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Motivation

• Several prior studies have demonstrated significant 
perturbations in the low-latitude ionosphere associated with 
sudden stratospheric warmings

• Multiple mechanisms have been proposed to explain the 
ionosphere response.
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Motivation
Enhanced lunar tides in the MLT is among the proposed 

mechanisms for producing the ionosphere response to SSWs

(Stening et al. 1997)(Fejer et al. 2011)

Our objective is to use the WACCM to study 
the influence of SSWs on the lunar tide
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Methodology

• The lunar tide is added to the WACCM by including an 
additional forcing term in the zonal and meridional 
momentum equations

• Only the M2 (migrating semidiurnal) lunar tide is included 
since forcing from this term is known and it accounts for 
the majority of the lunar tide 

• We study both the lunar tide climatology and variability 
during SSWs
- Climatology based on 10-year ensemble run
- SSW variability based on 40-year ensemble of Northern 

Hemisphere winter simulations (~20 moderate to strong SSWs)

ΩM2 = -0.7933 P  (⊝)2
2



Annual Variations in Surface Pressure
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- Slightly larger in SH

- Large phase change during DJF
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Surface Pressure Variations at ±10˚
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where [, is the part of the ocean vertical displacement 
relative to the ocean bottom (i.e. the ocean tide) 
induced by the lunar potential corresponding to 
Pi(@). !A, is the potential of the corresponding 
change in the dist~bution of ocean mass. 

The load tide effect, for a given Legendre-associated 
function, can be expressed as : 

Qoad = K% 

P wean 3 
W load = ~ ~ hiw, 

PEarth 2n + 1 

where the Love load numbers, k’, and h’,, are taken 

from ACCAD and PEKERIS’ (1978) Gutemberg model. 
Thus we can finally write in equation (I) : 

0, = n-i-n,+n,+n,,,, 

and, in equation (2) : 

w = ~~+~~+~,*~~ 

Satellite altimetry provides the apparent displace- 
ment (CARTWRIGHT and RAY, 1990 ; CA~TWRIGHT 
ei al., 1991; RAY and SANCHEZ, 1989) : 

robs = I, +- iload 

but, using the above set of equations, c, and cload can 
be deduced from these observations. 

2.2. Physical implications 

First of all, let us consider the effect of the Earth 
tide alone. On the basis of classical tidal theory, it is 

SURFACE  PRESSURE  

130  .  I  I  I  I  I  l  I  I  I  I  

120  -  

110  -  

100  -  

8  90  -  

?  
_  Elo-  
Fi  

2  

50  -  

40  -  

30  I  i  I  /  I  I  I  I  I  I  

1  2  3  4  5  6  7  8  9  10  11  12  

120  I  I  I  I  I  I  t  I  I  /  

110  -  

50  -  

40  -  

30  -  

20  I  I  I  I  I  I  I  I  I  I  

1  2  3  4  5  6  7  8  9  I0  II  12  

MONTHS  

Fig. 1. Top : amplitude (in pbar) and bottom : phase (in degrees) of the pressure perturbation L2@) at 
10”N (solid line) and 1O”S (dashed line) as a function of month. 

Vial and Forbes (1994) SimulationWACCM
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where [, is the part of the ocean vertical displacement 
relative to the ocean bottom (i.e. the ocean tide) 
induced by the lunar potential corresponding to 
Pi(@). !A, is the potential of the corresponding 
change in the dist~bution of ocean mass. 
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Satellite altimetry provides the apparent displace- 
ment (CARTWRIGHT and RAY, 1990 ; CA~TWRIGHT 
ei al., 1991; RAY and SANCHEZ, 1989) : 

robs = I, +- iload 

but, using the above set of equations, c, and cload can 
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Figure 6 
Phase constants (a), above, and amplitudes (b), below, as functions of the colatitude; annual means. 
The dots show individual stations, the zeros mean values for colatitude zones of 10 ~ width centered 
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lunar  t ide cou ld  be due to the smal ler  surface fr ic t ion over  the ocean than  over  land,  
to the larger  effect o f  the oceanic  t ide on the a tmospher ic  t ide over the Southern  
Hemisphere ,  to local ly d iaba t ic  t idal  mot ions  due to more  r ap id  hea t  conduc t ion  into 
the oceans than  the land masses [CHAPMAN 1 7, 1 8], or  tO a combina t ion  o f  these causes. 
I t  may  also be due to the differences between the thermal  s t rat i f icat ion and the basic  
wind  systems in the N o r t h e r n  and  Southern  Hemispheres  which in their  tu rn  are  also 
causal ly  re la ted to the unequa l  d i s t r ibu t ion  o f  water  a n d  land  in the two hemispheres .  
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Longitude Variability in Surface Pressure
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Fig. 4. Variations of the amplitude of L2(p) in July (in pbar) as a function of latitude and longitude when 
ao~-migrating modes are taken into account. 

continents and islands we have (HOLLINOSWQRTI-I, 
I97 I ; MIYAHARA, 1972) : 

P ground = pc,lc-P,g~ 

where g is the ground vertical displacement induced by 
the tide taken into account in our spherical ha~o~c 
expansion. and p. is the air density at ground level. 

