that number (about 17000 

data points). 

5. As can be seen from figure 4.1 there are reduced numbers of recorded wind measu

rements during hours of darkness. This is consistent with the expected decrease in 

electron density during these hours (which leads to a decrease in the signal to noise 

ratio). However, those winds which are recorded at night have through the 

same selection criteria as the daytime winds and hence there is no reason to suspect 

that they are less representative of the state of the atmosphere at the time of obser

vation. 

6. Monthly data files were used only if they contained more than ten days data with 

a minimum number of contributory data/day of 300. In the event that the daily wind 

fields thus produced gave results which differed substantially from the wind fields of 

neighbouring days as is the case with some of the wind roses which are presented 

in later sections of this chapter - no outlier rejection was attempted. This is because 

outlier rejection which is based on the values of the data rather than uniform criteria 

to judge the quality of the data, are necessarily arbitrary. It is likely that such outlier 

points will be averaged out on monthly time-scales, for example, which form the 

substance of much of this chapter and chapter 6, or will be sufficiently rare that they 

do not affect the general conclusions on shorter time-scales. 

7. The radar at Birdlings Flat emits a pulse of Gaussian shape wHh a Full Width at Half 

Maximum (FWHM) of 4 km [Fraser, 1989]. When convolved with real atmosphere 

scattering surfaces this produces a vertical resolution of around 5 km [G. Fraser, pers. 

comm.]. 

Throughout this thesis, radar winds will be referred to as originating from particular 

heights. The recorded values for each height were obtained by binning data from 
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2.5 km above and below the nominal height. This method of binning the data allows 

for the uncertainty in the height of reflection discussed above by producing broad 

"bands" of data. 

The data were then separated into the appropriate time bins - hourly averages from 

which daily averages were also produced. By time-binning the data in this way sy

stematic sampling bias was minimised (see, for example, [Fraser, 1984]). 

4.2.2 Temporal Scales 

Various time-scales are involved in the work undertaken in this thesis. Comparisons with 

data obtained from the HRDI experiment, for example, make use of hourly averages of 

the radar data. At the other extreme, comparisons with data from the ISAMS experiment 

involve monthly means of the radar wind data, and comparisons between the incoherent 

and coherent data take place on a timescale of years. 

Deducing short-term phenomena from the Birdlings Flat MF radar data can be difficult 

and the customary solution [Smith, 1997] is to run a ten-day sliding window along (say) 

a month's data. The Fourier spectrum is then analysed. From this, short-term phenomena 

which are quasi-stable on a timescale of the sliding window can be obtained. Shorter term 

phenomena, although present in the data, can be hard to analyse if the data rate is lower 

and if the data record is noisy. 

In spite of these concerns about short term data, the sub-daily time-scales which are 

considered in chapter 5 do not exhibit radical variations from hour to hour. Frequently the 

wind field changes little over the twelve hour period considered. Greater variation is evi

dent on daily time-scales (see the wind roses in this chapter and in chapter 6). 

Noisiness and errors in the data may well be smaller in the coherent data (1996) than 

the incoherent data (pre-1996). Although a preliminary investigation of this is undertaken 

below, more data will be needed to test this hypothesis thoroughly; given the substantial 

inter-annual variation observed in the middle atmosphere, one year's data is insufficient 

from which to draw conclusions of this nature. 

The number of points accepted by the Full Correlation Analysis (FCA) procedure which 

operates at Birdlings Flat (described in chapter 3 above) varies throughout the day, usually 

with a maximum at around noon and a minimum through the night (see figure 4.1). This 

diurnal variation can lead to the possibility of tidal contamination of the data when consi

dered on long time-scales. 

Despite the fact that the semi-diurnal tide is the dominant tidal mode in the mid-latitude 

mesosphere [Andrews et aI., 1987], the Birdlings Flat radar data are not expected to show 

significant tidal contamination above 80 km in winter [Fraser, 1989]. Nevertheless, in order 
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Figure 4.1: Contour plot showing the diurnal variation in the data rate of the MF radar at Birdlings flat for the 
month of December 1993. The contours represent the number of wind data records returned for December 
1993 displayed according to the time of day and altitude. 
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to minimise any sort of tidal contamination, data were binned into hourly means and these 

hourly means were used to produced the daily means and monthly means used throughout 

this thesis. 

The hourly mean method of producing longer time-scale means was basically a pre

cautionary measure and a comparison between simple monthly means (raw averages of 

the entire data set) and more sophisticated means (which employed hourly and daily bin

ning) yielded no significant discrepancy between the sorts of means, reinforcing the result 

in [Fraser, 1989J. 

Another point worth noting from figure 4.1 is that higher altitudes (90-100 km) are sam

pled more often than lower heights (65-75 km). Generally; winds above about km are 

considered more reliable than those below. This is because the electron density declines 

significantly below this height, and where there is no electron density, there can be no si

gnificant back-scattered signal at the frequencies used at which MF radars operate. 

There is some variation in the contour plot of data rate from season to season as the 

height of the lower "boundary" of the reflecting region moves several kilometres between 

summer and winter [Fraser, 1984J. Although figure 4.1 is reasonably representative of the 

general picture, it should be noted that there are, occasionally, serious departures from this. 

One of the uses of contour plots such as the one displayed in figure 4.1 is that sampling 

biases and problems such as clock errors can be identified. 

For example, Figure is the contour plot for May 1993. One of the most striking 

features of this plot is the (sharply delineated) absence of data between 11 am and noon, 

illustrated by the very close spacing of contour lines. Closer inspection of the data revealed 

that for 14 consecutive days (between 11 May and May, inclusive) no data was recor

ded between 10:59 am and noon (although data runs commenced before 11 :am did finish 

between 11 am and noon). On 25 May the radar stopped recording at 9:52 am, while work 

was carried out on the system, recommencing at 12: 18 pm. No further data gaps of this 

type occurred. The sharp nature of the disruption of the data collection possibly implies a 

clock (or similar software) error which was somehow fixed (unfortunately that month falls 

in a period when the records of changes and work done to the site were incomplete). A 

similar error appeared in the same month at around 6 pm, but wasn't as persistent, lasting 

only four days. 

Spatial Scales 

Although MF and meteor radars can produce unparalleled temporal data rates, their spatial 

coverage is extremely limited. Viewing only in the vertical, they can be subject to highly 

localised influences which can greatly disturb the data record. Satellites, on the other hand, 

cannot detect the presence of such effects, because of their wide viewing area and relatively 
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Figure 4.2: Diurnal variation in the Data rate of the MF radar at Birdlings flat for the month of May 1993, cf. 
4.1. Note the presence of sudden depletions in the data between 11 am and 12 pm and between 5 pm 

and 6 pm. See text for discussion. 

poor temporal data rate. This essentially geometric problem is discussed in some depth in 

the next chapter. 

CIRA 86 

The caSPAR International Reference Atmosphere is a climatological mean atmosphere, 

comprising monthly mean fields between 80° Sand 80° N at heights from 0 to 120 km. 

ClRA 86 comprises zonal-mean fields spanning these latitudesand heights for a variety of 

physical quantities: Geopotential height, temperature and zonal wind. 

These fields have been obtained by assimilating a variety of quite different data sets. 

~ (a) Global Atmospheric Circulation Statistics (1958~1973). This data set 

ents zonally climatological monthly mean temperatures and zonal winds 

for 800 S-90° N up to a height of 20 km (50 mb). The data contributing to this gridded 

set have been obtained from various irregularly spaced ground based sites (including 

mobile sea-borne ones) . 

• (b) Middle Atmosphere Program. Contains global climatological data obtained 

from radiance measurements made by the Nimbus 5 and Nimbus 6 satellites. The Se

lective Chopper Radiometer (SCR) aboard the Nimbus 5 satellite obtained radiance 
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data up to the stratopause, while the Pressure Modulated Radiometer (PMR) obtai

ned mesospheric data up to around 80 km. In the overlap region (40-56 km) sounded 

by both instruments, the climatology was "stitched together" by linearly combining 

weighted means of the data. 

Data from the Stratospheric and Mesospheric Sounder (SAMS) and Limb Infrared 

Monitor of the Stratosphere (LIMS) aboard Nimbus 7, from the Stratospheric Soun

ding Units (SSU) aboard the Tiros-N series of satellites, and rocket/radiosonde data 

were used to validate the MAP data I . 

• (c) MSIS~86 and MSIS~83. These empirical models of temperature and composi

tion provide the CIRA-86 climatology with its thermospheric data. The data invol

ved were obtained from satellite and rocket-based mass spectrometer and extreme 

UV absorption measurements, from rocket-borne pressure-gauge, grenade and fal

ling sphere measurements and from various irregularly spaced ground-based radar 

stations [Hedin, 1987J. 

The climatology thus produced is described in detail in [Fleming et al., 1988J. Alt

hough the CIRA 86 climatology broad seasonal trends competently enough, it is 

by no means free from error. For one thing, there is little in the way of validation between 

the data sets; one cannot be sure that there are no biases or offsets when moving from one 

data set to another. Although every effort has been made to stitch the data together as se

amlessly as possible, the overlap regions may contain quite unreal features as a result of 

the interpolation. 

Perhaps more importantly, the very idea of a canonical climatology is suspect given 

the large inter-annual variability evident in the middle atmosphere [Lawrence and Randel, 

1996J: The smearing out of quasi-stable features is an inevitable result of long-term ave

raging. Similarly, localised or features such as the "dip" or secondary minimum 

described in section 4 below which are dependent on the direct measurement of quantities 

such as wind, will be lost in during the integration of differing data sets. That this can be a 

problem is evidenced by the mere existence of this thesis, which is to a large extent about 

explaining the differences between various different data sets. 

Daily Mean 

Daily mean winds were produced from the hourly mean winds discussed above and are 

presented in figures 4.3 - 4.8 below. The daily means are presented as wind vectors starting 

'The brevity of the LIMS instrument and the restricted range of SAMS restricted their use in forming the 
final climatology. 
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at the origin and blowing radially away from the radar site. 

Figure 4.3 shows the daily mean winds for 1996 at a height of 80 km. Although there is 

of course a spread in the data, comparatively few days of data completely disagree with the 

general pattern for the month. August, May and November each possess one day of data in 

which both the zonal and meridional winds stand in stark contrast to the normal monthly 

tuation, but the fact that these are such exceptional days demonstrates how consistent most 

of the data is. 

As would be expected, easterlies predominate in the summer months and westerlies in 

the winter months. Months surrounding the equinoxes (especially October) show smaller 

magnitudes and greater directional variation than is evident under solstice conditions, con

sistent with the expected picture when no jet is dominant. 

Although there is substantial spread in the meridional direction, most solstical months 

exhibit a general trend consistent with the expected diabatic circulation in the upper me

sosphere: In summer winds stream northward, away from the nearby summer pole, while 

in winter the winds point slightly poleward, consistent with the general poleward motion 

in the sunless winter hemisphere. 

Wind roses, as these plots are known, are also plotted for 1996 at 90 km (figure 4.4) 

and 100 km (figure 4.5). These three sets of daily mean winds for 1996 are all based on 

vertically independent data - each wind field is a product of the recorded wind 2.5 kID 

either side of it, meaning the top of one wind rose plot is 5 km below the bottom of the 

next, while the vertical resolution of the radar instrument is around 4 km [Fraser, 1989]. 

When compared, the 100 kmdaily means show quite different behaviour from the 80 km 

data. In general, the magnitudes of the 100 km winds are considerably smaller than those 

of the 80 km winds, consistent with moving vertically away from the mesospheric jet (see 

figure 1.2). 

In addition, the zonal winds have different directions under approximate solstice condi

tions at 100 km than they do at 80 km [Andrews et a1., 1987]. This result is consistent with 

the standard picture of the atmosphere which has thermospheric winds of opposite sense 

to those of the mesosphere [Houghton, 1987J. As discussed in chapter 2 the coldest part of 

the atmosphere is the mesopause above the summer pole. 

The dynamics driving the atmosphere at 100 km are quite different than those driving 

things at 80 km. Unsurprisingly, the picture at 90 km is very much what would be expected 

- the picture does not show the dramatic seasonal behaviour evident at 80 or 100 km. 

Instead, the wind roses very much show a kind of superposition of the dynamics above 

and below. At 90 km more variation is evident in the daily mean winds in terms of zonal 

direction than is evident at either of the two other heights, since this region is something of 

a boundary between the strong mesospheric jets below and the thermospheric winds above. 
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Figure 4.3: Daily mean wind roses of Birdlings Flat MF radar data for each month of 1996 at 80 km, Each 
of the lines can be viewed as the daily mean wind vector blowing away from Birdlings Flat which lies at the 
origin, with north to the top of the diagram and west to the right. 
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Figure 4.4: Daily mean wind roses of Birdlings Flat radar data for each month of 1996 at 90 km. cf. fi
gure 4.3). 

Meridionally, too, the picture at 90 km is something of an amalgam of the atmosphere above 

and below; a range of both northward and southward winds are observed in most months. 

Figures 4.6, 4.7, 4.8 show the comparable wind roses for 1993,1994 and 1995 at 80 km. 

These three years demonstrate the same broad features as the 1996 data, but there is gene

rally more scatter on the plots from the earlier years than there is on the 1996 plots. 

The means and standard deviations for these monthly groups of daily mean winds are 

displayed in table 4.3. Generally, the standard deviations show that the greatest spread of 

data occurs in the summer months. Better grouping is seen in winter, both zonally and 

meridionally. 

Throughout the 25 months of daily data plotted for the 80 km (figures 4.3,4.6,4.7, 4.8), 

several broad features are worth mentioning. 

1. There is a good degree of seasonally driven behaviour in the monthly plots of daily 
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Figure 4.5: Daily mean wind roses of Birdlings Flat radar data for each month in 1996 at 100 km. ef. fi
gure 4.3). 
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Figure 4.6: Daily mean wind roses of Birdlings Flat radar data for each available month in 1993 at 80 km. 
ef. figure 4.3), 

100 

100 

100 

100 

100 

100 



72 Chapter 4. Birdlings Flat Winds 1993-96 

I Month I Year I n I u CJu I v I CJv I 

May 93 31 17.7 15.1 -5.2 14.8 
June 93 30 16.5 15.3 -5.0 12.5 
July 93 31 21.2 18.1 -5.0 12.0 
August 93 31 19.8 18.0 -2.4 11.0 
November 93 10 -19.7 26.4 2.6 15.8 
December 93 31 -35.3 22.7 22.0 26.1 
January 94 29 -34.6 33.9 10.0 23.3 
February 94 28 -8.4 20.8 1.6 15.9 
March 94 27 18.7 13.8 -6.1 10.4 
May 94 29 14.3 14.8 0.0 8.5 
June 94 30 14.0 22.9 -4.1 18.7 
July 94 27 14.7 25.9 -3.5 16.7 
August 94 30 22.9 17.1 0.4 15.5 
December 94 3 -58.2 37.9 15.7 68.4 
January 95 11 -46.4 36.3 23.6 32.6 
February 95 18 -2.7 30.4 2.9 20.6 
March 95 27 25.8 17.4 -21.3 19.0 
April 95 30 26.0 21.4 -15.5 19.0 
May 95 31 16.5 12.9 -7.2 12.9 
June 95 13 18.6 10.6 -9.2 13.0 
July 95 13 28.3 14.9 -10.1 9.8 
August 95 23 28.3 20.3 -12.2 15.8 
October 95 17 -2.1 19.4 -5.9 17.5 
November 95 11 -32.6 17.4 17.3 10.4 
December 95 31 -5.6 16.9 11.3 12.1 
January 96 8 -21.4 25.4 8.4 12.7 
February 96 27 -15.5 23.9 10.5 18.2 
March 96 10 17.9 17.4 -14.3 10.5 
April 96 26 41.3 17.3 -16.9 13.8 
May 96 30 42.6 16.0 -7.8 12.9 
June 96 25 33.5 19.4 -9.0 13.0 
July 96 30 35.0 20.6 -10.5 11.8 
August 96 31 40.9 24.8 -4.2 24.2 
September 96 26 25.8 21.9 -11.2 14.5 
October 96 31 4.4 19.5 -2.6 14.7 
November 96 26 -42.4 25.6 7.2 17.0 
December 96 27 -42.8 31.8 36.5 35.8 

Table 4.1: MF radar winds from Birdlings Flat. The monthly mean wind fields for both the zonal ('II) and 
meridional (v) wind components are displayed here, along with the corresponding standard deviations, rJ, 

and the number of days of data contributing to the monthly mean, n. 
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Figure 4.7: Daily mean wind roses of Birdlings Flat radar data for each available month in 1994 at 80 km. 
cf. figure 4,3), 

wind fields; in summer and winter, as expected, the great majority of winds agree in 

terms of the direction of zonal (and often even meridional) wind, while at the equin

oxes there is a lot more variation in the zonal direction. 

2. The meridional wind field in these plots generally agrees broadly with what would be 

expected from the standard view of a gravity wave-driven diabatic circulation; wind 

streaming away from the summer pole towards the winter pole at these heights and 

these latitudes2 , 

3. There are some very unusual daily mean winds, for example in the plot for August 

1996 where there is a massive equatorward wind for one day, while the daily winds 

for the rest of the month exhibit considerable consistency. Data such as these are 

quite possibly wild points in the data due to weak sampling, and may not actually 

reflect what is happening above the site. Wind fields such as these are all the more 

remarkable for their scarcity; the fact that so many daily mean values agree so well 

with each other indicates that effects due to noise are considerably smaller at 80 km 

than they are at 70 km, where the data rate is lower (see figure 4.1 and Fraser [1984]) 

and tidal aliasing probably more pronounced [Andrews et al., 1987]. 

2See section 4.4 and chapter 6 for a discussion of the diabatic circulation and its relationship to the brea
of gravity waves in the mesosphere. 
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Mean 

The daily mean data presented and discussed in the above section were then binned into 

monthly means for the period between May 1993 and December 1996. 

Both zonal and meridional time-series are considered in this section. The zonal time

series are discussed with reference to various seasonal features evident at different heights, 

and with reference to the ClRA 86 monthly mean zonal winds for S [Fleming et al., 

1988]. The meridional time-series are discussed mainly in terms of the diabatic circulation 

at 80, 90 and 100 km. 

4.4.1 Monthly Mean Time-Series of Zonal Wind 

When time series from 80 km are considered (see figure 4.9), it is found that there is a 

general and reasonably steady increase in the amplitude of the monthly mean peak winter 

westerlies with time. Although there is a greater difference between 1995 and 1996 than 

for any other two successive winters, it is not yet clear that this difference is due entirely 

to the receiver modifications. However, the observed winds are at least consistent with the 

expected effects of the receiver modification. 

When the phase coherent data from 1996 are compared with data from the previous 

three years several broad trends become apparent: 

Monthly mean zonal wind data from the phase coherent receivers are of greater am

plitude near the solstices than those recorded when the radar was in the previous receiver 

configuration. More generally, the phase coherent receiver set-up recorded more strong 

winds in times of high winds than did the phase incoherent receiving array, which had a 

tendency to throw winds out if the auto-correlation function was narrow (which it is in ti

mes of strong winds - see chapter 3 and section 4.2.1). 

Obviously, this effect will not manifest itself in the meridional winds; although strong 

meridional winds are evident from time to time in the mesosphere, the monthly mean meri

dional wind seldom exceeds ± 15ms-1, and such an average is unlikely to be substantially 

affected by allowing the correlation function to pass more strong winds, since the strong 

winds are unlikely to be anywhere near as consistent as the strong zonal winds. 

Strong seasonal variation is evident at all the heights sampled below about 85 km. Strong 

winter westerlies and even stronger summer easterlies are observed. There is good 

ment between these monthly means and the ClRA 86 data, especially during summer. The 

radar data agreed less well with the climatology in the summer of 1995-96. This could 

simply be a matter of inter-annual variability, or it could be in part due to the receiver mo

difications which were being made at that time. 

The lack of springtime data is unfortunate only two Octobers have been sampled, 
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Figure 4.9: Time-series of monthly mean zonal wind data at 80 km (solid line), and CIRA 86 climatological 
monthly mean zonal winds (dashed line). Month 1 is January 1993 and month 48 December 1996. Strong 
seasonal behaviour is evident in the annual cycle of summer easterlies and winter westerlies. Note especially 
the dip in the intensity of the westerly each winter. 
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Figure 4.10: Time-series of monthly mean zonal wind data at 90 km. cf. 4.9. Unlike the zonal time
series 10 km either side of this region, little seasonal behaviour is evident and the Birdlings Flat winds bear 
little resemblence to the CIRA 86 data. 



4.4. Monthly Mean Time-Series 

1\ 
40 \ 

\ 

::;: 20 

5 

] 
N 

o 

\ 
\ 
\ 

10 

SF'll for 1993-: 996 

20 .3C 
Time (i'l ITlOl1tns) 

77 

40 50 

Figm'e 4.11: Time-series of monthly mean zonal wind data at 100 km. cf. The seasonal cycle of the lower 
thermosphere can be seen emerging at this altitude, as evidenced by the moderate summer westerlies. See 
section 4.4.2 for a discussion of the differences between the seasonal cycle at 80 and 100 km. figure 4.9. 

and one September - as this makes spring-time comparisons difficult. 

The greatest differences between the Birdlings Flat data and the CIRA atmosphere oc

cur in winter; the MF radar at Birdlings Flat consistently records weaker monthly mean 

westerlies than CIRA 86, while the summer easterlies are usually of the same magnitude as 

those presented in the climatology. This is an interesting result when viewed in the context 

of the comparison between the MF radar data and data from the HRDI instrument conduc

ted in chapter 5. 

