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Abstract Temperature data from SABER/TIMED and Empirical Orthogonal Function (EOF) analysis are taken to examine

possible modulations of the temperature migrating diurnal tide (DW1) by latitudinal gradients of zonal mean zonal wind (< ).

The result shows that ¢ increases with altitudes and displays clearly seasonal and interannual variability. In the upper meso-

sphere and lower thermosphere (MLT), at the latitudes between 20°N and 20°S, when ¢ strengthens (weakens) at equinoxes

(solstices) the DW1 amplitude increases (decreases) simultaneously. Stronger maximum in March-April equinox occurs in

both £ and the DW1 amplitude. Besides, a quasi-biennial oscillation of DW1 is also found to be synchronous with ¢ . The

resembling spatial-temporal features suggest that ¢ in the upper tropic MLT probably plays an important role in modulating

semiannual, annual, and quasi-biennial oscillations in DW1 at the same latitude and altitude. In addition, E in the meso-

sphere possibly affects the propagation of DW1 and produces SAO of DW1 in the lower thermosphere. Thus, SAO of DW1 in

the upper MLT may be a combined effect of ¢ both in the mesosphere and in the upper MLT, which models studies should

determine in the future.
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1. Introduction

As a global phenomenon, the migrating diurnal tide (DW1)
maximizes in the upper mesosphere and lower thermo-
sphere (MLT) at the tropics and exhibits strong semiannual,
annual, and quasi-biennial oscillations (hereafter SAO, AO,
and QBO) (Burrage et al., 1995; Lieberman, 1997; Vincent
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et al., 1998; Xu et al., 2009; Mukhtarov et al., 2009). How-
ever, the mechanisms causing these periodic variations are
still unclear. Although the classical theory (Chapman and
Lindzen, 1970) can describe general features of DW1, it
does not explain the strong seasonal variations observed in
the mesosphere. Three possible mechanisms have been
proposed to explain the seasonal variation of DWI1: (1)
temporal variations of tidal sources in the troposphere and
stratosphere (Hagan et al., 1997; Zhang et al., 2010, Sa-
kazaki et al., 2013), (2) background impact on the tidal
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propagation (Forbes and Vincent, 1989; McLandress,
2002b, 2002c¢), and (3) interaction between planetary waves,
gravity waves, and tides (Teitelbaum and Vial, 1991;
McLandress and Ward, 1994; Beard et al., 1999; Hagan et
al., 1999; Meyer, 1999; McLandress, 2002a; Lieberman et
al., 2004).

McLandress (2002b) first pointed out the importance of

the latitudinal gradient of zonal mean zonal wind (¢ ) in
influencing the DW1 using the Canadian Middle Atmos-
phere Model (CMAM). He found that extremely strong ¢

(i.e., larger value of |E |) appears in the summer meso-

sphere. The summer mesospheric ¢ has the same sign as

the Coriolis parameter f, which is positive in the northern
hemisphere (NH) and negative in southern hemisphere

(SH). Large | f+<] | in the summer hemisphere, which

represents a faster rotation in some sense, possibly restricts
the waveguide between 30°S and 30°N where the DW1
propagates upward. Then, less upward tidal energy causes
the reduced DW1 in the lower thermosphere during June
(NH summer) and December solstices (SH summer). Con-

trarily, a small value of |47 | in the mesosphere at equinox-

es may widen the tidal waveguide and thereby enhance
DW1 above. As a result, AO of the mesospheric ¢ may

produce SAO of DW1 in the lower thermosphere by modu-
lating the tidal propagation in the upper mesosphere.
McLandress (2002c) also suggested this latitudinal gradient
mechanism as a possible link between QBO in the strato-
sphere and the corresponding tidal oscillation in the upper
atmosphere. However, there was no QBO in the latitudinal
gradient of zonal wind in that study. In addition, Sakazaki et
al. (2013) investigated the seasonal variations of DW1 from
the troposphere to the lower mesosphere using a linear
model. Differing from the interpretation of McLandress
(2002b), they proposed another physical mechanism of the
effect of the latitudinal gradient of zonal wind. In their sim-
ulation, diabetic heating is the primary tidal excitation. Be-
sides, meridional advection, which is determined by merid-
ional diurnal tidal wind and latitudinal gradient of the zonal
mean zonal wind, was considered as a secondary excitation
mechanical source of DW1. Meanwhile, as one possible

tidal mechanical forcing, |§7 | that peaks at the solstices

probably produce the semiannual variation in the DW1 am-
plitude that strengthens during solstices.