The tidal response of the barometric pressure to the 
M2 tidal forcing is usually denoted by L2(p). This 
should not be confused with the L2 tide which is 
the small lunar elliptic semidiurnal tide with period 
12.19 h in the Darwin system (BARTIG, 1957). L2(p) 
has been determined at 104 stations around the world 
(HAURWIT~ and #WLEY, 1969). In most of them, 
seasonal variations were obtained, but only 14 have 
been used to obtain monthly means of L2@) (BARTELS 
et al., 1952; HAURWITZ and COWLEY, 1967). Our 
results are compared below with these results. From 
seasonal determinations, HAURWITZ AND C~WLEV 
(1969) note that the lunar tide exhibits differences in 
the two hemispheres. Considering the annual mean, 
they found that its magnitude is greater in the 
southern than in the northern hemisphere for the 
same distance from the equator and that the mag- 
nitude difference increases with fat&de. Also, the 
pressure maximum occurs earlier in the southern 
than in the northern he~sphere; the time difference 
between maxima at corresponding latitudes in the 
two hemispheres increases with their distances from 
the equator. In fact, these differences come from very 

pronounced differences during the northern winter 
months (November through February), whereas 
other seasons exhibit much smaller (if any) hemi- 
spheric differences. 

In this section, we use the convection of HAURWITZ 
and cm#LEY (1969) to define the tidal phase in order 
to compare our results with ground pressure obser- 
vations. Thus we write : 

IL!(p) = 1 2 sin (Sz+A,) 

where 5 is the mean local lunar tide in degrees (.t = 0 
is the time of lower transit). The time at which the 
lunar tide is ma~mum (i.e. the de~nition of phase 
which we will use in Section 4 for comparison with 
Middle Atmosphere observations} is thus obtained 
by: 

t 
90-22 

nlar = - 30 

where rmax is in lunar hours. 

Figure 1 displays the amplitude and phase of the 
pressure perturbation at ground level at 10”N and 
lO”S, respectively, as a function of month. At both 
latitudes, the lunar tide behaviour is very similar. The 
amplitude is ma~mum in June and July and minims 
in February. The phase is practically constant during 
all the year, except for the period December-February 

Vial and Forbes (1994) Simulation (July)

Note that Vial and Forbes use 
more realistic tidal forcing



Annual Variations in the MLT

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

YR=01−10, M2 Lunar Tide, LAT=72.95 

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=61.58

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=50.21

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=38.84

0

1

2log(m/s)

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=27.47

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360
Day of Year

LAT=16.11

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

YR=01−10, M2 Lunar Tide, LAT=72.95 

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=61.58

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=50.21

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=38.84

0

1

2log(m/s)

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=27.47

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360
Day of Year

LAT=16.11

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

YR=01−10, M2 Lunar Tide, LAT=−71.05 

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=−59.68

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=−48.32

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=−40.74

0

1

2log(m/s)

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=−29.37

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360
Day of Year

LAT=−18.00

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

YR=01−10, M2 Lunar Tide, LAT=−71.05 

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=−59.68

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=−48.32

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=−40.74

0

1

2log(m/s)

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=−29.37

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360
Day of Year

LAT=−18.00

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

YR=01−10, M2 Lunar Tide, LAT=−71.05 

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=−59.68

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=−48.32

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=−40.74

0

1

2log(m/s)

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360

LAT=−29.37

40
60
80

100
120
140

Al
tit

ud
e

0 30 60 90 120 150 180 210 240 270 300 330 360
Day of Year

LAT=−18.00

Day of Year



Comparison with GSWM (Jan.)
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Comparison with GSWM (July)
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Variability During SSWs
• Simulated 40 Northern Hemisphere winters with WACCM
• To study SSW induced variability the background tidal climatology is 

removed to prevent seasonal changes from influencing the results
• Calculate the average tidal change between day of peak warming and 

10 days post warming
- Include all warmings where T(90˚N) > T(60˚N)+20K at 10hPa
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Also changes in migrating solar semidiurnal tide
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How do these influence the ionosphere?



Summary and Conclusions
• A simplified lunar tidal forcing has been added to the 

WACCM
• The WACCM climatology of the lunar tide is generally 

consistent with prior observations and modeling results
• The average tidal response in the MLT due to SSWs has 

been investigated based on an ensemble of 40 winters
- Statistically significant changes in the M2 lunar tide of 

~50-60% are observed
- Changes in other tides also occur, most notably the migrating 

solar semidiurnal tide

• Work is currently underway to use WACCMX fields to drive 
an ionosphere model to understand the relative importance 
of different tides on generating the observed ionosphere 
response to SSWs.