On its own, however, the fact that CIRA 86 records stronger winter westerlies than the 

MF radar does in the vicinity of 80 km is of little weight. There are good reasons to be 

cautious about the CIRA 86 data set in the region between 80 and 100 km: The mesosphe

ric data contributing to CIRA 86 near 80 km has corne from geopotential and temperature 

data obtained from the PMR aboard Nimbus 6. The winds given by CIRA 86 are con

structed by averaging PMR data over a base-line of around three years [Barnett and Cor

ney, 1985]. Long-term averaging of these data "smoothes" the data, masking some featu

res (such as the northern hemisphere separated stratopause) [Lawrence and Randel, 1996]. 

The CIRA 86 data for thermospheric altitudes originates in the MSIS data set [Fleming 

et al., 1988]. The CIRA climatology in the upper mesosphere and lower thermosphere is 

produced by stitching these data sets together, and this frequently involved questionable 

assumptions regarding non-local thermodynamic equilibrium at these altitudes [Lawrence 

and Randel, 1996]. 

In addition, such approximations cannot take into account the effects of small scale dy

namical driving such as that generated by the breaking of gravity waves. This is import

ant at the latitudes considered in this thesis: The differences between the observed (radar) 
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winds and the derived (climatological) winds is likely to be due to gravity wave retardation 

of the zonal flow (see chapter 6). 

One of the more interesting features occurs in winter around 80 km. In every winter 

between 1993-96 sampled at this and neighbouring heights the zonal wind - which is 

westerly - peaks in intensity around May. After May, the westerlies weaken during the 

mi ddle of winter when from the radiatively determined picture alone [Huang and Smith, 

1991], [Shine, 1989] it would be expected that they would continue to intensify until at 

least the solstice. Contrary to this, the westerlies decrease in intensity during June and July 

before strengthening again towards the vernal equinox, after which time they die away as 
. . 

spnng arnves. 

This feature is unlikely to be an artefact of the instrumentation or a product of any sort 

of systematic biasing in winter; as noted above, neither the stronger easterlies in summer 

(and the stronger westerlies in May and August) exhibit any sort of systematic difficulty in 

the detection of strong winds. 

Nor is the dip likely to be explained in terms of deformation of or irregularities in the 

reflecting region in the D-region; small-scale turbulence which may well be likely in a 

region subject to gravity wave breaking, as this region is - tends to increase the calculated 

wind, rather than decrease it. Further, were this explanation true, some sort of analogous 

phenomenon would be expected to be found in the meridional data. No such feature is 

apparent. 

A broad explanation of this feature, one of the most consistent both in the four winters 

studied here and the two presented in [Fraser, 1989], is that the "dip" or double peaked 

structure of the monthly mean zonal mesospheric wind field is a product of the retardation 

of the zonal flow by gravity wave breaking, which is believed to peak in the mid-winter 

mesosphere. Its persistence in all four winters examined in this thesis and in the three 

discussed in [Lawrence, 1990] implies that it is a reasonably stable, real feature occurring 

each year. More will be said about it in chapter 6. 

The double-peaked nature of the mesospheric winds is reminiscent of the double peaked 

nature of stratospheric planetary wave amplitudes presented in [Plumb, 1989]. Plumb's 

model suggested that the amplitude of stratospheric planetary waves would reach maxima 

in early and late winter, with a quiescent period in mid-winter3. Given that stratospheric 

planetary waves can act as a filtering mechanism for the vertical propagation of gravity 

waves [Smith, 1996], this may provide some explanation for the double peaked structure 

of the mesospheric winds. 

3Basically, this is because the amplitude of planetary waves depends in part upon the strength of the wind 
field they inhabit. For a certain range of forcing amplitUdes the stratospheric planetary wave amplitude 
in times of moderately strong westerlies (such as early and late winter), but declines if the westerlies increase 
in strength (as they do around the winter solstice). 
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Time-series from higher altitudes reveal quite a different picture; Between about 86 and 

km the monthly mean zonal winds drop away significantly as one moves from the me

so spheric circulation below to a circulation more characteristic of the thermosphere above 

90 km. In particular, the solstical winds change from winter westerlies and summer easter

lies in the mesosphere to mild winter easterlies and moderate summer westerlies. 

Above about 95 km the seasonal cycle strengthens and the picture changes to what is 

broadly the opposite of that below 84 km; winter easterlies and summer westerlies become 

apparent, strengthening with height. 

Generally, the Birdlings Flat radar data resembles the ClRA atmosphere more as height 

increases above about 95 km. Although agreement between the data sets improves with 

height throughout the region studied, there are still significant differences at 100 km: The 

Birdlings Flat radar records summer westerlies which are considerably weaker than those 

predicted by CIRA, and the duration of westerly predominance is much shorter than that 

which is predicted. In addition, the occurrence of maximum easterly flow in winter at 

100 km is consistently earlier by a couple of months - than is predicted. 

Although the period of westerlies observed at Birdlings Flat is shorter than that pre

dicted by ClRA, some annual periodicity is evident in the radar data. The picture at these 

heights is less clear in the winter months, although this is probably to be expected given 

the relatively small amplitude of the wind (between 10 ms-1between May and August 

on the CIRA model) in these months. 

Viewed as a whole, it is found that the 1996 monthly mean zonal wind data does differ 

in amplitude at some heights from data from preceding years especially in winter below 

about 82 km and in summer between about 90-95 km. In both these cases the 1996 data dis

play larger amplitudes than were recorded in the previous three years. Given that there has 

been only one year of coherent data it would be premature to conclude that this is an arte

fact of modifications to the receivers made in early 1996 but this possibility cannot be ruled 

out; since the receivers were made phase coherent the signal to noise ratio has increased 

and this could well have the effect of increasing the recorded mean wind in times of strong 

winds andJor low signal. Given the changes made to the receivers, it was not surprising that 

the occasional amplitude increase in the zonal wind field was recorded; it would have been 

considerably more surprising if the recorded monthly mean winds in 1996 were of lower 

amplitudes than in previous years, especially in the between about 90-95 km, where 

inter-annual variability can easily swamp the comparatively small amount of inter-annual 

variability observed at these heights. 
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4.4.2 Monthly Time~Series of Meridional 'Wind 

As expected, the meridional time-series (figures 4.12-4.14) do not exhibit the same sorts 

of large amplitudes so conspicuous in the zonal winds, but at the top and bottom of 

the region studied - do show some of seasonal behaviour. In particular, strong 

equatorward flow is evident at 80 km during the summer months. 

Strong southerlies in summer at these heights are a part of the gravity wave driven dia

batic circulation. 

Restating the zonal momentum equation (equation 2.5) 

u au v 

cos ¢ a A + a cos ¢ 
au 

+waz D. (4.1) 

The breaking of gravity waves serves to close off both the easterly mesospnerlc jet in sum

mer and the westerly mesospheric jet in winter. Generally, the largest terms in the above 

equation will be the Coriolis term and the longitudinal gradient in geopotential. Under 

geostrophic conditions (see section 2.4) these two terms will balance exactly. However, 

the retardation of the zonal flow due to the breaking of gravity waves provides a non-zero 

small-scale forcing term, D, in the above equation. If zonal means are considered, it can 

be seen that the total longitudinal gradient around a latitude circle must be identically zero. 

However, the right-hand side of the above equation is not zero, and, in order to preserve 

momentum balance, a meridional circulation is induced to balance the gravity wave forcing 

term. In the summer hemisphere, this residual circulation is always equatorward, while in 

winter the diabatic circulation is poleward. 4 

Consequently the diabatic circulation is actually from the cool summer hemisphere to 

the wann winter hemisphere, an effect which serves to drive the upper mesosphere further 

from radiative equilibrium than any other part of the atmosphere [Shine, 1987]. 

In terms of the diabatic circulation, the summer pole is the only region in which air 

ascends and moves equatorward, while most of the extra-tropical winter hemisphere acts 

to reinforce the circulation by "sucking" the air from the summer hemisphere through the 

gravity wave induced poleward meridional flow. 

Ten kilometres above, at 90 km, there is little in the way of seasonal activity. The me

ridional wind - generally a product of the diabatic circulation throughout the mesosphere 

and lower thermosphere is relatively quiet throughout the year, because this is something 

of a region of transition between the mesospheric climatology so evident below, and the 

lower end of the thermospheric climatology above. That this is an exceptionally quiet re-

4This idea, the relationship between gravity wave breaking and the diabatic circulation via the zonal mo
mentum equation, will be discussed at some length in chapter 6. 
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Figure 4.12: Time-series of monthly mean meridional radar wind data at 80 km. cf. figure 4.9. Even though 
meridional winds are typically somewhat weaker than their zonal counterparts seasonal activity is still evident 
in this time-series: The gravity wave driven diabatic circulation is apparent in the summer southerlies and 
winter northerlies. 

gion of the atmosphere in terms of the meridional wind is evidenced by the fact that during 

the thirty-seven months for which there was data available, the amplitude of the monthly 

mean meridional wind never exceeded ± 10ms-1 at 90 km. 

In the lower thermosphere, at around 100 km, some seasonal behaviour is beginning 

to reassert itself. As with much of the atmosphere, the mean seasonal motion at 100 km is 

essentially radiati vely dri ven [Hunt, 1981]. The observed monthly mean circulation obser

ved by the Birdlings Flat radar agrees well with the picture generated from other sources 

(eg., the data sources discussed in [Fleming et al., 1996]). 

The summer mesopause is, somewhat counter-intuitively, the coldest region in the at

mosphere. Essentially, this occurs because of the action of gravity waves which grow un

stable with increasing height and break in the upper mesosphere around 80 km. In the re

gion from around 70-110 km in the vertical the latitudinal gradient in temperature is essen

tially the opposite from that which would be expected in the absence of dynamical driving; 

in this the summer pole is colder than the winter pole. 

However, the geopotential field in the same region is quite different from the tempera

ture field and it is the latitudinal gradient in geopotential which drives the zonal wind via 

the meridional momentum equation (equation 2.6; a region of high geopotential resides 

over the cold summer pole while a region of low geopotential resides over the winter pole. 

At mid-latitudes, the latitudinal gradient in geopotential reverses between 80 and 100 km 

[Fleming et al., 1988]. Consequently, an observer at Birdlings Flat examining the 100 km 

region would find that the high pressure region lies to the north, while at 80 km it lies to 

the south. This gradient in geopotential drives the observed zonal wind field via meridional 

momentum balance; at 100 km in summer the circulation is predominantly westerly, while 
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Figure 4.13: Time-series of monthly mean meridional wind data at 90 km. cf. figure 4.9. Like the zonal 
wind time-series at the same altitude, little seasonal behaviour is evident as this region represents something 
of an interface between the meso spheric circulation below and the lower thermospheric circulation above. 

easterlies dominate at 80 km. 

This situation can be explained by employing the geostrophic approximation5 in con

junction with the climatological geopotential data from CIRA 86 and remembering that 

the Coriolis parameter J < 0 in the Southern Hemisphere. The geostrophic approximation 

states that for large-scale, extra-tropical flows the latitudinal gradient in geopotential is (to 

a first approximation) balanced by the Coriolis torque on the zonal wind such that 

<Py + Ju = 0 (4.2) 

In summer at 100 km it is found that <Py > 0, therefore J7t < 0 which implies that 

westerlies should dominate (u > 0). At 80 km it is found that <Py < 0 so Ju > 0 which 

implies that u < O. The situation is reversed in winter where at 100 km <Py < 0 which 

implies that u > 0 while at 80 km <Py < 0 implying 'u > 0 a westerly atmosphere. 

The MF radar data from Birdlings Flat accord well with this picture of the extra-tropical 

atmosphere between 80 and 100 km and with other observations of the mesosphere and 

lower thermosphere such as those discussed in Hedin [1987] et al., [1996] and 

Koshelkov [1986]. 

As more data becomes available - including cUlTently inaccessible data stored on ma

gnetic tape - it should be possible to estimate with more certainty the effects of the recei

ver modification on wind the observed wind. At present the strong inter-annual variability 

coupled with the relatively short data base-line means that it is by no means certain that the 

receiver modifications are producing the observed effects, even though the data are consi

stent with the notion that coherent alTays are better at recording strong winds than inco-

chapter 2 for details. 
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Figure 4.14: Time-series of monthly mean meridional wind data at 100 km. d, A weak seasonal periodicity 
is starting to re-emerge at 100 km but the meridional winds at this height are of smaller amplitude than are 
the gravity wave-driven meridional winds characteristic of the diabatic circulation at 80 km, figure 4.9, 

herent arrays. If there has been an improvement in the recording of strong winds, it is not 

a disturbingly large improvement, and it is well within the expected variations due to the 

natural year to year variations which occur in the middle atmosphere, 

Profiles 

To examine the continuity of the data sets height profiles of monthly mean data for ue,cen1-

ber 1995 and January 1996 are plotted together in figure 4.15. There is a fifteen day interval 

between the acquisition of the last (incoherent) December wind and the first of the (cohe

rent) January winds and, unfortunately, there are only eight days of data in the January data 

file, 

In spite of these contingencies, it does seem that the January winds are consistently 

more easterly than the December winds, which record strong westerlies only at the bottom 

of the height range examined, The amplitude of these easterlies rapidly drops to less than 

lOms-1by 80 km, and no strong zonal wind (on a monthly timescale, at least) is recorded 

below 90 km, where the westerlies characteristic of the lower thermosphere start to become 

apparent. 

By contrast, up to about 85 km, the winds in January exhibit a relatively strong easterly 

flow of the order of 40ms-1, The most striking feature of figure 4,15 is the very large diffe

rence between December and January around 80-84 km; in this region there is an estimated 

difference in mean zonal wind of around 40 ms-1 , This is a large difference between suc

cessive months far larger than most - and is likely to be at least partially related to the 

modifications made to the receivers, in particular to the ability of the coherent receivers to 
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Figure 4.15: Wind vs Height profile for Birdlings Flat MF radar data from the incoherent alTay December 
1995 (triangles) and the coherent alTay after modifications were made to the radar in early January 1996 (dia
monds). This diagram, which essentially shows the continuity of data either side of the modifications, should 
be contrasted with figure 4.16, which shows the DecemberlJanuary data from the preceeding summer. 

record more adequately strong winds and stronger signals. 

The large difference between the December 1995 and January 1996 data is even more 

apparent when compared with the December 1993/ January 1994 and December 19941 Ja

nuary 1995 monthly mean zonal wind fields displayed in figure 4.16. In contrast to 

gure 4.15, the December/January wind fields for the previous two years show strikingly 

good agreement. Clearly the largest difference between the December and January monthly 

mean zonal wind fields in any of the summers mentioned coincides with the change of re

ceiver array, consistent with the hypothesis that coherent receiver arrays are better at mea

suring strong winds than are incoherent arrays. 

Zonal Wind Profiles 

Monthly mean profiles of wind vs height are plotted in figures 4.17 - 4.20. The monthly 

mean profiles for all the available months between May 1993 and December 1996 are plot

ted according to month. Included in the zonal plots are the monthly ClRA values for S 

between 76 and 100 km. 

In the zonal wind fields data from the years 1993, 1994 and 1995 tend to be in reaso

nable agreement. In May and August, data from 1996 stand out as being of considerably 

larger amplitude than the data from other years at all heights. Although less pronounced, 

the same is true of June and July and, at certain heights, March, November and December, 

too. 

Since many of these months correspond to times of strong winds, this result is consistent 

with the claim that the coherent array is better at recording strong winds than the incohe-
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Figure 4.16: Wind vs Height profile for the Birdlings Flat MF radar data from (a) December 1993 (tri
angles) and January 1994 (diamonds) and (b) December 1994 (triangles) and January 1995 (diamonds). cf. 
figure 4.15. 
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the previous figure). 
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rent array. When the summer and winter months are considered, all but December show 

the 1996 data being of greater amplitude throughout most of the region studied. The equi-

noctal months are a little harder to discuss absence of data from some months (April, 

September and October) makes any explanation of equinoctal observations hazardous. 

In the other solstical month where strong winds are expected, January, the 1996 mean 

zonal wind field is peculiar when compared with the other years' data. Two points are worth 

noting here; (1) that there are only around fifteen data points in the month and (2) that, 

predictably, January 1996 follows from December 1995, and that month exhibits by far the 

weakest mesospheric easterlies of any December. It is quite possible that this was simply a 

comparatively quiet summer, and that the radar did not record strong monthly mean zonal 

winds for the very good reason that there were none. 

Generally, the CIRA climatological monthly means depart more radically from the ave

rage monthly mean zonal wind above Birdlings Flat than do any any of the individual years 

of radar data. Exceptions to this are May and August 1996, when the mid-winter profile 

- characterised by westerlies of around 40 ms-lat 80 km and roughly zero-mean winds at 

100 km - seems to have developed earlier and persisted later than in the other years. 

Given the observed inter-annual variability in the mesosphere and lower thermosphere, this 

is a noticib1e but not necessarily significant result. 

Meridional Wind Profiles 

Meridionally, the monthly mean height profiles show considerably smaller amplitudes than 

their zonal counterparts, with most peaking around ms- I . However, the profiles do ex

hibit the diabatically driven seasonality discussed above in section 4.4: In summer, souther-

lies predominate at lower These give way to northerlies higher up in the region. 

This situation is reversed during winter, where northerlies, driven by the breaking of gra

vity waves, are dominant in the mesosphere, while a relatively weak equatorward flow is 

present in the lower thermosphere. 

These results are consistent with the mesospheric diabatic circulation which involves 

ascension over the summer pole, subsidence over the winter pole, and a general flow from 

the summer to the winter hemisphere. The vertical and meridional flow due to the annual 

diabatic cycle tends to be most vigorous in the summer mesosphere around 85 km in the 

vertical at around 60 degrees from the equator [Shine, 1989]. This is for a variety ofrea

sons; in the summer hemisphere a region of maximum vertical wind is produced through a 

combination of relatively weak static stability and strong gravity wave driving in the extra

tropical summer mesosphere. 

This mid-winter decrease in the intensity of the meridional flow is consistent with a 

dynamical "driving" of the amplitude of the zonal wind to a value below that expected by 
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ordinary balance conditions (see chapter As discussed above in the context of the dia-

batic circulation, the principal source of such "driving" in the SH at midwinter is believed 

to be the breaking of gravity waves. As we shall see in chapter 6 the breaking of gravity 

waves in the midwinter mesosphere has a very similar effect on the meridional flow to that 

found in the data. It is unlikely that the observed winter decreases in meridional velocity 

are of instrumental origin or are produced as a result of inter-annual variability: The feature 

is quite consistent in all the available data, reculTing each winter, in spite of the other inter

annual differences between years, such as the variance in the strength of the peak winter 

westerlies. In spite of this variability, the basic shape of the midwinter decrease remains 

the same throughout the period of observation. This feature is also evident in time-series 

of Birdlings Flat MF radar data from the years 1983 and 1984 [Fraser, 1989J, [Lawrence, 

1990J. 

Above about 86 km this seasonal activity starts to decline with increasing altitude -

above about 90 km there are no months in the data set for which the meridional wind ex

ceeds 20 ms- I . However, by 100 km, there are deepening regions of northerly winds in 

summer (::::::15 ms- I ). 

4.6 Summary 

In this chapter MF radar data from Birdlings Flat have been compared on daily, monthly 

and yearly time-scales, both against radar data from other years and against the CJRA 86 

climatology. 

There is substantial variation in the recorded winds on daily timescales. However, when 

the daily winds are binned together and examined in monthly groups, a broad set of sea

sonal behaviours emerge below 85 km and above 95 km. Below km summer winds are 

generally easterlies with a distinct equatorward component, in keeping with the expected 

diabatic circulation. The grouping on the summer data is somewhat less tight than that of 

the winter data; generally the standard deviations on the summer months of data are larger 

than those pertaining to the winter data. 

In winter below 85 km the radar wind data comprise consistent westerlies coupled with 

a mild poleward component. The meridional component is of smaller magnitude in winter 

than it is in summer, consistent with the seasonal asymmetry present in both observations 

[Fritts and Vincent, 1987], [Fritts and Yuan, 1989J and models [Alexander and Rosenlof, 

1996]. 

Above 95 km the picture is reversed. The winds in the lower thermosphere blow in op

posite senses than those in the upper mesosphere; slightly poleward westerlies in summer 

and slightly equatorward easterlies in winter. The observed wind fields in this region of the 
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atmosphere are being driven from below - there is descent over the summer pole due to 

the extremely cold summer polar mesopause. 

Time-series of the MF radar data were examined and revealed broad seasonal trends, 

albeit with some inter-annual variability. When compared with the Birdlings Flat MF radar 

data the CIRA 86 climatology showed general agreement - strikingly good at some times 

of the year - but estimated stronger winter westerlies than the radar. One particularly no

table feature revealed in the radar data was a decrease in the intensity of the westerly jet 

in June and July. This feature occurred in each of the four winters studies here and those 

discussed by Lawrence [1990]. The presence of this feature - and the departure from the 

ClRA 86 climatology in the winter months - is probably due to the breaking of gravity 

waves in the upper mesosphere, a process which will be discussed in depth in chapter 6. 

The monthly mean wind versus height profiles reveal the vertical continuity of the data 

set, and when each month is plotted against the relevant months from each of the sampled 

years, give a good record of the inter-annual variability between 1993 and 1996. Data from 

1996 do stand out as generally having stronger amplitudes than data from the other years, 

and this is entirely consistent with the claim that the coherent array should sample strong 

winds better than did the incoherent array. 

Even the weak meridional circulation exhibited pronounced seasonality consistent with 

the diabatic driving of the region and with the breaking of gravity waves in winter. 



Chapter 5 

Comparison between Birdlings Flat MF radar winds and 

HRDIwinds 

5.1 Introduction 

Recently, much work has been done on comparative studies between winds obtained from 

the High Resolution Doppler Imager (HRDI) instrument and those obtained from ground 

based sites [Burrage et al., 1996], [Burrage et al., 1993], [Lieberman et al., 1998] and [Khat

tatovetal.,1996]. 

In spite of some involvement in the validation work of Lieberman et al. [1998], the 

radar at Birdlings Flat has never before been involved in a full comparison with directly 

measured satellite winds. Presented in this chapter are the results of the first such compa

rison between HRDI winds and winds obtained from the MF radar site at Birdlings Flat. 

This chapter starts with an examination of the geometrical issues which complicate 

comparisons of this sort, including a discussion of the process by which highly localised 

radardata are compared with satellite data. Various remote sensing issues are discussed and 

the notion of a satellite "overpass" [Khattatov et al., 1996] is introduced. 

Comparisons between 28 individual satellite measurements and relevant MF radar data 

are then undertaken. The individual overpasses are binned according to proximity, local 

time and data rate and the results of the individual comparisons are discussed in light of 

these factors. 

5.2 Comparing Satellite and Station Data 

Comparisons between satellite and station data are complicated by a variety of factors which 

involve the different sampling methods employed by the instruments. These factors in

clude the different geometries of stations and satellites, the different sensing methods and 

various issues regarding the spatial and temporal binning of the data. This chapter will 

compare radar and satellite data and discuss the observed differences in these terms. 
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Figure 5.1: HRDI viewing geometry (after Burrage et al. [1996]). The instrument obtains an observation in 
the shaded region, which is approximately 300 x 300 km in horizontal extent. The telescope is then slewed 
through 90 degrees as the spacecraft moves in the direction indicated. The instrument then takes another 
measurement (on the same side of the satellite track) of the same region of atmosphere. These measurements 
are then combined and a velocity obtained for the relevant region of atmosphere. 

5.2.1 Geometry 

With the exception of the high-altitude geostationary satellites, all satellites move relative 

to the surface of the Earth. For instance, the UARS satellite, which houses both ISAMS 

and HRDI, flies around the rotating Earth in an almost circular orbit at a height of 585 km 

[Skinner and Gell, 1995]. This gives the instruments aboard the satellite a good view of 

the world in terms of spatial coverage, but not the density of measurements in time that a 

ground station site can provide. For example, UARS travels with a linear velocity of ap

proximately 7500ms-1[Burrage et al., 1993], completing a revolution of the earth every 

95 minutes. Even if the instruments aboard UARS could sample the same region of atmo

sphere each time around - the satellite track precesses by about SOper orbit - consecuti ve 

measurements would be at least an hour and a half apart. Features on time-scales shorter 

than this are therefore a problem for the instruments aboard UARS; although the instru

ments might observe the effects of short time-scale they would not emerge as resolvable 

features. 

Similarly, because of the way in which the instrument views the atmosphere (see fi

gure 5.1) features with small spatial scales can be hard to detect [Khattatov et al., 1996]. 

Even if small scale phenomena are detected, the smoothing inherent in the reduction and 

inversion process can act to smear out these features (see below). This is borne out in the 

other comparative studies involving HRDI and MF radars - [Khattatov et al., 1996] for 

example, or [Burrage et al., 1996]. 

The situation is quite different in the case of a ground station; short lived or small scale 

features are observable by radar, but only in the immediate vicinity of the site. Because it 



94 Chapter 5. Comparison between Birdlings Flat MF radar winds and HRDI winds 

can only sample the atmosphere in the vertical, MF radar stations, such as that located at 

Birdlings Flat, are very good at gathering a near continuous picture of the atmosphere very 

near the site, but give next to no information about the state of the rest of the atmosphere. 

MF radars are very good at obtaining a highly localised Eulerian picture of the atmosphere 

- in the sense that they look straight up while the atmosphere blows over them but are 

not as useful when it comes to generating a global scale picture of the atmosphere. 

Briefly, the advantage of a field station is that it gives a very good, nearly continuous 

record of the atmosphere directly above the site. The disadvantage is that spatial coverage 

is extremely limited. The advantage of a satellite platform is that it enables near global 

coverage of atmospheric phenomena. The disadvantage is that the temporal density of data 

at a given location is poor. 

5.2.2 Remote Sensing Issues 

A second consideration to be taken into account is that the radar and satellite are not ac

tually sampling the same physical quantity (refer to chapter 3 for details). Basically, the 

radar signal is reflected by irregularities in the electron density profile in the mesosphere 

and the resulting diffraction pattern analysed to produce wind profiles, while the satellite 

receives light (in the case of HRDI corresponding to various O2 lines) scattered by a vo-

lume of atmosphere. lines are then reconstructed, corrected for the spacecraft velocity 

and finally a value for the radial velocity of the atmospheric scattering region is obtained. 

Despite these differences in procedure, the radar and the HRDI instrument both detect 

wind as their primary dynamical quantity. Unlike pressure or temperature-based satellite 

sensing instruments (for example, the PMR aboard Nimbus 6, or ISAMS aboard UARS), 

wind is for HRDI a directly retrieved quantity, rather than something derived via the app-

lication of dynamics such as the geostrophic approximation. As a result, if the 

HRDI instrument viewing region traverses Birdlings Flat, a direct comparison can be made 

between the wind field as obtained by the MF radar and the wind field as obtained by the 

satellite as it by. This fact, that both HRDI and the MF radar directly sense wind, is 

what makes a comparison of HRDI winds and those obtained by the MF radar at Birdlings 

Flat physically interesting. 

Comparisons between the radar and winds from a temperature sounding instrument, on 

the other hand, are necessarily indirect and require the application of large-scale dynamical 

approximations and an interpolation system which places the along-track instrument data 

on a latitude/longitude/height grid in order to present a wind profile comparable with the 

radar winds. l 

1 See chapter 6 for an example of this sort of comparison; MF radar winds from Birdlings Flat are com
pared with winds derived from the ISAMS instrument aboard UARS for the month of MAy 1992. 
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Most grid systems (UKMO, NCAR) use fields which employ grid systems with ho

rizontal resolution of the order of a few degrees (30 x3° fields in the case of the UKIYIO 

Assimilation, for example). These fields are smoothed in the gridding process so that 

Derived calculations of the wind field which rely on the application of mathematical 

quantities such as the longitudinal and latitudinal derivatives of the geopotential field will 

not produce wildly unlikely dynamical states. The smoothing required for dynamical work 

tends to smooth out smaller-scale features. Although this does not matter for global scale 

dynamics or the vortex-scale work described in chapter 6 it is less satisfactory where small

scale dynamics are important, such as the mid-latitude winter mesosphere. 

HRDI and WINDrr are unique insofar as they measure directly the mesospheric wind 

field along the satellite track. These along track measurements of wind are what will be 

compared with the Birdlings Flat data and they differ from the derived, smoothed, gridded 

wind fields of ISAMS discussed in chapter 6. The difference in retrieval procedure leads 

to quite different results. This difference is exacerbated by the smearing out of features 

which takes place in a gridding process, because such processes always involve interpo

lation between neighbouring points. Although using the along track data circumvents the 

second type of smoothing, the first is unavoidable. 

Taking these points into account, it must be concluded that the wind fields we obtain 

from HRDI are physically more relevant than those we may obtain from (for instance) 

ISAMS, because they are observed fields rather than derived fields. 

5.2.3 Overpass 

Because of the desire to compare like with like when looking at mesospheric winds, it was 

decided - following [Burrage et al., 1996J and [Khattatov et al., 1996] - that the best way 

to go about such a comparison was to compare the radar winds with the satellite winds at 

only those times when the satellite viewing region (see figure 5.1) passed "over" the radar 

site. 

Using this technique, it can be ensured that the satellite and radar are (however briefly) 

sampling the wind in the same region of atmosphere at the same time. It is not possible to 

ensure this by comparing the radar data with gridded, smoothed fields, because the atmo

sphere is not stable on the synoptic timescales which are reflected in the gridded fields. 

The question then arises 'How close must a satellite overpass be to be considered "over

head"?' In order to answer this question one must make a trade-off between proximity and 

scarcity: Ideally, the satellite viewing region would be considered only if it passed right 

over Birdlings Flat. Unfortunately, that is not a common occurrence2
, and such a require-

2Unfortunately,Birdlings Flat is about 5°too far south to be a latitude routinely visited by UARS. See 
[Skinner and Gell, [995] or [Khattatov et aI., L996] for details. 
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Figure 5.2: Schematic diagram of an overpass. The satellite viewing region is represented by the cylinder 
S, the radar beam by the cylinder B and the outer limit of the overpass is denoted by the cylinder F. F has to 
pass through B for the observation to be considered an overpass. 

ment would be too strict - the net result would be that we would obtain next to no data. 

The restriction is therefore relaxed and, following [Burrage et al., 1993] and [Khatta

tov et al., 1996] any overpass within 500 km of Birdlings Flat was deemed an "overpass." 

Figure 5.2 displays the geometry of an overpass: The satellite views a region of the atmos

phere and deems all the effects on the recovered line shape to have come from the scattering 

region S. The MF radar senses winds directly above Birdlings Flat (in the cylindrical re

gion B). The cylinder F is the 500 km radius. The scattering region S must pass within F 

in order for the event to be considered an overpass. 

Data Reduction and Smoothing 

Details of the reduction of the HRDI and Birdlings Flat data have been presented in chap

ter 3. Various issues surrounding the spatial and temporal binning or smoothing of these 

data sets arise in this comparison: 

In the case of HRDI, the raw along track data are smoothed to compensate for noise 

introduced in the inversion process for limb-sounding instruments [Houghton et aI., 1984], 

[Skinner and Gell, 1995] by a process which effectively obtains a weighted average of the 

raw data point and its near neighbours in time and space. A consequence of this is the 

smearing out of small-scale atmospheric features [Skinner and Gell, 1995]. This occurs in 

the level 2 stage of the data reduction, so by the time the level 3AT data along track data 

are available (as used here see chapter 3) the along track data are already to some extent 

a function of their neighbours. 

Since the MF radar at Birdlings Flat monitors the atmosphere above a single point on 

the Earth's surface, no horizontal (latitudinal/longitudinal) smoothing can be carried out 

the radar winds. However, as detailed in chapter 3, the radar wind measurements (which 
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have a vertical resolution of around 4 km) were combined in bins 5 km wide, which means 

that each point in a profile of Birdlings Flat data is not independent of its neighbouring 

points 2 km above and 2 km below. This vertically smoothes the data. Things are simi

lar in the case of HRDI because the smoothing process described above is dependent upon 

not only latitudinal/longitudinal neighbours, but neighbours in the vertical as well. Both 

instruments have reasonably similar vertical resolution; in terms of the actual height reso

lution of the instrument, HRDI makes raw measurements every 2.5 km [Skinner and Gell, 

1995], while the distance between vertically independent measurements is roughly 4 km 

for the radar at Birdlings Flat [Fraser, 1984]. 

The second aspect of what might be called the "binning problem" in this comparison is 

to know how long the radar should be sampling the atmosphere before and after an over

pass. The satellite passes by at 7500ms-1
, taking a quick snapshot, while the radar provides 

very frequent but spasmodic sampling. The sampling rate is not believed to be sufficiently 

great [Smith, 1997] that a reliable picture of the wind field can be constructed for short (ie., 

less than an hour) timescales. 

Obviously a longer temporal baseline or timescale generates a more reliable picture of 

the average wind field throughout the time considered. However, if the temporal base

line of Birdlings Flat measurements is too long the snapshot as seen by HRDI will not be 

compared with something relevant, but with something like a daily average. The danger 

of letting the temporal baseline grow too long is especially notable in the case of the mid

latitude mesosphere around 80 km; in this region the dominant dynamical feature is the 

semi-diurnal tide [Andrews et aI., 1987]. If this feature plays too significant a part in the 

Birdlings Flat data, then the average wind profile obtained by the radar will not adequately 

reflect the wind field (as would have been seen by the radar) at the time of the overpass, 

and this must result in poor agreement between Birdlings Flat and HRDI. 

Consequently, a happy medium must be found between short temporal baselines (which 

may be unreliable) and long temporal baselines (which may be too "smoothed"). The so

lution adopted in the present comparison is to stretch the baseline out both forwards and 

backwards in integral hourly steps from one hour to six hours either side of the overpass, 

and then to compare the various bins to find which - if any - are the optimal bin-widths. 

Another suggested solution to this particular conundrum is to take thirty-six day means 

of both Birdlings Flat data and HRDI data, because in 36 days HRDI samples twenty-four 

hours of local time. This technique allows a similar 36 day mean to be constructed from 

the Birdlings Flat data, which (since it has a long baseline) should be more reliable than 

the far shorter timescales considered above. 

This approach will be considered later in this chapter. 
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5.3 Comparisons 

Each HRDI overpass was compared with corresponding wind data from Birdlings Flat. 

These comparisons were conducted for time-bin widths of 2, 4, 6, 8, 10 and 12 hours in 

the Birdlings Flat data, in both the zonal and meridional directions. Although an exhau

stive set of individual comparisons is too lengthy to present here, some features are worth 

noting: 

Basically, there are three independent factors involved in these comparisons: (a) the 

time of day, (b) the proximity between the satellite sensing region and that of the radar 

site and (c) the number of data points used in the calculation of the radar wind. Actually, 

the factors (a) and (c) are not completely independent, as the radar signal is stronger in 

daylight hours (see chapter 4 for an example of the diurnal variation in Birdlings Flat data). 

The third of these factors will determine to some extent the reliability of the Birdlings Flat 

measurement (the more data, the more reliable the wind estimate). The second of the three 

factors is obviously to be of quite some relevance; the degree to which HRDI and 

the MF radar are sampling the same chunk of air. 

5.3.1 Seasonal Comparisons 

The overpass comparisons described above were separated into two seasonal bins for win

ter (May-July) 1993 and summer (December-February) 1993-94. Both the average and 

RMS values of these seasonal agglomerations were examined. 

Other authors [Gault et a1., 1996], [Burrage et al., 1996] have found that there is often 

not good agreement between satellite-borne Doppler measurements and MF radar data for 

individual overpasses, and the binning of such overpasses into average fields is a common 

response to this problem. 

This method of binning the data has several advantages, most importantly in the compa

risons between the RMS differences between the data sets. Because each satellite overpass 

is compared with radar measurements made at essentially the same time, there should not 

be any tidal effects skewing either data set - remembering that tidal effects are the major 

dynamic feature throughout this region at most times of the year [Andrews et a1., 1987]. 

Since like is being compared with like, and since the upper mesospheric winds are consi

stently easterly in summer and westerly in winter, an interesting "seasonal" picture can be 

built up in this way. 

The seasonal averages thus produced are plotted in figure 5.3 and figure 5.4. Each of 

the lines in these plots refer to a particular time-bin width. Although the shortest time

bin width (l hour either side of the overpass) frequently gives the best agreement with the 

HRDI data it is also the most variable, being strongly dependent on a good data rate. The 
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Figure 5.3: "Seasonal" averages of individual overpasses, Zonal wind in (a) winter and (b) summer. The 
solid line represents the HRDI data, the dashed line the two-hour bin, the dotted line the twelve-hour bin and 
the dot-dashed line the 6 hour-bin. In winter there is good agreement at the low altitude end of the sampled 
range, although this agreement diminishes with altitude, In summer the two data sets reveal similar vertical 
shears in the wind field but by a roughly constant amount throughout the range of measurements, 

longest time-bin width, hours, corresponding to a bin reaching six hours either side of 

the overpass, almost always shows poorer agreement with the data than data from 

any other bin. This is not surprising given the width of the data window and the amplitude 

of the semi-diurnal tide one would expect tidal effects to the agreement with such 

a wide data window. The local time of the observation, which cOlTesponds to the phase 

of the tide at the time of the overpass, will determine the extent to which the radar data 

is tidally smeared by both the diurnal and semi-diurnal tide. This is especially true in the 

meridional direction, where the latitudinal gradients in the tides may be a problem for the 

large spatial sampling of the HRDI measurements [Burrage et al., 1996]. 

The six hour time-bin, corresponding to a window three hours either side of the over

pass, was used for the RMS comparisons discussed below on the grounds that such a win-
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Figure 5.4: "Seasonal" averages of individual overpasses, Meridional wind in (a) winter and (b) summer, As 
in the previous figure the solid line represents the seasonal mean wind as obtained by HRDI. The dashed line 
cOlTesponds to the MF radar data from one hour either side of the time of the overpass (two-hour time-bin), 
the dot-dashed line cOlTesponds to a data window three hours either side of the overpass (six-hour time-bin) 
and the dotted line corresponds to a data wind which extends six hours either side of the overpass (twelve
hour time-bin), The two-hour time bin shows the most structure, especially in winter, where the agreement 
between HRDI and the MF radar is good, In summer there is some difference between the radar winds and 
those obtained from HRDI; HRDI observes a northerly wind field throughout the height range while the radar 
observes southerlies, 
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Figure 5.5: Scatterplots of HRDI winds in the altitude range 76-92 km for both zonal and meridional winds 
for the 28 Birdlings Flat overpasses. These scatterplots display the MF radar winds vs the HRDI winds for 
all overpasses at all the examined heights. Because neither HRDI nor the radar actually take independent 
measurements every 2 km not all the points in the plots are independent. 

dow exhibited stability against the sort of caprice evident in the the very short time-bins 

while being too short to suffer from the tidal contamination evident in the long time-bin 

data. 

When all the overpass data from the appropriate season are binned together it is found 

that HRDI records the zonal wind to be somewhat more westerly in both summer and winter 

than does the MF radar, although this tendency varies with height and is not constant across 

the seasons. In particular, agreement between Birdlings Flat data and HRDI data tends to 

be quite good at low altitudes in winter, although this worsens with increasing height, In 

summer, there is a difference between the data sets which is of the order of 3Sms-1, alt

hough this varies slightly with height. However, despite the offset between the datasets in 

summer, both HRDI and the MF radar at Birdlings Flat record quite similar vertical struc

ture in the wind field; in both data sets the wind becomes more westerly with height by 

about 3S-40ms-1 between 76 and 100 km. 

A less pronounced but still apparent bias is also noticed in the meridional wind, where 

the MF radar is found to measure the wind field as being more southerly than HRDI. 

The MF radar data from Birdlings Flat was compared directly with the data from HRDI 

in a pair of scatterplots (figureS.S). These depict the HRDI winds (vertical axis) plotted 

against the Birdlings Flat radar winds (horizontal axis) for each individual overpass at each 

height. It can be seen that the majority of the data points in the zonal scatterplot are above 

the diagonal line where 'lLHRDI = Uradm" This implies that HRDI recorded more westerly 

winds than the radar did in the case of most overpasses. 

It should be noted that the scatter plots in figure S.S are probably more extreme than 

100 
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is generally the case. Not all the dots represented here are independent of each other. For 

example, the MF radar winds are plotted at intervals of 2 km, while in reality each wind 

field is made up from data 2.5 km either side of the nominal height. Biasing effects in one 

data point are likely to be apparent in the neighbouring data as well, and this leads to a 

more extreme picture of the bias than would a plot of independent data, so no regression 

was attempted. 

Two explanations were offered for the apparent systematic offset between the zonal 

winds measured by HRDI and those obtained using the MF radar at Birdlings Flat. In the 

first of these possible explanations McLandress et al., [1996] found that the agreement 

ween HRDI and WINDII improved when HRDI was shifted upwards (or WINDn down

wards) by about a kilometre, however, a shift of this scale is not sufficient to substantially 

reduce the discrepancy between the Birdlings Flat and HRDI data. 

A second explanation is that the right-angled triangle nature of the receiving array may 

affect the wind record. It is believed that the optimal shape for an atmospheric MF radar is 

an equilateral triangle, while the Birdlings Flat radar is configured in a right-angled array. 

This may lead to different measurements along the hypotenuse and at right-angles to it. 

However, this would not account for the observed bias in this case: It does not explain 

why the MF radar would record zonal winds as being more easterly than HRDI because 

the right-angled effect would not distinguish between patterns blowing from east to west 

across the site and patterns blowing from west to east. Even if there is systematic difference 

between the way in which along-hypotenuse winds are treated and the way in which across

hypotenuse winds are treated, this does not imply that up-hypotenuse winds are treated any 

differently from down-hypotenuse winds, which would need to be the case if triangle-side 

effects were to explain the observed differences between the MF radar and HRDI winds. 

At present it is not known what causes the apparent offset between the HRDI winds and 

those obtained at Birdlings Flat, or even if the offset is real. Only twenty-eight overpasses 

are considered here and that is undoubtedly too small a number from which to conclude 

absolutely that there is a systematic zonal offset between Birdlings Flat and HRDI. 

The only region where the radar measures stronger westerly winds than the satellite in

strument is the winter mesosphere below about 82 km. Given the substantial discrepancies 

between the radar wind and HRDI wind throughout the rest of the data, this seems unusual. 

One possible explanation for this phenomenon may be that small-scale, gravity wave 

induced turbulence acts to "boil" the atmosphere - see section 4.2.1; turbulence with time

scales on the order of a radar measurement may act to affect the correlation between recei

vers in such a way as to narrow the characteristic ellipse in the time domain (see chapter 3). 

This may be recorded as a strong wind since, as in the case of a "real" strong wind, the re

ceiving array would simply detect a pattern which changed quickly from one measurement 
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to the next. 

Although the HRDI instrument also senses small-scale structure and turbulence, it pro

duces wind data from a 300 km x 300 km viewing region, essentially finding an average 

wind field throughout the region considered. As a result, small-scale features are smeared 

out and do not alias the data record as strongly as they would if the sensing region were 

smaller. 

Burrage [1996] discusses the possibility, raised by Manson [1991] in the context of 

comparisons with mesospheric rocket soundings, that some MF radars need corrective fac

tors applied to their recorded wind measurements. Factors of up to 2.0 have been suggested 

[Manson and Meek, 1986] and although there are individual comparisons between HRDI 

and the MF radar at Birdlings Flat that could be viewed as supporting this contention, a 

simple corrective factor would not explain many of the observed discrepancies between 

the data set. In fact, figure 5.5 suggest - if anything - that there is a greater spread in the 

amplitudes of the radar winds than there is in the HRDI winds, quite a different result than 

that obtained by [Khattatov et al., 1996J or [Burrage et a1., 1996J. 

Meridionally, the HRDI data agrees exceptionally well with the meridional radar data 

in winter, especially with those data corresponding to the six-hour time-bin. In summer, 

HRDI records - on average slightly more poleward winds than the MF radar does. The 

ambitious eye may detect a slight difference between the HRDI and the radar meridional 

winds, but it would be ambitious to conclude that this was indicitive of any systematic off

set. A majority of points lie beneath the v H RDI Vradar line but they do not lie far beneath 

it. The difference between radar and HRDI winds in summer in the meridional direction is 

only around 10 ms-I, and this difference is probably too small to suggest the presence of 

a systematic offset between the data sets given the small number of data points. 

Like the other MF radars discussed in [Burrage et al., 1996] and [Khattatov et al., 1996J, 

the Birdlings Flat radar detects more structure than the HRDI instrument does. This is not 

necessarily noticeable when binned into the seasonal averages presented above, but some 

of the individual comparisons reveal this quite strikingly: Figures 5.6 and 5.7 display the 

zonal and meridional winds for Birdlings Flat and HRDI for four indi vidual overpasses. In 

each of these cases considerably more vertical structure is apparent in the MF radar data 

than in the HRDI data. 

Regression Fit For 80 Data 

pronounced westerly bias of the Birdlings Flat data when compared to HRDI is not 

normal for MF radars (cf. [Khattatov et al., 1996], [Burrage et al., 1996]) but is also evident 

in the zonal direction in the case of the MF radar at Juliusruh [Burrage et al., 1996]. One 

possible explanation of this apparent bias is that the right-angle set-up of the receiving array 
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Figure 5.6: The zonal wind fields from Birdlings Flat (squares) and HRDI (diamonds) corresponding to four 
individual overpasses from July and December 1993. The radar data has been integrated for a period of one 
hour either side of the time of the actual overpass. 

1 
~ 
3 

100 

~ 
-§ 

100 

hrdic.v2 1993 180 
100~----------~~------~------------------~ 

hrdic.v2 1993 184 
100~----------~~--------------------------~ 

-100 

-100 

I gO 

-50 o 50 100 -100 -50 o 50 
wind (m/s) wind (mi.) 

hrdic.v2 1993 188 1993 315 

-50 50 100 -100 -50 o 50 
wind (m/') 

Figure 5.7: The meridional wind fields from Birdlings Flat (squares) and HRDI (diamonds) corresponding 
to four individual overpasses from July and December 1993. The radar data has been integrated for a period 
of one hour either side of the time of the actual overpass. 
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Figure 5.8: Scatterplot ofHRDI vs MF radar zonal winds in the vicinity of80 km in winter. The regression fit 
for the 80 km winds is indicated by the dashed line. The agreement between HRDI and Birdlings flat reached 
a maximum in winter near at this altitude, 

(see figure 3.1) may be creating some sort of systematic westerly bias in the recorded wind 

field. 

Given that only one of the MF radars which have been compared with the HRDI data 

have shown similar biases, and given that MF radars have frequently been accused of un

derestimating strong winds, it was decided that a corrective factor should be developed in 

order to bring the Birdlings Flat winds into line with those obtained by HRDI. This correc

tive factor will be employed in chapter 6 to improve the estimation of the "real" wind 

opposed to the derived wind obtained from the ISAMS data). 

A least squares regression line was obtained for the winter 80 km HRDI and radar data 

(see figure 5.8). The regression equation for the 80 km winter winds (which is the region 

of interest in chapter 6) is 

U c = 0.72 * 'UT + 16. (5.1 ) 

This equation alters the Birdlings Flat wind and brings it into line with the HRDI wind. It 

may seem arbitrary to correct the radar data rather than the HRDI data3 but this regression 

has been conducted to provide a rough measure of the maximum amount by which the radar 

wind could systematically under-estimate the zonal wind. The above regression will be 

used in chapter 6 to determine a likely upper bound on the monthly mean zonal wind in 

May 1992, since the calculation of residual differences between satellite and radar winds 

is of some importance in the determination of the effects of gravity wave breaking. 

Interestingly, winter winds at 80 km actually show the best agreement in terms of the 

a regression could have been calculated to bring the HRDI data into line with the Birdlings Flat 
data at this stage it is not certain which of the two data sets reflect the "real" winds better. 
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radar winds and HRDI winds of any of those studied in the sense that the standard deviati

ons on the least squares regression lines at 80 km was somewhat smaller than the standard 

deviation on the other heights. 

Three lI.UJu .... ' ... U."HJlf'; Factors 

In keeping with the above discussion of the problems inherent in this sort of comparison, 

the 28 HRDI overpasses between May 1993 and March 1994 were sorted three ways; (a) 

with respect to local time, (b) with respect to number of radar data points and (c) with re

spect to proximity of the HRDI path. The overpasses are also tabulated according to these 

three variables in table 5.1. 

• Local Time Of the 28 HRDI overpasses, 15 occurred within three hours of the lo

cal solar meridian (around 0:30 UT). Those overpasses which occurred within three 

hours of the meridian were compared against those which occurred away from the 

meridian: Root-Mean Square (rms) differences between the HRDI winds and those 

obtained by the radar were compared by season and these results are displayed in 

figure 5.9. 

Zonally, the near-noon data showed better agreement with HRDI than did the off

noon data at most heights during summer. The difference in agreement was not par

ticularly large, although it was consistent. In winter, there was consistent dif

ference between the data sets; if anything the off-noon data out-performed the near

noon data in the zonal direction. 

During winter the meridional data from times close to the local noon generally sho

wed better agreement at most heights than did the data from off-noon hours, although 

the discrepancy between the two data sets varied considerably with height; it was 

neither a consistent difference nor a large one. In summer there was even less dif

ference between the neaf-noon and off noon data in the meridional direction. &\;IS 

differences between data sets were comparatively small in this group, and no real 

systematic difference presented itself here. 

This result is perhaps at odds with the results presented in [Khattatov et a1., 1997a] 

and [Khattatov et al., 1997b], in which the variation of measured wind with local 

time is one of the major differences between HRDI and the MF radars studied. 

local hour of the overpass did not appear significant in this comparative study. It 

is possible that the choice of data window - being open for several hours allowed 

sufficient tidal contamination to degrade the agreement between data sets. At the 

same time, it is also quite likely that other variables, such as proximity or the radar 
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Year Day Hour Minute Proximity Local time Sample Slze 

1993 149 2 9 I + - + 
19 23 18 + + -
1 21 52 + + 

3 47 - - ! + 
2 22 + -

199 4 0 58 + + -
1993 188 23 35 + -
1993 315 18 24 + - -
1993 334 23 4 - + + 
1993 

!~ 
40 + + + 

1993 17 + + 
1993 53 + + 
1993 58 + -

1993 I 358 4 39 I - ! + 
1994 1 1 50 + + -
1994 , 8 23 2 + + -
1994 I 12 21 39 + + 
1994 15 2 46 - + -
1994 • 17 20 17 + + 
1994 18 1 18 - + -

1994 18 6 19 - - -

1994 20 18 49 - - -
1994 ! 23 4 59 + + 
1994 25 22 29 - + + 
1994 32 2 14 + + -
1994 • 40 23 30 - + 
1994 I 48 20 42 -

• 

-
1994 72 2 13 + - -

Table 5.1: HRDloverpasses, 1993-94. The date of each overpass isindicated, along with whether or not it 
is "proximate," "near zenith," or "well-sampled." See text for details. 
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Figure 5.9: RMS differences between data obtained less than three hours from the local noon (diamonds) 
and data obtained more than three hours from the local noon (squares), 
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data rate, are more important than the local hour of the observation in comparisons 

between MF radar and HRDI data. 

V",,'AAAA~.1 The radius of the cylinder F in figure 5.2 was halved, thereby effectively 

halving the number of overpasses according to the definition above (since the "cap

ture cross-section area" of the cylinder is basically a two-dimensional (width, height) 

constmct rather than a three dimensional (width, height, length) constmct, this means 

in latitude longitude terms it is merely one-dimensional). 

Again the 28 data were binned according to seasons and then compared so that the 

HRDI vs BF winds for those overpasses within 250 km of the radar site (14 over

passes) were compared with those HRDI and winds for those overpasses in the 

range 250-500 km (14 overpasses). As can be seen from figure 5.10, it was found 

that those data corresponding to more proximate overpasses were in slightly better 

agreement than those data where the HRDI sensing region was further away from 

the radar site, more so in winter than summer. 

Generally, the data from the more proximate overpasses exhibited lower rms diffe

rences between the MF radar and HRDI data sets than did the data from less proxi

mate overpasses. There are of course exceptions to this but in all cases where there 

is a clear difference in the rms differences, the more proximate data agrees more clo

sely with the HRDI data than the less proximate data. This difference manifests itself 

in all four plots presented in figure 5.10; in the summer zonal below 82 km, in the 

winter zonal above 84 km, in the summer meridional above 85 km and in the winter 

meridional below about 80 km. 

Although the differences in rms values between proximate and non-proximate data 

are by no means constant throughout the diagrams, the presence of the same essential 

characteristic in all four plots suggests that this is a reasonably robust feature; insofar 

as one can conclude anything4 from a mere 28 overpasses, it may be tentatively ad

vanced that proximity is a feature which affects the comparison between HRDI and 

MF radar. 

It is important to note that "proximate" data here refers to those data which are within 

the cylinder S in figure 5 Non-proximate data are from the outlying cyl inder F (but 

not inside S). 

The provisional conclusion of this particular analysis is that proximity on the scale of 

a couple of hundred kilometres does affect the agreement between the HRDI instru

ment and an MF radar. It appears from the overpasses considered in this comparison 

4See Appendix 1 for a discussion of a statistical database of the same size as that which is being examined 
here. 
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Figure 5.10: RMS difIerences between data obtained during overpasses less than 250 krn from the radar site 
(diamonds) and data corresponding to overpasses which were more than 250 km from the radar site (squares), 
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that if the HRDI measurement was centred more than 250 km from Birdlings Flat

that is, if the outer limb of the HRDI sensing region is closer than 50 km from Bird

lings Flat the agreement between HRDI and Birdlings Flat seems weaker than it 

is when the HRDI sensing region passes closer to Birdlings Flat. The fact that more 

proximate overpasses provide better agreement between HRDI and Birdlings Flat 

than less proximate overpasses implies that spatial scales of the order of a few hun

dred kilometres are stable enough to provide some sort of comparative measurement 

between the two instruments. This implies that small-scale features, while no doubt 

present, are not sufficiently numerous and strong to overwhelm the general agree

ment between larger scale features. 

These results should be viewed in the context of the satellite and radar viewing geo

metries. The width of the radar viewing region is roughly 12 km at 80 km [Smith, 

1997]. The width of the satellite viewing region is close to 300 km [Skinner and Gell. 

1995]. The satellite wind can best be seen as a weighted average of the wind field 

throughout this region. As described in chapter 3 the viewing region is not bounded 

by rigid edges as in figure 5.2. but rather tapers off so that increasingly small con

tributions to the line shape are made by points further away from the center of the 

viewing region. 

• Data Rate The third variable considered was the number of points per Birdlings 

Flat wind estimate for each overpass, Over temporal baselines greater than about 

a month this is related to the time of day at which the measurement was obtained 

(see figure 4.1 in chapter 4) but for an individual overpass of the sort examined here 

they can be considered independent. 

For a given time bin-width a wind estimate at a particular height will be made up of a 

number of different direct radar wind measurements, the number of which will vary 

with height as the radar samples more often above 80 km than below 80 km. 

For the 28 HRDI overpasses an average number of contributory data points per ra

dar wind measurement was determined at each height. If the number of data points 

radar wind value was greater than this average then the corresponding wind re

cord was considered well sampled. If the number of data points per radar wind value 

was lower than the average then the corresponding wind record was considered more 

poorly sampled. 

The "well" and "poorly" sampled bins were compared in terms of the rms difference 

between the HRDI and Birdlings Flat wind estimates, and the results displayed in 

5.11. 
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Figure 5.11: RMS differences between data which had more than the average number of contributory wind 
measurements for the six hour time-bin (diamonds) and data which had less than the average number of con
tributory wind measurements for the six hour time bin (squares). 
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In winter, the zonal wind data showed little variation between well and poorly sam

pled data sets below about 84 km. Above this height, the poorly sampled data ac

tually out-peliormed the well-sampled data. This is a surprising result and, given 

that it is unlike the results from the rest of the data, may simply be a result of the fact 

that there are so few data which are both well-sampled and proximate. In addition it 

could be that the radar signal strengthens considerably in the region 75-85 km 

4.1). The number of contributory data points are likely to be fewer because 

of noise and, again because of noise, possibly less reliable at lower altitudes. Meri

dionally, the well-sampled data outperform the poorly-sampled data at most heights, 

although this trend reverses itself at the very bottom of the range considered. Given 

the sparse nature of the winter data these two prima facie contradictory results (in

creasing agreement with decreasing height zonally and decreasing agreement with 

decreasing height meridionally), may not be especially important. 

The summer data is reasonably consistent in both the zonal and meridional directi

ons; the well and poorly-sampled data are comparable in their Tms errors up to about 

82 km. Above this height the we11-sampled data better with the HRDI data than 

do the poorly-sampled data. 

Generally, the we11-sampled data sets more closely resemble the HRDI data than do 

their poorly-sampled counterparts, supporting the assertion that the radar data rate 

is a factor in the ability of NIF radar to reflect mesospheric and lower thermospheric 

winds. 

From the three analyses conducted above it appears that both proximity and data rate do 

affect the quality of the agreement between the Birdlings Flat MF radar data and data obtai

ned from the HRDI instrument. In most cases considered, wind data which were generated 

from a large number of measurements, agreed well with HRDI observations. Similarly, the 

agreement between data sets was at its best when the HRDI viewing region passed close 

to (or over) the region viewed by the NIP radar. 

However, none of the three variables examined in these comparisons dominates the 

others to the extent that the rms differences between the two data types is significantly di

minished by separating the overpasses into relevantly chosen bins: There is no consistent, 

systematic domination by one variable in all seasons and directions. 

The situation is complicated by the unfortunate fact that very of the data are both 

"proximate" and "well-sampled" as defined in the above comparison. Only four such over

passes exist. Even more unfortunately, in some of these overpasses the data are "well

sampled" at some heights but not others. For example, in the case of the overpass which 

occurred on 18 January 1994 the Birdlings Flat wind is well-sampled at some of the lower 
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Figure 5.12: Zonal wind profile for the individual overpass occurring on 18 January 1994. The radar data is 
particularly well-sampled at low altitudes during this overpass, but poorly sampled at higher altitudes where 
the agreement between data sets fades. 

heights but poorly sampled higher up. As it happens, for this particular overpass the HRDI 

and Birdlings Flat data agree quite well at the low end of the range but agreement deteriora

tes slightly with increasing height (see figure 5.12) in the zonal component, while the meri

dional component shows reasonable agreement at most heights, but quite different structure 

from the HRDI data (figureS. 13). 

Although the well-sampled, proximate overpasses do not always seem to display signi

ficantly better agreement than the other data, it should be noted that the best single overpass 

(in terms of the agreement between the satellite wind field and the radar wind field) is both 

well-sampled and proximate (29 May 1993 see figures 5.16 and 17 for the rms errors 

between data sets). This overpass reflected the generally better winter-time agreement bet

ween HRDI and the radar. 

There is only one overpass which is proximate, well-sampled and within three hours of 

the local noon. This is the overpass displayed in figure 5.14 and figure 5.15. It can be seen 

that this figure is quite similar to the seasonal mean picture in that the Birdlings Flat data 

broadly show the same structure as the HRDI data (albeit with a steeper vertical gradient 

with height below about 84 km). However, the two data sets are offset by a considerable 

margin. As usual, the HRDI data record a more westerly wind than the radar does. In the 

meridional direction the two data sets show quite good agreement at the lower heights but 

above about 84 km the HRDI data becomes increasingly northerly with height while the 

Birdlings Flat data shows some vertical structure around a mean southerly wind of around 

1 

Generally, given the small sample size and the spatial and temporal aspects of the geo

metry of the comparison problem, the data fit the expected picture reasonably well. In com

parison with the radar, HRDI is taking a large scale snapshot of the atmosphere and it is 

found that the agreement between HRDI and the radar fades if the satellite viewing region 

is more than a few hundred kilometres from the radar site. It is also found that the reliabi

lity of the radar wind - in terms of the number of contributory data points - plays a role 
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Figure 5.13: Meridional wind profile for the individual overpass occurring on 18 January 1994. The radar 
data is particularly well-sampled at low altitudes during this overpass, but poorly sampled at higher altitudes. 
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Figure 5.14: Zonal wind profile for the individual overpass occurring on 3 December 1993. This is the only 
overpass which is well-sampled, proximate and within three hours of local noon. See text for discussion. 
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Figure 5.15: Meridional wind profile for the individual overpass occurring on 3 December 1993. This is the 
only overpass which is well-sampled, proximate and within three hours of local noon. See text for discussion. 
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Figure 5.16: Zonal wind profile for the individual overpass occurring on 29 May 1993. This overpass showed 
the best agreement - both zonally and meridionally - between the data sets of any of the overpasses studied. 
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Figure 5.17: Meridional wind profile for the individual overpass occurring on 29 May 1993. This overpass 
showed the best agreement- both zonally and meridionally - between the data sets of any of the overpasses 
studied. 
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in the quality of the comparison as welL 

The agreement between HRDI and the Birdlings Flat radar was often found to be best 

when the data window was only open an hour either side of the overpass. However, such 

short time-bin widths were also highly variable. Agreement with the HRDI snapshot did 

not generally degrade significantly until the time-bin extended out to at least four hours 

either side of the actual overpass. The radar exhibited its poorest agreement when the time

bin was left open for six hours either side of the overpass - in that case significant tidal 

effects would have been driving the atmosphere away from the overpass state while the 

data window was open. 

One final caveat about the overpasses broken down by these three variables should be 

noted. The Birdlings Flat MF radar appears to systematically record the zonal wind as 

being more easterly than it really it. If this is so then there is a possibility that the rms 

differences as presented above might not mean much at all; all a small rms difference may 

mean in that case is that the radar measured the wind to be more westerly than it usually 

did. The wind thus measured is not necessarily in better agreement with HRDI, but perhaps 

simply reflects that proximate winds (for instance) were more westerly than non-proximate 

winds. Such a result would be virtually indistinguishable from genuinely closer agreement 

between the data sets. 

Thirty-Six Day Comparisons 

Because of the rate at which its orbit precesses over the spinning earth, HRDI samples 24 

hours of local time every 36 days. It has been suggested [Forbes, pers. comm.] that by ex

amining the behaviour of the HRDI data over such a period the average HRDI wind field 

can be compared with the Birdlings Flat wind field over the same time. The thin-

king behind this technique is that over such a period tidal effects which include the 

test contributions to mesospheric dynamics ~ will effectively be smoothed out of the data. 

longitudinal restriction inherent in the overpass approach was lifted and data from 

all longitudes sampled within a few hundred kilometres of 44° S were binned together and 

averaged over a period of thirty-six days. Similarly, the Birdlings Flat data for the same 

period were binned into a thirty-six day average. The thirty-six day period in question be

gan on January 1 1994. This start date was chosen because, in the thirty-six days from that 

date, eight separate overpasses occur. 

Inherent in this sort of comparison is that the tides maintain their structure throughout 

the period of satellite precession. In other words, this sort of comparison relies on the tides 

being constant over the thirty-six days it takes the UARS satellite to precess through one 

solar day of local time. 



118 Chapter 5. Comparison between Birdlings Flat MF radar winds and HRDI winds 

Another factor possibly inhibiting the agreement between HRDI and the radar is HRDI's 

poor night visibility; aside from a thin region near 95 km, HRDI is blind at night. While 

the satellite is precessing its way through the night hours (local time) it is (effectively) not 

seeing the atmosphere. At a mid-latitude site such as Christchurch, this effectively means 

that HRDI cannot sample the six or seven hours of (local time) darkness. 

The results of the comparison between thirty-six days of HRDI data and the same thirty

six days of Birdlings Flat data are displayed in figure 5.18. Zonally, it can be seen that, 

as with much of the overpass data, there is better agreement at lower altitudes (::::: 80km) 

than at higher altitudes, where the radar records little or no wind, while the satellite records 

increasing easterlies. Data from January were used despite the presence of the wave 

at this time of year because this was when the greatest number ofHRDI data were available 

for 45°S. 

The zonal comparison using the "thirty-six day" method shows similar results to the 

"seasonal" method discussed above in section 5.3.1 (see figure 5.3); HRDI records more 

westerly winds than the MF radar does, particularly above around 84 km. In the vicinity 

of 80 km the two data sets show quite good agreement - somewhat better than the sea

sonal approach employed in section L The "thirty-six day" day HRDI average exhi

bits a steep vertical shear in the wind, characteristic of the transition from the mesospheric 

circulation to thermospheric circulation in this region. The MF radar, on the other hand, 

describes a similar sort of mesospheric circulation, but with the zonal wind dying away 

completely above about 85 km. 

Meridionally, the agreement is exceptionally good, although with a mean meridional 

wind of around Oms-1 through the region considered, this agreement is perhaps less excep

tional than it would have been if the amplitude of the wind was a large positive or negative 

number. Nevertheless, the meridional agreement using the "thirty-six day" method is pro

bably the best between the two data sets obtained by any method of binning the 

data. This implies, if nothing else, a strong degree of tidal stability over the period consi

dered, especially given that tidal effects are normally most pronounced in the meridional 

direction [Andrews et al., 1987]. 

Certainly the agreement between HRDI and the Birdlings Flat meridional data is suffi

ciently good as to cast further doubt upon the idea of a systematic meridional offset between 

the two instmments, and although there is considerable differences between the zonal data 

at high altitudes, the agreement at the lower end of the height range considered is suffi

ciently good and the stmcture of the wind fields sufficiently similar, to suggest that the two 

instruments are in reasonable agreement, at least below about 84 km. 

The above results, when considered against the other types of analyses considered here, 

suggest that (a) tides may well be sufficiently stable on a quasi-monthly time-scale and (b) 
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Figure 5.18: Thirty six day averages ofHRDI (dashed) and Birdlings Flat (solid) zonal winds from January 
and February 1994. To produce these plots the longitudinal restriction (see section 5.2.3) was relaxed and 
all available HRDI data from within 500 km of the latitude of Birdlings Flat were considered and compared 
against an appropriate thirty-six day mean of the Birdlings Flat MF radar data. 

the Birdlings Flat MF radar is sufficiently characteristic of the monthly zonal mean for the 

"thirty-six day" comparative method to be usefully employed. 

The thirty-six day mean of the Birdlings Flat data was subjected to the regression func

tion presented in equation 1 and the results are presented figure 5.19. The data show 

worse agreement at the bottom of the range than the "uncorrected" data, but the agreement 

is slightly better higher up. When the corrected data is used the data sets match at a higher 

altitudes. The application of the regression function is not particularly convincing in this 

case but it must be remembered that the regression function was developed using data from 

the middle of winter and the thirty-six day run began on January 1 marginally after the 

summer solstice. 

Another problem with the application of the regression function to data from all heights 

considered is that the region and time of year in which the regression fit originates is not 

representative of other heights and other times of year: The Birdlings Flat data shows far 

better agreement at 80 km in winter than it does at other times of year and, especially, at 

other heights. It is certainly not clear that the regression function obtained for 80 km is 

applicable at other heights. 

5.5 

Data obtained from the MF radar at Birdlings Flat have been compared with data from the 

HRDI instrument aboard UARS. In keeping with the approaches taken by Burrage at al., 

[1993], [1996] and Khattatov et al., [1996], the MF radar data have been binned into short 

1 
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Figure 5.19: Thirty six day averages of HRDI (dashed) and "corrected" Birdlings Flat (solid) zonal winds 
from January and February 1994. To produce this plot the longitudinal restriction (see section 5.2.3) was 
relaxed and all available HRDI data from within 500 km of the latitude of Birdlings Flat were considered 
and compared against an appropriate thirty-six day mean of the Birdlings Flat MF radar wind data, corrected 
by the regression equation 5.1. 

time-bins either side of a HRDI overpass. 

Twenty-eight such overpasses are use in this comparison, and although any conclusi

ons drawn from such a smal1 number of data must be tentative, some features appeared 

consistently enough to warrant comment. 

When compared, the radar data set gave consistently more easterly winds than the satel

lite data set in both summer and winter. The reasons for this are not immediately obvious, 

but it may have to do with the shape of the receiving array [Dunford, pers. comm.], [Golley 

and Rossiter, 1970]. 

The "seasonal" comparison conducted for this thesis found that the zonal HRDI data 

were consistently more easterly than their radar counterparts. The overpass data were bin

ned together according to local hour of observation, proximity and data rate. From the re

sultant rms differences between HRDI and the radar it appeared that proximity was the most 

influential of the three variables investigated; the more proximate data generally produced 

lower rms values in both winter and summer, zonally and meridionally. Higher data rates 

also seemed to provide better agreement than low data rates, while the local hour of obser

vation did not appear to have much influence on the rms differences. 

Six different time-bin widths were used, with the radar data window stretching from 

one hour either side of the HRDI overpass through to six hours either side of the overpass 

in integer hourly steps. The shortest time-bins frequently gave the best agreement but their 

variability and the fact that the agreement was reasonably stable out to three hours either 

side of the overpass, meant that through the rest of the comparison the six hour time-bin 

(three hours either side) was used. When the data window was left open for six hours eit-
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her side of the overpass the agreement was noticibly poorer than for the shorter time-bins; 

leaving the data window open for that amount of time probably invites a significant tidal 

contribution which serves to degrade agreement between the data sets. 

The 28 overpasses were then broken down according to local time, proximity and the 

data rate of the radar during the overpass. The rms differences between the HRDI winds 

and those obtained using Birdlings Flat radar compare reasonably well with those presen

ted by Khattatov [1996] and Burrage [1996J. The local time of the overpass did not seem a 

particularly important determinant in these comparisons. On the other hand, the more pro-

ximate overpasses gave better agreement than the proximate overpasses in both sum-

mer and winter, zonal and meridional wind directions at most heights. Data rate was less 

emphatic in its performance, but again it did seem that those overpasses in which the radar 

data bin had a large number of contributory points agreed with the HRDI data better than 

the more poorly sampled data. 

Thirty-six days ofHRDI data were averaged and compared with an average of the radar 

data for the same period. Zonally, agreement was satisfactory at the lowest heights studied, 

but, as with the seasonally-binned overpass comparisons, agreement worsened with height. 

The HRDI data exhibited a considerably stronger vertical shear than did the Birdlings Flat 

data. Meridionally, the agreement achieved via this method was very good and this implies 

( a) some degree of tidal stability in the mid -latitude summer mesosphere and lower thermo

sphere (MALT) and (b) that the Birdlings Flat radar site seems reasonably representative 

of the monthly zonal mean meridional wind. 

Overall, the agreement between the HRDI data and the winds obtained from Birdlings 

Flat is probably a good example of the point made by Burrage [1996]: "Only when dynami

cal conditions are stable enough with a relatively small degree of high-frequency geophysi

cal activity will a spatially localized measurement be representative of the large horizontal 

scales sampled by HRDI." 

5.6 

There is considerable scope for more work along these lines to be undertaken at the Uni

versity of Canterbury: HRDI data (or whatever instrument succeeds it) could be compared 

with not only the MF radar data, but wind data from the meteor orbit radar (AMOR) [Tay

lor, 1991] and the Mount John Fabry-Perot Interferometer [Smith, 1997] as well. Although 

are not co-located with the Birdlings Flat instruments, the Mount John Fabry-Perot device 

is well within the considered above as an overpass. Further, although short timescale 

agreement between the FPI and MF radar has not been observed [Smith, 1997], the phase 

coherent modifications made in January 1996 look promising in solving difficul ti es 
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[So Smith pel's. comm.]. Taken as a whole (FPI, MF radar, meteor radar and proposed MST 

radar) the University of Canterbury field stations comprise a rare and valuable tool for the 

comparison of a wide range of remote sensing techniques. 
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Wave Breaking Hemisphere 

6.1 Introduction 

The vertical stratification of the atmosphere enables parcels of air to undergo buoyancy os

cillations. Cells of air displaced from their equilibrium al titude experience a restoring force 

proportional to their displacement which drives them back to equilibrium [Andrews et aI., 

1987]. The buoyancy oscillations around the equilibrium altitude produced by this resto

ring force can produce a set of waves known as internal gravity waves (usually shortened 

to "gravity waves"). 

Atmospheric gravity waves are produced by a variety of phenomena; a flow striking 

a mountain range, frontogenesis, cities acting as "heat islands", etc., [Carter et al., 1989]. 

As a consequence of the abundance of generation processes, gravity waves are found to 

have a wide range of periods I and length scales2 [Fritts and Lu, 1993]. Usually, gravity 

waves are of tropospheric origin and because of the very broad range of possible production 

mechanisms gravity waves can propagate in any direction [Fritts and VanZandt, 1993]. 

Gravity waves are ubiquitous in the atmosphere and given that they possess a range of 

phase speeds and directions of propagation it is reasonable to assume as will be done in 

this thesis - a constant source of vertically propagating gravity waves with a wide range 

of phase speeds. 

The most significant dynamical influence of gravity waves is the effect they have on the 

mesospheric momentum budget where the breaking of such waves is thought to drive the 

atmosphere a long way from that which would be expected from radiative considerations 

alone [Shine, 1987], [Holton et aI., 1995]. 

Due to the fact that amplitude is in part a function of atmospheric pressure, gravity wa

ves grow in amplitude as they ascend. Because amplitude cannot grow indefinitely gravity 

waves eventually reach an altitude at which they become unstable. At this height the wave 

starts to generate sufficient turbulence to ensure that the amplitude grows no further [Lind

zen, 1981]. The wave still ascends, but is continually losing heat and momentum to the 

ITypicaUy these range from a few minutes to a few hours. 
2Vertical wavelengths are normally greater than about 5 km, horizontal wavelengths range up to a couple 

of hundred kilometres. Phase can be anywhere up to 80ms-1 . 
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background atmosphere. The amplitude of the wave can continue to remain roughly con

stant as the wave continues to ascend beyond this height but the wave will start dissipating 

energy, dumping most of it in the region where it first breaks [Fritts, 1984]. 

In his seminal paper on gravity wave breaking and tidal breakdown [Lindzen, 1981] 

attempted a mathematical formulation of the effects of gravity wave breaking on the back

ground flow. Although much of the mathematics presented in that paper is beyond the 

scope of this thesis, many of the results Lindzen obtained have provided a basis for the 

subsequent work on gravity waves. 

Gravity waves can be viewed in the following way: The vertical velocity perturbation 

of any wave varying in the veliical direction obeys the second order differential equation 

wzz + Bw = 0 (6.1) 

which has the solution 

w = A eix(z,t) , (6.2) 

where X is a function of z and t which satisfies B = ~~. In the case of gravity waves, the 

amplitude, A is a function of pressure such that A = eZ
/
2H =L. 

ps 

This implies that the wave grows in amplitude as it rises (as piPs decreases). As dis-

cussed above, the amplitude of these waves cannot grow indefinitely; if left unchecked by 

any physical process as p --+ 0, A --+ co. Obviously, waves cannot have infinite amplitude, 

nor can they propagate vertically indefinitely. 

The quantity B above is found [Lindzen, 1981] to be the function 

(6.3) 

where k and l are the wavenumbers in the x and y directions, respectively. One of the most 

important features of this result is embodied in the denominator of equation 6.3: The wave 

equation collapses for the case where u = c, that is, where the phase speed of the wave 

is equal to the background zonal flow. Physically, u = c represents what is known as a 

critical surface, which is a surface at which the gravity wave is either absorbed into the 

background flow, or reflected from it [Smith, 1996], [Andrews et al., 1987]. 

Critical surfaces in the stratosphere play an important role in mesospheric dynamics -

the stratospheric wind field can comprise a wide range of speeds, but has some consistency 

in terms of direction. As a result, gravity waves propagating upwards with phase speeds of 

the same sign as the stratospheric winds will often encounter a region the speed of which 

is identical to the phase speed of the wave, resulting in a singularity in the above equation. 

At such a surface the wave is either reflected or absorbed. 
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Because, under solstice conditions, the stratosphere contains such a broad range of wind 

speeds, many gravity waves which possess phase speeds in the same directi0l1 as the back

ground wind field will encounter a critical surface at some point in their ascent. On the other 

hand, most gravity waves which possess phase speeds opposite to the background flow will 

ascend through the stratosphere unhindered. As a result, waves with phase speeds of op

posite sign to stratospheric winds will predominate in the mesosphere, and it is in the me

sosphere that gravity waves have their greatest impact on atmospheric dynamics [Holton, 

1982]. Therefore, since gravity waves which propagate into the winter mesosphere from 

below have passed through a stratosphere in which westerlies predominate, many gravity 

waves of westerly phase speed will have been filtered out by critical surfaces [Lindzen, 

1981]. Consequently, the majority of gravity waves which propagate into the mesosphere 

- where they break are observed [Smith, 1996J to possess easterly phase speeds. 

Since breaking gravity waves accelerate the background atmosphere towards the phase 

speed of the wave, breaking gravity waves of easterly phase speeds act to oppose or close 

off the westerlymesospheric jet [Lindzen, 1981] in winter, especially in the region between 

about 75-80 km, where the effects of gravity wave breaking are believed [Labitzke et al., 

1987J to be most acute. 

The wave action in gravity waves is conserved as they propagate through the tropos

phere and stratosphere. However, the amplitude of the waves contains the terms UIW
I and 

viTI. As atmospheric density decreases with increasing height, these terms grow as p-;;1/2 

[Lindzen, 1981]. The breaking of gravity waves is due to damping processes or "satura

tion" which occurs when the amplitude grows unstable as the atmosphere can no longer 

support the motion [Lindzen, 1981]. This process is displayed in figure 6.1. 

One of the most important effects of the breaking of gravity waves is the production 

and maintenance of the "diabatic circulation." This is the process whereby material rises 

over the summer pole, travels towards and across the equator and through the winter he

misphere before subsiding over the winter pole. This circulation, which is substantially the 

opposite to what would be expected if diabatic effects alone were considered [Shine, 1987], 

is driven by the breaking of gravity waves in both hemispheres: The residuals X and Yin 

equations 2.5 and arise because of unresolved-scale forcing. In the mesosphere these 

residual terms are dominated by gravity wave breaking effects [Holton, 1982]. 

Using scale analysis3 it is found that the dominant terms in the zonal momentum equa

tion are the latitudinal geopotential gradient and Coriolls terms, fv and <Px, and the unresolved

scale term, D, such that - fv + <Px = D. Examining zonal means, it is found that the latitu

dinal gradient of geopotential around a latitude circle must be zero [Andrews et al., 1987], 

so <Px 0, which in turn yields - fv = D. 

3See, for example, [Holton, 1979]. 
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Figure 6.1: The behaviour of a gravity wave as it propagates into the mesosphere. At z Zs, 11,' U C 

and the wave is said to be saturated. Upon reaching saturation, the wave transfers heat and momentum to the 
background atmosphere, up to the point where u c, where the wave reaches a critical surface. 
[1984].) 

Therefore the ,,-,,-'J'-"U\.>. zonal mean fluid flow in the upper mesosphere (where D is 

significant) is dri ven by small-scale forcing and the primary mechanism responsible for this 

is the breaking of gravity waves. 

Furthermore, since gravity wave breaking acts to close off both the summer and winter 

jets in the mid-latitude mesosphere, D < 0 in winter and D > 0 in summer. So, consi

dering the NOlthern Hemisphere (where f > 0), this means that when > 0, v < 0 and 

when D < 0, v > O. In other words, when the small-scale residual term acts to oppose a 

westerly wind (winter), this will create a southward (equatorward) wind, whereas when the 

small-scale forcing term acts to shut off the easterly wind, the resultant residual meridional 

wind is northward (poleward)(D < 0 =? v > 0). 

In the southern hemisphere an eastward D will produce a southward v and a westward 

D will produce a northward v because the sense of the Coriolis parameter is different in 

each hemisphere. Mathematically, then, for the southern hemisphere, < 0 =? v < 0 and 

D> 0 =? v > O. 

The total of this gravity wave action is to bring about the residual diabatic circu-

lation presented in figure 6.2, in which air is dragged equatorward from the summer pole, 

driven by the gravity wave breaking action described above. This air then streams over the 

equator to the winter pole, sucked poleward by the forces created by gravity wave breaking 
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Figure 6.2: The mean meridional residual circulation. S refers to the summer pole and W the winter pole. 
(After Dunkerton [1978]). 

in the winter hemisphere. This effect drags air right through the extra-tropical mesosphere 

until the point where it subsides in the polar vortex [Andrews et al., 1987]. 

Recent studies [Lawrence, 1997] have shown that the subsidence of material into the 

polar vortex is heavily influenced by the effects of gravity breaking in the upper mesos

phere, since it is this process which drives the diabatic circulation. 

Although the importance of gravity wave breaking on the meso spheric momentum bud

get is now widely accepted [Andrews et al., 1987] these ideas have proved difficult to test 

directly. However, Vincent & Reid [1983] measured gravity wave drag directly using the 

radar array at Adelaide. They were able to observe individual wave events, determining 

the wavelength, phase velocity and momentum flux for these waves. Typical waves had 

horizontal wavelengths of several tens of kilometres, phase velocities of between about 

20-40ms-1and momentum fluxes of 1m2s-2 . 

Subsequent studies [Reid and Vincent, 1987], [Murphy, 1990], [Fritts and Yuan, 1989J 

have observed variation in the momentum flux of short period waves. These studies 

imply that high frequency waves, at least (since these are the most observable), are damped 

by saturation. 

Basically, are two ways to examine the effects of gravity waves. One is to examine 

small-scales to examine individual gravity waves or the gravity wave spectrum. Such stu

dies usually either model the gravity wave spectrum (eg .. [Fritts and VanZandt, 1993]) or, 

where possible, actually observe the gravity waves and measure their effects (eg. [Vincent 

and Reid, 1983]). 

The other approach, which has been followed in this thesis, is to examine the effects of 

gravity waves by comparing the derived wind field (which is a function of large scale dy

namical approximations) with the observed wind field in order to locate and identify quan

tities in the momentum budget which may be due to the breaking of gravity waves. For 
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example, [Labitzke et a1., 1987] tested the hypothesis that gravity wave breaking plays an 

important role in mesospheric dynamics by comparing derived winds with observed winds. 

Radiance-based satellite winds over-estimate the real wind in the mesosphere because they 

fail to take account of gravity wave drag. On the other hand, radar winds and satellite in

struments which directly measure the wind (such as HRDI) provide a reasonably accurate 

picture of the real wind above the site. 

6.2 Data 

Three mesospheric data sets are considered in this chapter. MF radar winds were obtained 

from Birdlings Flat for the month of May 1992 and these were compared with data from 

the ISAMS instrument aboard the UARS satellite. The comparison made between HRDI 

data and Birdlings Flat MF radar data in the previous chapter is discussed in the context of 

gravity wave activity and discrepancies between radar and satellite winds. 

In this chapter, radar winds from Birdlings Flat (440 S, 1720 E) were compared with data 

from the ISAMS experiment aboard the UARS satellite in order to estimate non-conservative 

forcing in the southern winter mesosphere at 80 km. 

The 80 km region was chosen for this study because it is believed [Labitzke et al., 

1987] that this region is where the effects being studied are most pronounced. Conveni

ently, this is also the best point of overlap between the two data sets; 80 km is the upper 

limit of ISAMS coverage and a balance was sought between the decrease in quality of the 

ISAMS data with height near the top of its range [Taylor et al., 1993] and the strengthening 

of the radar backscatter signal with increasing height in the same region (see for example 

figure 4.1). 

Radar data from lower altitudes (70 km) were also examined and were found to be noi

sier, more and more susceptible to tidal biasing than the data from 80 km 

gure 6.3). This is due to the rapid decrease in electron density below about km. 

The radar data were binned into hourly bins4 and the data from these bins then averaged 

so as to minimise any tidal effects that may be present in the data. 

These radar data are compared with geostrophic winds derived from the ISAMS (Im

proved Stratospheric And Mesospheric Sounder) experiment on board the UARS satellite 

at 80 km for the same period at several grid points near New Zealand. 

Geostrophic and balance winds are calculated using the Middle Atmosphere Dynamics 

Package at Oxford (MADPO) software package. A couple of caveats should be noted: The 

satellite data are from the upper limit of ISAMS covetage and the use of daily values of the 

data set are near the limit of temporal resolution [Taylor et at, 1993]. There will be tidal 

hourly bin comprised approximately 40 individual data points. 
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Figure 6.3: Wind roses of the Flat data at 80 km and (b) 70 km for the month of May 1992. 
Each line corresponds to the MF radar data wind vector for a particular day in May 1992. The origin marks 
Birdlings Flat and each line represents the magnitude and direction of the daily mean wind field. 

effects in the daily values but these should not significantly bias the monthly mean; given 

that ISAMS samples a complete day of local time in 36 days is sufficiently similar to the 

monthly time-scale on which this chapter focuses for tidal effects to be averaged out of 

the data. Furthermore, the tidal effects observed by HRDI (reported by [Khattatov et aI., 

1997aJ and [Khattatov et aL, 1997bJ) showed that the average amplitude of tidal effects 

in May 1992 were quite small. The ISAMS VlO data used in this thesis has been zonally 

smoothed to accept up to and including wavenumber 6. 

The month of May 1992 was chosen because it is the only month for which there was 

global ISAMS coverage and a full month of Birdlings Flat data.5 

6.3 The Background Stratosphere 

Since most gravity waves originate in the troposphere, most waves have to traverse the 

stratosphere before they can reach breaking heights in the mesosphere. Because of the im

portant role it has in filtering out gravity waves which encounter a region where the phase 

speed of the wave is equal to the background stratospheric wind, any examination of the 

mesospheric effects of gravity wave breaking also has to consider the stratospheric back

ground through which the gravity waves propagate. 

Presented below is a discussion of the stratospheric wind field in the months between 

October 1991 and September 1994. 

5 There was also global ISAMS coverage in November 1992 but no corresponding Birdlings Flat data were 
available. 

40 
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Data 

Data from the UKMO Stratospheric Assimilation System (UKMOASS) were examined to 

provide a picture of the stratosphere during the period of mesospheric observations consi

dered throughout the rest of this thesis. The UKMOASS was developed in order to provide 

an independent check of (and hence complementary data set to) the UARS data sets. 

The Assimilation System provides daily synoptic grids from a heterogeneous assort

ment of observational data. 

The data which are fed into the assimilation system are obtained through a variety of 

different methods from a variety of different instruments: 

.. TIROS-N Data - Much of the data which goes into the Assimilation System is 

obtained from the TIROS-N series of polar orbiting satellites. These satellites (ope

rated by NOAA) gather layer-mean temperature soundings from raw radiance mea

surements. There are two sources for this satellite data SATEM reports, which 

are satellite soundings up to 1 hPA (with spatial resolution of 500 km) and higher 

resolution soundings (with horizontal resolution of 120 km up to a pressure level of 

0.4 hPa) . 

• Radiosonde Data - The primary earth-bound data sets which go into the Assimi

lation System are radiosonde measurements of temperature and winds. Generally 

these only go up to around 50 hPa, although occasionally there are radiosonde data 

from 10 hPa. 

It Other Sources of Data - Further data sets used in the Assimilation System include 

aircraft temperatures and satellite cloud-track winds, and pressure observations at the 

earth's surface. 

Once these data sets are assembled at the UKMO databanks both they and the UARS 

data go through a pre-processing stage which consists principally of a quality control pro

cedure: Observations are compared with a numerical forecast. A Bayesian statistical test is 

carried out on the observations and the forecast or "background" data to determine if any of 

the data are either grossly in error or depart grossly from nearby or expected values. Data 

which do depart grossly from the background data set are used in the Assimilation provi

ded they are supported for the same location and time of observation by other independent 

data sets within the Assimilation (the so-called "buddy check" procedure). 

Assimilation of the data then takes place. The numerical model is integrated forward in 

time and the fields are nudged towards the observed data (at the observation location and 

time) so that the model is consistent with both the input data and the global scale dynamics 

inherent in the modeL 
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Background fields for the subsequent day's data are then produced by allowing the mo-

del to run forwards in time with no data being assimilated there is no nudging of the 

model and it is free to evolve solely in accordance with the dynamical equations. 

It is important that the nudging of the data (when in assimilation mode) be gentle; sud

den "jolts" to the model will appear as dynamical forcing and will echo throughout the 

model, giving rise to unphysical driving forces, pushing the Assimilation away from the 

realistic atmospheric state. 

Assimilated grid fields are produced for temperature, geopotential height and zonal, 

meridional and vertical winds. The Assimilation fields are produced on a latitude by 

3.75° longitude grid. The MADPO process used at the University of Canterbury interpola

tes these data onto a 3° x 3° grid. This interpolation should not affect the following analysis. 

6.3.2 Analysis 

Since the horizontal scales of gravity waves are of the order 10-100 km and because waves 

can propagate in any direction it is not sufficient to examine only the atmosphere near the 

immediate region of interest. Instead, for the purposes of this analysis, twelve grid points 

on the MADPO 3° x 3° grid were considered. Figure 6.4 displays these grid points and 

the location of the Birdlings Flat facility against the New Zealand coastline. 

It is believed [Fritts and VanZandt, 1993J that high-frequency gravity waves (which ge

nerally have short horizontal scales) are more prone to vertical propagation than are low

frequency, large horizontal scale waves. Consequently, it seems reasonable to ignore hori

zontal scales of more than a few hundred kilometres when preparing a relevant stratosphe

ric background. 

All twelve grid points were considered in the computation of the maximum and mini

mum daily wind fields plotted in figure 6.5 and figure 6.6. These two plots represent the 

extreme values of the wind field for each day between 20 October 1991 and 15 September 

1994. Twelve points are plotted for each day at each extreme, the maximum easterly wind 

and the maximum westerly wind for every grid point. 

6,3.3 and Gravity Wave 

Time-series of the range of winds from the UKMO Assimilation are presented in figures 6.5 

and 6.6. These figures display the maximum amplitude zonal and meridional winds for 

each day throughout the stratosphere across the horizontal grid in the neighbourhood of 

New Zealand represented by figure 6.4. In figures 6.5 and 6.6 the daily maximum winds are 

plotted for the period between 20 October 1991 and 15 September 1994. Seasonal variation 

is very evident in the figure 6.5; during summer months the maximum easterly wind (at any 



132 Chapter 6. Gravity Wave Breaking in the Southern Hemisphere 

...,l. ...,l. 0 0 0 

C) -.....j -.:j- f'... 0 
CO .....I. f'... f'... CO 

T""" T""" T""" 

_36 0 

-36 0 

_39 0 

-39 0 

_42 0 

-42 0 

_45 0 

-45 0 

_48 0 

-48 0 

...,l. .....I. .....I. 0 0 0 

C) C) -.....j -.:j- f'... 0 
(J1 CO .....I. f'... f'... CO 

0 or- T""" 1"-

Figure 6.4: UKMO Assimilation scheme grid points in the neighbourhood of Birdlings Flat (squares) and 
the site of the Birdlings Flat radar facility (circle). 



6.3. The Background Stratosphere 

o 200 400 600 800 
time (days from 20 Oct 1991) 

133 

1000 1200 

Figure 6.5: The area between the two curves represents the range of maximum easterly and westerly winds 
throughout the stratosphere in the region near Birdlings Flat. Each symbol refers to the most extreme zonal 
wind across the spanned by the 12 grid points in figure 6.4 day between 20 October 1991 and 15 
September 1994. 

point in the stratosphere) is around 80 ms-I, while the maximum westerly wind is around 

20ms- l . 

In winter, westerlies predominate throughout the stratosphere, although mild easterlies 

are observed at some grid points on most days. The maximum westerlies observed during 

winter are of much greater amplitude than the maximum easterlies during summer, pea

king in the range 140-160ms-l. There is some asymmetry between the summer and win

ter states. While the maximum summer easterlies build up, peak and decline in a relatively 

smooth fashion, the winter westerlies show much sharper and more brief peaks. 

The seasonal behaviour so evident in the stratospheric zonal wind field strongly influ

ences the sorts of gravity waves which can propagate up through the stratosphere. Assu

ming a constant source of gravity waves originating in the troposphere, the stratosphere 

will preferentially filter out waves with phase speeds equal to the background flow. Con

sequently, the overwhelming westerly nature of the winter stratosphere serves to filter out 

those (westerly) gravity waves which would, upon breaking, serve to further accelerate the 

(westerly) mesospheric jet. Generally, the winter stratosphere will allow only the ascen

sion of gravity waves possessing easterly phase speeds, and the the effect of the breaking 

of these waves is to retard the zonal flow. 
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Figure 6.6: The area between the two curves represents the range of maximum northerly and southerly winds 
throughout the stratosphere in the region near Birdlings Flat. Each symbol refers to the most extreme zonal 
wind across the region spanned by the 12 grid points in figure 6.4 day between 20 October 1991 and 15 
September 1994. 
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The meridional time-series exhibits far seasonal variation than the zonal time-series. 

Both northerly and southerly winds are observed on most days at most grid points. As ex

pected the maximum amplitudes are considerably smaller in the meridional case than the 

zonal case. Seasonal variation is masked by the daily and inter-grid variations, although 

the ambitious eye might detect a greater frequency of northward winds in summer. 

One of the strongest contrasts in the meridional time-series occurs in July 1992 when 

the meridional wind on one day peaks at over 100ms- l . This same month (July 1992) 

also sees the greatest single amplitude in the zonal winds. It can be seen from figure 6.6 

that this sudden amplitude increase is preceded by more northerly winds than usual. This 

interesting feature is examined below in section 6.3.4. 

A crude model of the stratospheric filtering of ascending gravity waves may be obtained 

by comparing the range of winds in the stratosphere each successive winter. Assuming a 

constant, isotropic source of gravity waves, the gravity wave driving at 80 km in the mesos

phere will only be a function of those gravity waves which have not encountered a critical 

surface during their ascent. 

An index of the attenuation due to stratospheric winds can be produced (following 

wrence [1990]) by simply considering 

Uf()\, </» = max u('\, </>, z) - min u('\, </>, z). (6.4) 

which is basically the range of winds throughout the stratosphere. To a first approximation, 

the greater the range of stratospheric winds, the greater the range of gravity wave phase 

speeds eliminated by filtering. 

This index is calculated for the winters of 1993, and 1994 and these are presented in 

figure 6.7 This should be contrasted with the time-series of zonal winds at 80 km above 

Birdlings presented in figure 4.9 and figure 6.5 for the same times. It can be seen 

that the mesospheric winds do seem to decrease in monthly mean magnitude at the times 

of maximum easterly gravity wave dri ving as parameterised in equation 6.4. The period of 

maximum wave driving as crudely parameterized above also accords with the time of the 

greatest of stratospheric winds, as would be expected if the proposed mechanism is 

significantly affecting the mesospheric momentum budget. This accords with the findings 

of Lawrence [1990] who found a similar connection between the attenuation of stratosphe

ric winds and the mesospheric zonal wind for the years 1983 and 1984. 

Although these results are encouraging and consistent with the idea that the breaking 

of vertically propagating gravity waves serves to decelerate the winter mesospheric winds 

above Birdlings Flat, the above results are by no means conclusive proof and the following 

points should be noted: 
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1. In the first place, these results could simply be the results of inter-annual variability, 

so a much longer temporal baseline would need to be studied. 

2. Secondly, the index describing the stratospheric attenuation of ascending gravity wa

ves is very crude; the simple presence of a "range" of winds on a synoptic time-scale 

does not ensure that all and only those vertically propagating gravity waves with 

phase speeds within this range will encounter critical sUliaces as they ascend. Es

sentially, this phenomenon can take two forms. 

(i) Ascending waves of any phase speed may happen to pass through the stratosphere 

unhindered if none of the levels through which they ascend happens to have u = c 

as the wave passes through that level. 

(ii) Waves which possess phase speeds outside the specified range may happen to 

encounter a local region within the stratosphere which does at the time at which the 

wave arrives happen to meet the critical surface criterion u = c. 

3. Both the time averaging and spatial averaging inherent in the production of satellite 

maps of the stratospheric wind field may obscure small scale features which may 

limit the growth of a range of waves. 

In spite of these caveats, however, it should be noted that the results from all the years 

compared are consistent with the model of stratospheric attenuation of ascending gravity 

waves described above. 

It is important to note that not all vertically propagating waves in the range between the 

maximum and minimum on any given day will be reflected or absorbed. The range as defi

ned above simply provides a daily minimum and maximum. There will be velocities at the 

extremes and even mid-range to which no part of the stratospheric wind field corresponds. 

Consequently, gravity waves which possess phase speeds of these velocities will be able to 

propagate vertically through the stratosphere. 

Further, if the phase speed of a wave alters with height it may pass through a level which 

would otherwise be a critical surface. If, for example a wave "rotates" as it propagates ver

tically it may not actually ever encounter a critical surface during its ascent, despite passing 

through regions in which the background wind is equal to the breaking phase speed of the 

wave. 

Some of these phenomena are illustrated in the profiles presented in figure 6.8. These 

diagrams represent the zonal wind profiles for six successi ve days in May 1992. If the zonal 

wind in the stratosphere remained constant at one grid point throughout one day then all 

and only those gravity waves with phase speeds, c, such that Umin < c < U max would be 

absorbed or reflected by critical surfaces during their ascent. All other gravity waves would 



60 

50 

~ 40 

2-
~ 30 
',; 
I 20 

10 

0 
-20 

60 

50 

~ 40 

2-
:g, 30 

',; 
I 20 

10 

-20 

60 

50 

~ 40 

2-
:§, 30 
',; 
I 20 

10 

-20 

138 Chapter 6. Gravity Wave Breaking in the Southern Hemisphere 

22 May 1992 23 May 1992 

10 

20 40 60 80 -20 0 20 40 60 
Zonal wind (m/s) Zonal wind (m/s) 

24 May 1992 25 May 1992 
60 

50 

~ 40 

2-
:g, 30 

',; 
I 20 

10 

20 40 60 80 -20 20 40 60 
Zanal wind (m/s) Zonal wind (m/s) 

26 May 1992 27 May 1992 
60 

50 

~ 40 

2-
:g, JO 

',; 
I 20 

10 

20 40 60 80 -20 20 40 60 
Zanal wind (m/s) Zanal wind (m/s) 

Figure 6.8: Height profile of the stratospheric wind field at 43.4 0 S, 171 0 E for six consecutive days in May 
1992. 

propagate unhindered through the stratosphere (though they could be absorbed or reflected 

by critical surfaces below the breaking height in the mesosphere). 

6.3.4 High-Latitude Event, July 1992 

One of the mo re interesting aspects of this sort of long baseline time series is the exami

nation of the some of the more unusual days. For example, in figure 6.6 it can be seen 

that there is a strong peak in meridional wind on UARS day 313, 29 July 1992. This is 

the result of an unusual occurrence in the Southern Hemisphere, in which the polar vortex 

has been displaced from the pole, as displayed in figure 6.9. This diagram shows a polar 

stereographic view of the southern hemisphere geopotential at 1 hPa. 

The unusual wind field can can be illustrated by reference to the geopotential picture; 

the wind field blows (to a first approximation) along geopotential contour lines. The along

contour wind is basically the polar night jet, a region of very strong wind which isolates 

80 

80 

80 
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Height = 48000.00 29-Jut-1992 

Figure 6.9: Polar stereographic plot of geopotential in the Southern Hemisphere on 29 July 1992, showing 
a vortex centre displaced from the pole by a region of high pressure. Greenwich Meridian is towards the top 
of the page. New Zealand is visible (continental contours have been plotted) halfway between the origin and 
the bottom of the page, near the I 80th meridian. 
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Height = 48000.00 29-Jul-1992 
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Figure 6.10: Meridional wind field for 29 July 1992. Note the strong meridional How as the wind essentially 
blows along the lines of constant geopotential in figure 6_9. Greenwich Meridian is towards the top of the 
page. New Zealand is visible (continental contours have been plotted) halfway between the origin and the 
bottom of the page, near the I 80th meridian _ 

warm mid-latitude air from the cold polar vortex_ Normally the polar night jet is a zonal 

wind because the vortex is centred on the pole and the contours run around latitude circles. 

However, the large pool of warm air to the right of the vortex has displaced the vortex cen

tre some distance from the pole (and compressed the contour lines on the right-hand side 

of the vortex_ Consequently, the contour lines no longer run around simple latitude circles_ 

In fact, near New Zealand, these contour lines run at an angle to New Zealand that means 

the jet has a larger meridional component than zonal component during the brief warming 

event This is simply a function of the position of the vortex, and it implies that the meri

dional wind will actually be greater than (or of similar magnitude to) the zonal wind field _ 

A plot of the meridional wind for the same day (figure 6_10) makes explicit the north

south wind field_ Note that a similar feature of opposite sign can be seen on the opposite 

side of the pole_ 

This phenomenon - the displacement from the pole of the polar vortex - is characte

ristic of stratospheric warmings_ Although these phenomena are common in the Northern 

Hemisphere, where they take various different forms, such "Stratwarms" are much less fre

quent in the Southern Hemisphere_ Orography is thought [Andrews et aI., 1987] to play 

a large part in this hemispherical anisotropy; in the Northern Hemisphere there are large 
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land masses near the pole and these serve to break up the zonal flow, while the Southern 

Hemisphere is remarkable for its zonal symmetry in the sub-polar regions. Nevertheless 

"Stratwarms" do occur occasionally in the Southern Hemisphere. 

Stratospheric warmings are complicated phenomena and come in a variety of types. 

The principal distinction differentiates between major warmings and minor warmings. 

Major warmings are defined by the WM06 at:; a warming wherein a reversal of the latitudi

nal temperature gradient is evident poleward of 60°, penetrates to 10mb and wherein the 

mean zonal wind reverses (to an anti-cyclonic flow) in the same region. Minor warmings 

are warmings in which this latter condition is not met. 

Major warmings occur approximately biennially in the Northern Hemisphere and not 

at all in the Southern Hemisphere. Minorwarmings, although less common in the Southern 

Hemisphere, occur reasonably frequently in both. 

Further classification of stratospheric warmings involve Canadian warmings, in which 

the Aleutian High strengthens and nudges the vortex from the pole [Labitzke, 1977]. The 

prosaically named final warmings are those which spell the end of winter; the warming 

occurs late in winter and the latitudinal temperature gradient is insufficient to restore the 

polar jet to its former strength. Following the final warming the pole tends to an equinoctal 

rather than solstial state. Spring has arrived in the stratosphere. 

It is usual in atmospheric dynamics to talk in terms of Fourier components "wave 1," 

"wave 2," etc. - on the "zonal" flow, and in terms of north-south or "meridional" moti

ons [Labitzke, 1977]. Usually, this is sufficiently adequate in equatorial and mid-latitudes, 

where atmospheric phenomena such as planetary waves are more appropriately described 

in terms of their Fourier components. Such events are very common and are satisfactorily 

dealt with in the zonal/meridional or wavenumber paradigm, but in situations such as this 

where the (usually valid) assumption of zonal symmetry is invalid, the zonal/meridional or 

Fourier approach is misleading. Classically, the phenomenon described in figure 6.9 would 

be described as a high-latitude wave 1 phenomenon. 

More recently however, some authors have been adopting other ways of looking at the 

polar regions, either by using a vortex-centred approach [Rosier et al., 1994] or a Lagran

gian approach [Paparella et a1., 1997]. 

In this particular case, plots of Ertel's Potential Vorticity (see chapter 2) were obtained 

for the twenty days leading up to the sharp rise in meridional winds (see figure 6.11). Po

tential Vorticity (PV) was plotted because it acts like an atmospheric tracer on isentropic 

surfaces over time-scales of several days [Hoskins et a1., 1985]. 

Potential Vorticity is plotted on the 1300 K isentropic surface for the period between 10 

and 29 July 1992 in figures 6.11 and 6.12. A filament can clearly be seen breaking away 

6World Meteorological Organisation 
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Figure 6.11: Filaments of potential vorticity surrounding the pole in July 1992, in the lead-up to the warming 
event described in the text. 
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from the main vortex throughout this period. At the end of this period the vortex has a 

comma-shaped appearance, with vortex material streaming away from the thin end of the 

comma. This process continues for about another week. While this material has been stre

aming away from one part of the vortex, high-PV air from lower latitudes moves poleward 

of the renegade filament. This warmer mid-latitude air moves closer to the vortex, giving 

rise to the increasing steepness of the vortex boundary observed in the 90° -120° E quadrant. 

This high-PV low latitude air pushes the vortex centre off the pole, towards the 270 E 

meridian. As the vortex moves in this way, the vortex boundary becomes less steep in the 

90° -120° E quadrant. 

Evidently, this is a reasonably high-altitude event. There is little evidence for the de

tachment of a filament or movement of the vortex below about the 800 K surface (around 

km). Above this height the event becomes increasingly apparent and although the Assi

milation scheme continues up to 56 km, there are no satellite measurements above 48 km, 

so it would be unwise to speculate about the situation above this height. 

The causes of stratospheric warmings are beyond the scope of this thesis, but for com

pleteness a few things should be noted. 

The presence of a large anticyclone beside a large low pressure region gives rise to a 

"wave one" feature when Fourier analysed. Although Fourier components are very useful 

at lower latitudes, in this region this formulation is slightly misleading; recent authors [Ro

sier et aL, 1994], [Manney et a1., 1994] have preferred to adopt a "vortex-centred" frame 

of reference in preference to the more traditional Fourier approach. 

The interaction between planetary waves and the mean flow has been the subject of 

much study; most of the causal accounts of stratospheric warmings make use of wave-mean 

flow interactions. O'Neill & Taylor [1979] showed that the momentum flux due to eddies 

played a substantial role in the evolution of warmings. Basically, planetary waves ascend 

through the stratosphere and increase in amplitude. Like the gravity waves which form the 

primary focus of this thesis, these planetary waves cannot grow in amplitude indefinitely 

and "break" against the edge of the polar vortex, creating the aptly named "stratospheric 

surf zone" [McIntyre and Palmer, 1984]. It is the breaking of these large scale planetary 

waves which drag the filaments of high PV, low latitude air into the vortex and strip fila

ments of low PV, high-latitude air from the vortex. 

Such filaments can be seen in the PV plots of figure 6.12, where planetary wave activity 

- which is generated in response to steep gradients in geopotential - have the effect of 

stripping and dragging filaments out of and into the vortex. 
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Figure 6.12: Filaments of potential vorticity surrounding the pole in July 1992 during the lead-up to the 
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Future work 

One possible item of future work emerging from this thesis would be to compare the satel

lite data pertaining to this warming with relevant Birdlings Flat data to examine if there is 

any mesospheric evidence of this warming in the mid-latitude regions. A correlation bet

ween the radar data and satellite data would be interesting because the event involves a 

shift in wind direction rather than simply speed. It has been found [Burrage et al., 1993], 

[Lieberman et al., 1998] and this study, that satellite and radar winds give good directional 

agreement, but that they are frequently at odds over wind speed. 

UnfOltunately, at the time of writing, the relevant Birdlings Flat radar winds are una

vailable. 

6.4 Mesospheric Momentum Balance 

Following the introduction to dynamics provided in chapter 2 the momentum equations 

appropriate for large scale fluid flow in the mesosphere can be written as 
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where 11, V and ware the velocity components relative to longitude, A, latitude, ¢, and log 

pressure height z - H In PI Po. The CorioUs parameter, f 2D sin ¢ where S1 is the 

Earth's rotation rate CD = 27r(sidereal day)-l), a is the planetary radius and C!) the geopoten

tial height. D and represent the force per unit mass due to unresolved-scale phenomena. 

These small-scale forcing terms will include the effects of gravity wave breaking. 

An estimate of u and 'v can be made from knowledge of the geopotential height alone 

by using the balance between the last two terms on the left hand side of each equation. In 

the work that follows, the geopotential height is found by stacking temperature thicknesses 

observed by ISAMS upon the geopotential height of a pressure surface near km produ

ced by the U.K.Meteorological Office. The wind determined in this way is known as the 

geostrophic wind and is hereafter labeled as 11g and Vg' 

As discussed by Randel [1987], a further estimate of the wind can be produced by cal

culating the coordinate curvature term (the second term in equation 6.6) and the horizontal 

curvature terms (the terms in square brackets) from a previous estimate (beginning with the 

geostrophic estimates). The wind so determined is called the balance wind since it presup-
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poses that the winds are in horizontal balance; the winds calculated with this method are 

labeled with a subscript b. 

A slightly different approach is used by Marks [1989] who loops iteratively around a 

loop involving the thermodynamic equation (equation 2.9), the mass continuity equation 

(equation 2.8) and the two momentum equations. Using this method an estimate of 'W, the 

vertical wind is obtained, but because of the lack of a fifth dynamical equation, this method 

requires that e be set to zero. 

In what follows it should be remembered that when we are calculating these terms from 

satellite data, we are implicitly only calculating these terms from the resolved data - un

resolved scales will show up as residual accelerations in the D and E terms, thus D and E 

do not simply arise from the breaking of gravity waves, although breaking gravity waves 

are expected to provide the bulk of these terms. Also, with the daily ISAMS data, there 

will be tidal contamination; we assume that this effect is missing from the monthly means. 

These factors hamper the comparison between ISAMS wind fields and those obtained 

via the more direct methods employed by the radar. Although the ISAMS data are subject 

to tidal bias [Livesey, 1995], the radar data, since each daily mean is a composite of the 

hourly means during the day, should not suffer as much from tidal effects. One advantage 

of a ground station is the data rate of the instrument and this enables hourly means to be 

formed. The daily means presented in this chapter are daily averages of the hourly means 

and since each hourly mean is given equal weight tidal effects should not bias the resultant 

mean wind. 

6.5 Results 

Birdlings Flat radar data were compared with geostrophic winds derived from the ISAMS 

satellite data on both daily and monthly time-scales to attempt to determine the approximate 

scale of gravity wave breaking in the mid-latitude mesosphere. 

DaHy Mean Winds 

Variation on daily time-scales is evident throughout the. month in both the radar and sa

tellite data sets. Figures 6.13 and 6.14 present daily mean wind fields for the ISAMS and 

Birdlings Flat data in the form of wind roses (see also chapter 4). The radar winds gene

rally show more consistency than the satellite winds, which exhibit considerable variation 

in terms of magnitude and direction of winds. 

The radar winds are generally of smaller magnitude and show more consistent direction 

than their ISAMS counterparts, a fact which is reflected in the smaller standard deviations 
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presented in table 6.1. The great majority of radar winds are westerly in terms of the zonal 

component and a rather smaller majority have northward meridional components. 

I Date, May 1992 IUr Iugl Vr I Vg I 
1 26 61 1 102 
2 19 42 19 -32 
3 27 61 6 21 
4 3 119 6 -10 
5 12 19 12 -1 
6 -16 104 18 82 
7 19 -53 -1 
8 13 -20 3 -32 
9 11 53 12 -97 
10 19 -13 4 113 
11 4 -10 8 38 
12 11 -9 0 5 
13 19 -1 0 -27 
14 10 15 7 -19 
15 21 35 -7 -10 
16 -3 63 21 13 
17 9 53 -9 40 
18 1 25 2 1 
19 2 99 -8 26 
20 7 44 0 131 
21 8 24 79 
22 -5 88 7 72 

10 13 2 24 
24 3 20 -3 2 

11 -40 -9 
26 13 59 -7 -69 
27 27 23 3 -15 

Table 6.1: Daily mean winds as obtained from the MF radar at Birdlings Flat and the ISAMS data for May 
1992. Subscripts T refer to radar winds and 9 to geostrophic winds. 

In spite of the daily variation in the ISAMS data, it can be seen that the majority of daily 

mean winds are westerly in their zonal component. Although it varies from day to day, the 

mean meridional wind is toward the n011h. 

ISAMS obtains radiances throughout the middle atmosphere [Taylor et a1., 1993] but 

the altitude of the data used in this comparison presents a problem. The upper boundary of 

the vertical coverage of ISAMS is 80 km, which is the point at which the signal to noise 

ratio is approaching unity [Taylor et al., 1993]. Consequently, the quantities obtai ned from 

ISAMS soundings at 80 km are less reliable than those obtained lower in the atmosphere. 
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Figure 6.13: Wind rose of the daily mean winds for May 1992 as recorded by the MFradar at Birdlings Flat. 

When the derived winds are considered on a daily time-scale at 80 km -- as they are in 

the wind roses above the data are being considered at both the temporal and spatial ex

tremes of reliability. The low signal to noise ratio of the ISAMS instrument in the upper 

mesosphere is likely to contribute to the lack of agreement between the ISAMS and radar 

winds on a daily time-scale. 

The daily mean radar winds were also compared with stereographic plots of daily (and 

monthly) ISAMS geopotential data. Even on a daily time-scale most of these plots sho

wed good directional agreement with the radar winds, a typical example being displayed 

in figure 6.16, in which the radar wind points in a direction roughly compatible with that 

suggested by the ISAMS geopotential plot, with a region oflow pressure towards the pole, 

high pressure towards the equator, and a westerly radar wind. An example of the good di

rectional agreement between the data sets is displayed in figure 6.16, where the radar winds 

swing around to the north as a region of high pressure approaches from the west. 

Occasionally, however, the radar wind bore no apparent relation to the ISAMS geopo

tential plot. For example, in figure 6.16 the radar wind was to the north and west, although 

the stereographic plot implies a wind to the east. 

Such anomalies were exceptional, however. On the whole -- that is, on a monthly time-
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Figure 6.14: Wind rose of the daily geostrophic winds as obtained from the ISAMS data. Note that the scale 
is different from that in figure 6.13. 
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Figure 6.15: Polar stereographic plot of the monthly mean geopotential field at 80 km for May 1992, The 
arrow indicates the location of Birdlings Flat and the direction of the monthly mean radar wind field. 
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Figure 6.16: Polar stereographic plot of the geopotential field for selected days in May 1992, with arrows 
representing the mean daily radar wind field . cf. figure 6.15. 
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scale - the ISAMS geopotential data agreed well (at least directionally) with the Birdlings 

Flat winds, as illustrated in figure 6.15. This result is consistent with similar graphs pre

sented in chapter 4 which show daily variations in a monthly data set. May 1992 is similar 

to the other winter months, implying at least that May 1992 is not an especially unrepre

sentative month to have chosen, as this would complicate the interpretation of these data 

sets. 

6.5.2 Corrections to the Birdlings Flat l\'IF Radar Wind 

The Birdlings Flat radar under-estimates westerly winds when compared to HRDI. As dis

cussed in chapter 5 the best agreement between the HRDI and radar data occurs in winter at 

80 km. At this altitude the correlation between the data sets is sufficiently reasonable that 

a regression function can be developed and, if the radar data is converted to a "corrected" 

value corresponding to the offset from HRDI, the monthly mean zonal wind for May 1992 

is 25ms- 1. 

There has been some discussion -largely informal [A. Manson pers. comm.] - to 

the effect that the winds recorded by MF radars may need to be corrected by a factor of 

around 2.0 to bring them into accordance with those measured by other instruments. Even 

if this were true - and the comparison between Birdlings Flat and HRDI does not appear 

to support this contention - then the multiplicative factor suggested would again have the 

effect of delivering a "corrected" monthly mean zonal radar wind of around 20ms-l . 

From the scatter plots in chapter 5 there is little evidence that the Birdlings Flat radar 

systematically measures strong winds more weakly than HRDI does. This result stands in 

contrast to those of [Burrage et aI., 1996] and [Khattatov et aI., 1996], where the majority of 

MF radars showed considerably smaller ranges of wind speeds than the HRDI instrument 

did. 

Using either the "HRDI offset" technique presented in chapter 5 or the multiplicative 

factor discussed above to "correct" the Birdlings Flat winds yields similar results; a monthly 

mean zonal wind of around 20-25ms-l. Regardless ofthe precise nature of the relationship 

between the HRDI data and winds obtained from the MF radar at Birdlings Flat it seems 

unlikely that the actual monthly mean zonal wind above Birdlings Flat in May 1992 would 

have exceeded 25ms-l . 

6.5.3 Monthly Mean Winds 

Despite the reasonable directional agreement between the radar and ISAMS revealed by 

the stereo graphic plots, there was less agreement between the data sets regarding the ma

gnitude of the monthly mean zonal wind (see figure 6.17). The monthly mean geostrophic 
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wind (34ms-l) is considerably stronger than the monthly mean radar wind (lOms- 1). The 

monthly means and standard deviations of the radar and geostrophic winds are displayed 

in table 6.2. 

Table 6.2: Monthly mean radar and geostrophic winds, both zonal and meridional, and associated standard 
deviations. 

The discrepancy between the radar wind and the derived winds has several sources and 

numerous complicating factors, not the least of which is the signal to noise ratio which 

affects the ISAMS data at the very top of its operational range. This is probably the cause 

of the large standard deviations on the geostrophic winds. 

At the most basic level the satellite instrument and radar disagree because they are samp

ling different volumes of the atmosphere. The instrument viewing volume for ISAMS is 

about 16.6 km across [Taylor et al., 1993], while the viewing volume in the case of the ra

dar is around 12 km [Smith, 1997]. These two volumes were seldom coincident. Even if 

the viewing volumes were coincident, the winds used in this study were derived from the 

behaviour of the geopotential field at the grid points near Birdlings Flat, which, at the very 

least, involves all those points represented as squares in figure 6.18. Therefore, even if the 

satellite was viewing the same region as the radar, the behaviour of the geopotential field 

at more remote points would still determine the derived wind. Geostrophic (and balance) 

wind fields are the result of large scale dynamical equations, often involving the interpola

tion of data which are several hundred kilometres from each other. The wind fields gene

rated by the application of such equations may be reliable on large scales - given that the 

data are the smoothed, gridded results of large sampling volumes but are not necessarily 

representative of the smaller scales of the atmosphere such as those sampled by the radar. 

Because of this the overpass approach employed in the previous chapter is inappropriate 

for use here. 

Although this acts to hamper direct comparisons between the wind fields on daily time

scales, it is not so detrimental in the ca<;e of comparisons undertaken on monthly time

scales. The fact that the gridded wind field is the result of large-scale dynamical appro

ximations is useful because it allows estimation of the extent to which directly measured 

small spatial scale activity provides a different view of the atmosphere than large, dynami-
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cally derived pictures of the atmosphere. 

The ISAMS data being used is generated by placing along-track temperature data onto 

x 100 grids and then obtaining resultant daily fields in geopotential and temperature. The 

primitive equations are then used to calculate geostrophic wind fields. Unlike the compa

rison between HRDI and the MF radar (chapter 5) the ISAMS data being compared with 

the MF radar are not "snapshots" of the real atmosphere in the vicinity of the radar at a 

particular time. Because they are produced by a variety of data obtained at differing local 

times along the satellite track, there is a possibility of some tidal contamination on short 

(ie., daily) time-scales. Tidal contamination is likely to be less important on a monthly 

time-scale because a monthly time-scale is of similar magnitude to the 36 day period over 

which ISAMS samples all local times [Dudhia et al., 1993]. Therefore in terms of tidal ef

fects, the monthly ISAMS winds are likely to be considerably more reliable than the daily 

winds. 

The idea under-lying the comparison attempted in this chapter is that part of the diffe

rence between the ISAMS wind field and the radar wind may be due to the effects of gravity 

wave breaking in the upper mesosphere. Not only will the small-scale turbulenc-e genera

ted by gravity wave breaking drive the atmosphere in the region studied by the Birdlings 

Flat radar away from the larger scale average obtained by satellite instruments (see chap

ter 5), but also the derivation process, which applies large-scale dynamics to the observed 

temperature and geopotential fields, will ignore the effects of gravity wave breaking. 

6.6 Residuals and Gravity Wave Drag 

When the above geometrical and systematic considerations are taken into account, the "cor

rected,,7 monthly mean radar wind field for May 1992 can be estimated as possessing a li

kely upper limit of 25ms-1in the zonal direction and a mean of around around 3ms-1in the 

meridional direction (see figure 6.17). 

The observed monthly mean radar wind field corrected according to equation 1 is of 

roughly the same magnitude to that which would be expected if, as some have suggested, 

MF radars systematically underestimate strong winds by about a factor of 2. Irrespective 

of whether equation 5.1 or a multiplicative factor of 2 is used to correct the radar wind, it 

is unlikely that the "corrected" monthly mean zonal radar wind could exceed 

The derived ISAMS monthly mean wind fields have values of around 34ms-1zonally 

and 10ms-1meridionally. Consequently there is still a discrepancy of around 1 Oms-1 zonally 

and 7ms-1meridionally between the value of the geostrophic wind as determined by ISAMS 

and that measured by the MF radar. This discrepancy is unlikely to be the result of syste-

7 See sections 5.3.1 and 6.2.3. 
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matic or geometrical effects. It is most likely that these differences are due to small-scale 

dynamical features which are evident in the direct observation of winds (radar, HRDI) but 

which are not evident in derived fields. 

The mechanism most likely to be responsible for the discrepancies between the monthly 

mean geostrophic wind and the monthly mean radar wind is the breaking of gravity waves. 

Using the momentum equations 6.5 and 6.6 the zonal and meridional non-conservative me

chanical forcing terms D and can be calculated. 

Implicit in this treatment of the equations is the assumption that there is no significant 

non-conservative forcing mechanism contributing to D and E other than the breaking of 

gravity waves. In addition, because neither the radar nor ISAMS obtain reliable vertical 

wind fields, and because w « u, the vertical wind field was set such that w O. This 

should not affect the overall picture of the meso spheric momentum budget because the ver

tical wind term is of considerably smaller magnitude than the other terms [Marks, 1989], 

[Andrews et al., 1987]. 

The basic procedure is to use the radar values for u and v in conjunction with the geo

potential gradient obtained by ISAMS. Although radar winds were used wherever possi

ble, the singular nature of a radar ground station means that the ISAMS geostrophic winds 

were used to evaluate the curvature terms, u. v U and u. v v, the horizontal gradien ts of the 

wind field. Thus, although U r u g , the horizontal gradients of the radar and geostrophic 

wind fields were assumed to be the same (ie., it was assumed that ur.vur ug.vug and 

Ur. vVr = ug.vvg). By making this assumption all the terms in the momentum equations 

can be evaluated, with the exception of the (very small) terms involving vertical velocity. 

Apart from the Coriolis term which is omitted from the table because we have no di-

rect measurement of the wind at points other than Birdlings Flat each term in the momen

tum equation was evaluated at the four vertices of the ISAMS grid displayed in figure 6.18, 

and these terms are tabulated in table 6.3 (zonal momentum equation) and table 6.4 (meri

dional momentum equation). The values of each term in each equation were then linearly 

interpolated to correspond with the latitude and longitude of Birdlings Flat (marked by the 

circle in figure 6.18). This technique effectively smoothes the data in the region around 

New Zealand, which was necessary since, as will be discussed later, some of the terms ex

hibited strong grid point to grid point variations. 

Where possible the radar wind data was used, in the tables which follow SUbscripts are 

attached each time wind is discussed to make explicit which wind measurement was used 

in which place. Satellite measures of wind were only used where the horizontal gradients of 

the wind field were required, as the radar cannot provide these. Calculation of uncertainties 

was based around standard deviations in the case of the radar data and around both standard 

deviations and inter-grid variations in the case of the satellite data. 
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Figure 6.18: ISAMS grid points in the neighbourhood of Bird lings Flat (squares) and the site of the Birdlings 
Flat radar facility (circle). 

• ¢ A au 'U r ?!!:JL Vr O(U g cos <1» w~ <;P", at a cos ¢ 0,\ acos¢ o¢ 

-42.5 170 0 5 I -45 0 120 
-42.5 I 180 I 0 -64 -65 0 -79 
-47.5 170 0 25 105 0 -94 
-47.5 ! 180 0 13 I 61 0 -81 

Table 6.3: Terms from the zonal momentum balance from equation 6.5 at each of the four vertices of the 
ISAMS grid plotted in figure 6.18. All units in ms-1d- 1 . 

Table 6.4: Terms from the meridional momentum balance from equation 6.5 at each of the four vertices of 
the ISAMS grid plotted in figure 6.18. All units in d-1. 
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Values for each term in the zonal momentum equation 6.5 at the latitude and longitude 

of Birdlings Flat are tabulated in table 6.5. It can be seen that the Coriolis and geopotential 

gradient terms dominate this equation, being of considerably greater magnitude than the 

time tendency and curvature terms. Consequently, the small-scale forcing term D, which 

is assumed above to be a result of gravity wave action, is essentially the difference between 

the Coriolis torque on the wind and the the longitudinal gradient of geopotential. The va

lue of this residual, D =88ms-1d- 1, is very much in accordance with the results obtained 

by others (see for example [Holton, 1983b], [Fritts and Vincent, 1987] or [Alexander and 

Rosenlof, 1996]). 

Although the curvature tenns are large, the monthly mean time tendency term, < ~~ >, 

is predictably small in the case of the Birdlings Flat wind data a backward difference cal-

culation of the time tendency term yields a monthly mean of < ms-1 and < ~~ >=Oms- 1 

with a standard deviations of CTUT = 14 for the zonal wind and CTvr 12 for the meridional. 

The conclusion obtained from consideration of the zonal momentum equation given 

the work in the previous chapters and the ISAMS discussion earlier in this chapter is 

that there is a real, dynamically driven small-scale forcing of the upper mesospheric zonal 

wind which is of the order of 80±40ms-1d-1. This force acts to accelerate the zonal flow 

towards the average phase speed of the breaking gravity waves which, in this case, act to 

retard the zonal flow. 

This result is also consistent with the picture of the meso spheric wind which emer-

ged out of chapter 4; the observed "dip" each winter is likely to be the observable effect in 

the monthly mean zonal winds of the gravity wave-driven small-scale forcing term D. As 

more and more gravity waves of westerly phase speeds are filtered out by the strengthening 

westerly winds in the stratosphere below, D will have the effect of retarding the zonal flow 

in the months of peak stratospheric westerlies. 

The curvature terms appear to be of some significance in the mesosphere. While 

ficant, the curvature terms are also quite volatile; they show substantial variation across the 

xl OOregion considered here. While the geopotential gradients do not change much 

ween each corner of the region considered, the curvature terms show somewhat more varia

tion. In the case of the zonal momentum equation the total variation is some 80ms-1 d-1across 

the grid in each term. 

However, although the individual values of the curvature terms in the zonal momentum 

equation vary considerably, the sum of the curvature terms does not vary as dramatically; 

when all the terms in equation 6.5 are summed at each of the vertices in figure 6.18 the 

small-scale forcing term, D, is found to range between about 40ms-1d-1 and 120ms-1d-1. 

This may seem a large range, but the essential point is that there is, apparently, always a 

force acting to retard the zonal flow which averages out at around 80ms-1d-1and is never 
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less than 40ms- 1d- 1
. This result is entirely consistent with this predicted by most models 

of gravity wave breaking [Yamanaka and Fukao, 1994], [Alexander and Rosenlof, 1996], 

[Alexander et al., 1995], [McLandress and Ward, 1994]. 

au Ur ~ Vr o( u~ cos e/» w Ou - fV r crx D at a cos ¢ 0>.. a cos ¢ a¢; oz 

0 1 -2 0 26 -106 -81 

Table 6.5: Quantities used in determining the zonal momentum balance from equation 6.5. All units in 
ms-1d-1, f = -8.75. 

A similar analysis of equation 6.6 was undertaken and the results are displayed in ta

ble 6.6. Again, the Coriolis and geopotential gradient terms dominate, but the curvature 

terms are even more significant this time. 

OV u2 tan¢; Ur tJVg !!..r..C)V g W OV fUr cry E at r a a cos ¢ a>.. a ae/> oz 

0 22 -17 -17 0 -220 320 88 

Table 6.6: Quantities used in determining the meridional momentum balance from equation 6.6. All units in 
ms-1d-1, f = -8.75. 

The result of the evaluation of these terms was a residual of E =88±120ms-1d-1 . This 

was a larger than expected value for the unresolved-scale meridional forcing term, although 

given the large uncertainty on this value it should be treated with some caution - the me

ridional satellite winds showed quite large day-to-day variations (hence the large standard 

deviation in table 6.2), and some of terms in the meridional momentum equations also sho

wed considerable variation across short spatial scales. These effects serve to generate the 

large uncertainty on E. 

The large small-scale forcing term, E, is in part a result of the difference between the 

geostrophic and radar winds. Geostrophic winds have long been known to over-estimate 

the zonal wind in the mesosphere [Labitzke, 1977]. 

Although approximately an order of magnitude smaller than the fUr and cry terms, 

the curvature terms in equation 6.6 were found to be highly variable, even on short spatial 

scales. The U
r ¢ o"v{q term, which is tabulated as positive at Birdlings Flat, varies bet-a cos U,\ 

ween values of 151ms-1d- 1at -42.5 0 S, 170° E and -205ms-1d-1at -47.5 0 S, 1800 E (with 

intermediate values at the other two vertices). The other curvature term also exhibit sub

stantial variations across the horizontal "box" considered. As can be seen from table 6.4 

these are large variations, even by comparison to those exhibited by the curvature terms in 

the zonal momentum equation (table 6.3, and enormous by comparison to the ranges of the 
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u; t:n ¢ and cP A terms. Given the large variations in the curvature telIDs across the grid in 

equation 6.6, the large value obtained for E is prone to considerable uncertainty - more 

than twice that of the corresponding term in the zonal momentum equation. 

Generally, the difference between fUr and CPA - expected to be quite large in the winter 

mesosphere [Labitzke, 1977J - ought to be balanced to a significant extent by the curva

ture terms. When the four vertices are averaged (rather than interpolated onto Birdlings 

Flat with respect to proximity), the curvature and u; t:n ¢ terms sum to -83ms-1d-1, which 

leaves a residual of just E =3ms-1d-1 . 

The ISAMS data for May 1992 is, unfortunately, quite noisy and this in part causes 

the large variations in the curvature terms. However, since the winter mesosphere is sub

ject to gravity wave driven retardation of the zonal flow [Lindzen, 1981J, [Andrews et aI., 

1987J, Ur 1= ug and therefore fUr 1= CPA' The retardation of the zonal flow by small-scale, 

gravity wave driven turbulence, which serves to drive the upper mesosphere away from 

geostrophic balance will therefore have to be balanced by the other terms in the meridional 

momentum equation. Since CPA is reasonably constant throughout the region considered 

here (see figure 6.18) it appears that momentum balance will have to be preserved through 

a complex and highly localised interplay between the curvature terms and E. Certainly it 

seems hazardous to assume - in the mesosphere, anyway - that E=O. This makes the 

calculation of balance winds very difficult since the derivation of balance winds requires 

assumptions about small-scale forcing to be made in the absence of a fifth dynamical equa

tion through which to calculate E [Marks, 1989J. If the large variations observed in this 

study are representative of the atmosphere under normal circumstances8 then perhaps it 

may not prove viable to assume E=O in this region. 

6.7 Conclusions 

In this chapter, diverse measurements of the mesosphere have been brought together in or

der to estimate the mesospheric momentum budget. Having taken into account the analy

ses undertaken in chapters 4 and 5, MF radar data from Birdlings~ Flat were compared with 

ISAMS data for the month of May 1992. 

In addition, stratospheric data for the months between October 1992 and October 1994 

were considered. The stratospheric wind field is expected [Smith, 1996J to "filter" ascen

ding gravity waves, preferentially passing waves with phase speeds of opposite sign to 

the dominant wind field in the stratosphere [Holton, 1982]. Vertically propagating waves 

which possess phase speeds of the same sign as the dominant winds in the stratosphere can-

8Given the noisiness of the ISAMS data at 80 km and the fact that this comparison focuses on only one 
month's data, this may not be so. 
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not ascend through critical surfaces (where 7.L c) [Lindzen, 1981], Therefore only those 

gravity waves which do not encounter such a surface can ascend to altitudes at which they 

can break [Fritts, 1989]. 

Substantial variations are evident in both the ISAMS and radar data sets on daily time

scales, although the radar data seems a little more consistent. On a monthly time-scale there 

is a discrepancy of the order of lOms-1between the radar data, which makes a direct mea

surement of the wind field, and the ISAMS geostrophic winds, which are derived from the 

geopotential field via the application of large-scale dynamical approximations. In particu-

1ar it is found that the radar retrieves a zonally weaker, more poleward flow than ISAMS 

does. 

When the ISAlVlS data are used in conjunction with the Birdlings Flat data in the mo

mentum equations, the zonal contribution of the term due to unresolved-scale effects in 

equation 6.5, is evaluated as =80±40ms-1d- 1 . This force, which is probably due lar

gely to the breaking of gravity waves in the upper mesosphere, serves to retard the we

sterly zonal wind in winter. This is borne out by a simple comparison of the zonal radar 

wind with the geostrophic wind; the radar measures the zonal wind to be approximately 

lOms-1d-1weaker than geostrophic balance would suggest. The comparatively large un

certainty on this result is largely due to large variations in the curvature terms, which are 

themselves probably in part a function of the noisiness of the ISAMS data. The principal 

finding of this analysis of the zonal momentum budget is that there is a small-scale, gra

vity wave driven force acting to retard the winter westerlies which is at least 40ms-1d-1 . 

This force serves to drive the mesosphere away from geostrophic balance, as predicted by 

[Lindzen, 1981 J, amongst others. 

The meridional momentum balance is also examined. Because the radar wind does not 

balance the latitudinal geopotential gradient, balance must be obtained through the inter

action of the other terms in equation 6.6, namely the curvature term, the u; t:n <P term and 

the small-scale dynamically generated term E. Because of the very large horizontal gra

dients in the curvature terms, E cannot be estimated with much confidence. However, it 

does not seem at all clear that can be ignored in the mesosphere, and this may make the 

calculation of balance winds hazardous in the upper mesosphere. In this region, the curva

ture terms and E have to account for a quite large difference between the observed radar 

wind and the derived geostrophic wind and, in the winter mesosphere at least, these often 

neglected terms playa large role in determining the momentum balance in the mesosphere. 



Chapter 7 

Discussion and Conclusion 

In chapters 1 and 2 of this thesis the background state and some of the background phy

sics of the Earth's atmosphere were presented. The observed atmosphere of the Earth was 

compared with a radiatively determined model of the atmosphere and points of difference 

were noted and explained in dynamical terms. 

The region of the middle atmosphere in which models differ most from observations is 

the upper mesosphere, where the cold summer and warm winter poles are the exact opposite 

of the situation expected in a radiatively determined atmosphere. One focus of this thesis 

involves various ways of using the MF radar winds recorded at the Birdlings Flat site in 

conjunction with the HRDI and ISAMS instruments aboard UARS to generate estimates 

of the importance of gravity wave breaking in the mid-latitude mesosphere. 
-

The various data sources used were introduced in chapter 3, which includes a brief in-

troduction to MF radar theory and practice, and a brief discussion of the operation of the 

relevant satellite instruments. 

In the section on MF radar, some basic ideas behind the retrieval of Partial Reflection 

Winds were discussed, along with the theory of Full Correlation Analysis and a list of the 

acceptance criteria against which wind measurements are tested. 

In the section on the satellite instruments the stratosphere and mesosphere-sounding 

instruments HRDI and ISAMS, which are both housed aboard the Upper Atmosphere Re

search Satellite, were introduced, and the sensing mechanisms and retrieval procedure em

ployed by each instrument were discussed. 

The instruments which generate the stratospheric data used in chapter 3 were also in

troduced, but examination of the UKMO Assimilation scheme was mostly postponed until 

chapter 6 where discussion of the synoptic scales characteristic of the data was more ap

propriate. 

In chapter 4 the Birdlings Flat MF radar winds from between May 1993 and Decem

ber 1996 are examined. Daily mean wind roses for the region between 76 and 100 km 

for each available month are presented and discussed. Monthly mean winds for the region 

76-100 km are also discussed. These data are presented as time series at each height and 

monthly mean profiles for each month are compared inter-annually in order to investigate 

climatological variability. 
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The monthly mean time-series of Birdlings Flat MF radar data between 76 and 100 km 

are broadly consistent with other observations of this region such as the CIRA 86 reference 

atmosphere and the observations obtained by the HRDI, WINDn and ISAMS instruments. 

The MF radar detects two quite distinct climatologies in this region; near the bottom of the 

range of heights examined an upper mesospheric climatology of strong winter westerlies 

and summer easterlies is evident. So too is a meridional circulation which is consistent with 

the expected seasonal cycle of summer southerlies and winter northerlies characteristic of 

the gravity wave-driven diabatic circulation. 

At the top of the height range a quite different seasonal cycle begins to emerge; sum

mer westerlies and winter easterlies increase in amplitude with height above about 96 km. 

This circulation, which is characteristic of the lower thermosphere, accords well with other 

observations of this region, certainly in terms of the direction of the monthly means if not 

always in terms of magnitude. The climatology in this region appears broadly consistent 

with radiative considerations, which is not the case for the upper mesospheric climatology 

described above. 

The monthly mean time-series of radar wind data are especially interesting in the region 

around 80 km: Each winter there is a decrease in the monthly mean westerlies between May 

and August. The "dip" in the monthly mean zonal winds occurs in every year examined in 

this thesis and also in the two years considered by Lawrence [1990] and Fraser [1989]. It 

appears to be a consistent, real feature and the fact that it persisted into the coherent radar 

data of 1996 implies that it is probably not a radar selection effect. The explanation advan

ced in this thesis is that the zonal wind at 80 km decreases every June and July as a result 

of the action of gravity wave breaking. 

Coherent data from 1996 are compared to incoherent data from 1993-1995. In times of 

high wind it is found that the coherent data appear to record stronger wind fields than were 

recorded in previous years. However, at the time of writing only one year's coherent data 

were available. Given the large inter-annual variability evident in the middle atmosphere 

it would be unwise to read too much into this, however, as more data become available it 

should be possible to determine more conclusively whether or not the coherent radar gives 

better measures of strong winds. Preliminary results at least are encouraging. 

In chapter 5 Birdlings Flat MF radar data are compared with data from the HRDI in

strument aboard UARS. Because of the problems tidal effects introduce into comparisons 

between synoptic scale satellite data and station data it was decided, following several other 

authors, to opt for the "overpass" method of comparing the two data sets. 

In this method the HRDI data from within 500 km of Birdlings Flat are compared with 

MF radar data from Birdlings Flat from several hours either side of the time of the ac

tual overpass. Twenty-eight such overpasses are considered between May 1993 and March 
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1994. Although any conclusions drawn from such a small number of data must be tentative, 

some features appeared consistently enough to warrant comment. 

When compared, the radar data set consistently more easterly winds than the satel-

lite data set in both summer and winter. The reasons for this are not immediately obvious, 

but may have to do with the shape of the receiving array. Given that this effect is not appa

rent in comparisons between HRDI and other MF radar sites it is unlikely to be a systematic 

measurement error in the HRDI instrument. 

The 28 overpasses were binned into "seasonal" groups corresponding to winter months 

and summer months (there were few data from near the equinoxes). The "seasonal" com

parison conducted for this thesis found that the zonal HRDI data were consistently more 

easterly than their radar counterparts, especially in summer. The best agreement between 

the two data sets occurred in winter around 80 km, and a very simple regression function 

was developed to bring the radar winds into line with the HRDI data in this region. 

This regression function is probably only applicable at 80 km in winter: The agreement 

between the radar and satellite winds varied seasonally and with altitude, so the regression 

function developed for 80 km data in winter months is probably not very appropriate for use 

with data from other seasons at other heights. However, the regression function did give a 

convenient estimation of an upper limit of the maximum magnitude of the zonal wind at the 

appropriate height in winter months. This regression equation was employed in chapter 6 

to provide a likely upper limit for the magnitude of the directly determined zonal wind for 

Birdlings Flat radar data from 80 km in May 1992. 

The overpasses were also broken down according to local time, proximity and the 

number of contributing data points ("data rate") of the radar measurements during the over

pass. The rms differences between the HRDI winds and those obtained using Birdlings 

Flat radar compare reasonably well with those presented by Khattatov [1996] and Burrage 

(1996]. The local time of the overpass did not seem a particularly important determinant in 

these comparisons. On the other hand, the more proximate overpasses better agree-

ment than the less proximate overpasses in both summer and winter, zonal and meridional 

wind directions at most heights. Data rate seems to be less of an influencing factor, alt

hough at some heights and in some seasons overpasses corresponding to radar winds with 

a large number of contributory measurements did seem to out-perform the more sparsely 

sampled winds. 

Overall, the individual overpasses did not show anyone physical parameter to be cru

cial in determining the quality of agreement between HRDI and the radar. This is likely 

to reflect the geometrical complexities of the comparison - HRDI samples a large spa

tial region for a very short time while the radar samples a considerably smaller portion of 

the atmosphere for a comparatively long period of time. Only when the atmosphere in the 
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few hundred kilometres around Birdlings Flat is sufficiently stable for periods of an hour 

or more will there be good agreement between the different instruments. 

The instruments aboard UARS sample all local times at each longitude every 36 days 

- this is the period of data which must be obtained for a complete "daily" picture of the 

atmosphere at any longitude to be developed. Thirty-six days ofHRDI data were averaged 

and compared with an average of the radar data for the same period. Zonally, agreement 

was satisfactory at the lowest heights studied, but, as with the seasonally-binned overpass 

comparisons, agreement worsened with height. The HRDI data exhibited a considerably 

stronger vertical shear than did the Birdlings Flat data. Meridionally, the agreement achie

ved via this method was very good and this implies (a) some degree of tidal stability in 

the mid-latitude summer MALT and (b) that the Birdlings Flat radar site seems reasonably 

representative of the monthly zonal mean meridional wind. 

In chapter 6 daily stratospheric data were obtained from the UKMO Assimilation pro

gramme in order to prepare a stratospheric background to study the effects of gravity wave 

breaking. The stratosphere through which gravity waves propagate as they ascend acts as a 

filter and only passes those gravity waves which have phase speeds different from the back

ground wind. There is a large range of velocities in the winter stratosphere and, in winter, 

most gravity waves which possess westerly phase speeds will, at some point, encounter a 

critical surface. Gravity waves cannot ascend through such regions and at these levels the 

wave is either reflected or absorbed into the background flow. Consequently, the majority 

of waves which manage to ascend into the breaking region in the upper mesosphere pos

sess easterly phase speeds. Since the breaking waves accelerate the background wind field 

towards the phase speeds of the waves, this acts to oppose the westerly mesospheric jet at 

mid-latitudes. This mechanism is believed to be responsible for the "dip" observed in the 

Birdlings Flat MF radar winds every mid-winter. 

The results presented in chapters 4 and 5 have been combined with ISAMS data in chap

ter 6 to produce a picture of gravity wave breaking in the southern hemisphere. The dyna

mical importance of gravity wave breaking has been discussed in chapter 1 and chapter 2. 

Birdlings Flat MF radar winds from May 1992 were compared with ISAMS wind data 

from the same month. On a daily basis the radar data seemed more consistent in terms 

of the direction of the wind and as a group the radar winds possessed a smaller standard 

deviation than the ISAMS data. One reason for this is that the ISAMS data was from the 

top of the sensing range of the instrument, and as the signal to noise falls away in the upper 

mesosphere data from this region on daily time-scales are not believed to be as reliable as 

data from lower altitudes. 

However, the ISAMS data are believed to be substantially more reliable on a monthly 

time-scale, partly because of the 36-day, quasi-monthly time-scale on which UARS instru-
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ments sample all local times at any given location, thereby minimising tidal effects. 

Monthly means of the MF radar wind were compared with monthly means of ISAMS 

data. Directionally, the agreement between the data sets was reasonable - both the radar 

and satellite instrument obtained westerlies and southerlies - but there was considerable 

difference between the two data sets in terms of the magnitude of the wind vectors. 

Because ISAMS gives a derived wind field as opposed to an observed one, the diffe

rences between this field and the range of winds obtained from HRDI and Birdlings Flat 

should be due in the main to small scale dynamics. The zonal and meridional momentum 

equations were employed to examine this hypothesis. 

Even using the regression function developed in chapter 5 to provide an upper limit on 

the zonal wind at 80 km in winter there was still a difference between ISAMS and the radar 

monthly mean winds of around lOms-1 zonally and around 6ms-1 meridionally. The zonal 

and meridional momentum equations were then evaluated using the ISAMS geopotential 

data and radar wind data. 

When the ISAMS data are used in conjunction with the Birdlings Flat data in the mo

mentum equations, the contribution of the term due to unresolved-scale effects in the zonal 

momentum equation, is D =80±40ms-1d-1. This force, which is probably due in the main 

to the breaking of gravity waves in the upper mesosphere, serves to retard the westerly zo

nal wind in winter, producing, amongst other things, the observed annual mid-winter "dip" 

in the monthly mean westerlies at 80 km. 

The comparatively large uncertainty in the calculation of D is largely due to large varia

tions in the curvature terms which are themselves probably in part a function of noise in the 

ISAMS data. The principal finding of this analysis of the zonal momentum budget is that 

there is a small-scale, gravity wave driven force acting to retard the winter westerlies which 

is at least 40ms-1d- 1. This force serves to drive the mesosphere away from geostrophic 

balance, as predicted by [Lindzen, 1981], amongst others. 

The meridional momentum balance is also examined. Because the radar wind does not 

balance the latitudinal geopotential gradient, balance must be obtained through the inter

action of the other terms in equation 6.6, namely the curvature terms, the u
Z 

t;n P term and 

the term due to unresol ved-scale forcing, E. Because of the very large horizontal gradients 

in the curvature terms, E cannot be estimated with much confidence. 

However, it seems likely that E cannot be ignored in the upper mesosphere, and this 

may make the calculation of balance winds hazardous in this region. In the region studied 

the curvature terms and have to account for a quite large difference between the obser

ved radar wind and the derived geostrophic wind, and, in the winter mesosphere at least, 

these often neglected terms playa large role in determining the momentum balance in the 

mesosphere. 
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Predictably, there is significant disagreement between the different data sets used in this 

thesis. The quite different sampling methods and especially the different spatial and tem

poral scales of the different instmments all hinder a straightforward physical comparison 

of the wind field, and hence the momentum budget, of the southern mesosphere. 

The problem is to disentangle the instmmental disagreement from the disagreement due 

to physical processes occurring in the atmosphere. Generally, the more instruments which 

can be compared in this way, the better. Birdlings Flat offers several possibilities for future 

work along this line of inquiry, especially with respect to comparing several ground-based 

instmments with current and future satellite instmments. 



Appendix A 

Statistics: Superbowl Parable 

Although much of the data in this thesis has been collected over a long time, with many 

data points, some of the data - particularly those used in the comparisons in chapter 5-

belong to quite small data sets. Although every effort has been made to tie these data in 

with larger data sets and longer term pictures of the atmosphere, or to see to what extent 

the small sample is representative of the monthly or seasonal situation, an accurate, reliable 

picture of the atmosphere is not always possible with sparse data, even when statistical 

measurements of significance are used. 

As an illustration of the dangers of small number statistics, the following example emer

ges out of the Superbowl records of the National Football League [Michaels, Gifford & 

Dierdorff, Monday Night Football 1996J. 

In the period between the amalgamation of the AFL and NFL in 1966 and the comple

tion of this thesis in 1997 there have been 31 superbowls (three more than the number of 

HRDI overpasses examined in chapter 5). Table 1 records the winner of each superbow1. 

As of 1997 there are 30 teams in the NFL which contest the superbow1. The NFL com

prises fourteen "Animal" teams and fourteen "Human" teams. "Animal" teams are those 

teams whose nicknames or emblems contain an animaL "Human" teams are those whose 

nicknames refer to various types of people. The San Diego Chargers and New York Jets 

are in a group of their own, being named for inanimate objects. 

As table A shows, of the 31 superbowls, animal teams have won 4 superbowls, the Jets 

have won one and the human teams have won 26 - nearly 84% of all superbowls. If this 

result is treated as a binomial distribution (success is a "human" win) then the Superbowl 

record of the NFL is statstically significant at the 99% confidence interval. 

Considering a binomial distribution with a a win by a human team considered a"success' 

and a win by a non-human team a "failure" and assuming that a team's nickname is irrele

vant to their success, then 

n 31, p = 0.5 and the number of human wins x 

P(X 
n! 

x In, p) = ----;"1 --.,
X. 

(A.I) 

'When this equation is evaluated for the above data it is found that the probability that 
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a team's performance is independent of their name is a miniscule P 

Superbowl Champion • SUl:-'I:Owvwl Champion 

I Green Bay Packers XVII Washington Redskins 
II Green Bay Packers xvm Oakland Raiders 
III New York Jets XIX San Francisco 4gers 
IV Kansas City Chiefs XX I Chicago Bears 
V Indianapolis Colts XXI New York Giants 

• VI Dallas Cowboys XXII • Washington Redskins 
VII Miami Dolphins XXIII San Francisco 4gers 
VIII Miami Dolphins XXIV San Francisco 4gers 

IIX Pittsburgh Steelers XXV New York Giants 
X Pittsburgh Steelers XXVI Washington Redskins 

• XI Oakland Raiders XXVIT Dallas Cowboys 
XII Dallas Cowboys XXVITI Dallas Cowboys 
xm Pittsburgh Steelers XXIX San Francisco 4gers 

I XIV Pittsburgh Steelers XXX Dallas Cowboys 

~ 
Oakland Raiders XXXI Green Bay Packers 
San Francisco 4gers 

Table A.I: Superbowl winners. Winning teams with "Human" nicknames are in boldface. 

The naive application of statistical tests would suggest that the nickname of an NFL 

franchise has a significant bearing on their ability to win superbowls. Certainly, purely as 

a matter of statistical confidence the nickname sported by a franchise is a matter of more 

importance than rather more mundane qualities like time of possession, number of turno

vers, etc. 

To all but the most enthusiastic statisticians it seems quite plain that the name of a team 

should not have any influence on the ability of a team to win superbowls. Certainly the 

name a team possesses ought to be less important than, say, the quality of the coaches or 

players, or the ability of the team to retain possession of the football. 

This dichotomy between raw statistical analysis and the common sense view of football 

coaches, players and fans 1 illustrates an interesting point: Statistical data has little meaning 

when unmediated by interpretation. 

Anyone wishing to make sense of statistical data especially where the statistics are 

based on small data sets is required to make interpretations or judgements as to whether 

or not they really believe the things suggested by the statistics. In particular they need to 

make value judgements about whether or not they can infer probabilities from their stati-

IThe fact that animal names persist is evidence that these groups of people have more faith in common 
sense than they do in statistics. 
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sties. In the illustration above, for example, a punter looking to make money from betting 

on the Superbowl has to judge whether or not he or she believes the compelling statistical 

data above to be reflective of long-term trends. The punter has to judge whether or not he 

or she believes that which has been is going to be reflective of that which is yet to happen. 

Mathematics alone does not address this issue - ultimately this is a value judgement. 
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