In this study, temperature data from SABER (Sounding
of the Atmosphere using Broadband Emission Radiometry)
onboard TIMED (Thermosphere, lonosphere, Mesosphere,
Energetics and Dynamics) are used to examine the possible
modulation of DW1 in the MLT region by the latitudinal
gradient of the zonal mean zonal winds. We calculate the

amplitude of DW1 between 40°N and 40°S as well as ¢
between 10°N (10°S) and 40°N (40°S) from 20 to 100 km.
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Then Empirical Orthogonal Function (EOF) analysis is ap-
plied to obtain the correlativity between DW1 and ¢ .

2. Data set and analysis method

The SABER/TIMED is a broadband radiometer that has
been providing global profiles of temperature and pressure
from the stratosphere to the lower thermosphere since early
2002. Its coverage is either 83°N to 52°S or 83°S to 52°N,
depending on the yaw cycles. The yaw modes of the space-
craft alternate once every 2 months. A detailed description
of SABER is given by Russell et al. (1999). In this paper,
temperature, pressure, and density profiles from SABER
version 1.07 are utilized. The monthly mean reanalysis data
of zonal wind from the Modern Era Retrospective analysis
for Research and Applications (MERRA) (Rienecker et al.,
2011) are also used to calculate the latitudinal gradient from
the stratosphere to the lower mesosphere and compare with
that obtained using SABER data.

2.1 Calculation of the DW1 amplitude and ¢

This study uses the decomposing method by Xu et al. (2007,
2014) for each day using a 60-day sliding window to extract
the amplitude of DW1 from SABER temperature data. In
addition, ¢ is defined as the meridional differentiation of
the zonal mean zonal wind, which is obtained using the
method of Fleming et al. (1990) in the spherical coordi-
nates. The detailed calculation of ¢ is presented in Ap-

pendix. Both £ and the DW1 amplitude we used are the

monthly mean data from March 2002 to January 2012 and
from 20 to 100 km with vertical step of 1 km. As suggested
by Chen and Lii (2007), the ascending and descending data
between 40°S and 40°N together give more than 20 hours
of local time sampling in each 60-day yaw period. Thus, the
DW1 amplitude is binned to 5° latitude from 40°S to 40°N,

and E is from 10°N (10°S) to 40°N (40°S) in our study.
We take 10°N/S and 40°N/S for low and middle lati-
tudes, respectively, and compare the two g: fields deduced
from SABER and MERRA reanalysis data in Figure 1. It
can be seen that the monthly mean ¢ from SABER and

MERRA are consistent with each other at the low and mid-
dle latitudes of both hemispheres and from the stratosphere
to the lower mesosphere. The consistency indicates that

monthly mean ¢ derived from SABER is credible and

thus can be used in the subsequent analysis.

2.2 Correlation analysis for two meteorological fields

To investigate the correlativity between ¢ and the DW1
amplitude, three steps are taken.
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Figure 1 Month-altitude distribution of £ calculated from SABER data (left) and MERRA reanalysis data (right) at 10°S ((a), (b)), 10°N ((c), (d)), 40°S
((e), (£)), and 40°N ((g), (h)), respectively. £ is multiplied by 10°.
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Firstly, we do EOF analysis on the DW1 amplitude,
which is denoted herein as X (1, J, N), with (Z, J) being the
spatial grid in the meridional and vertical directions, respec-
tively, and N is the total month number of the time series.
Then X (I, J, N) is rearranged into a two-dimensional matrix
X" (M, N), M=IxJ. To study the seasonal and interannual
variability, the climatologically annually mean averaged
from March 2002 to January 2012 is removed using eq. (1):

N
x"(m,n) = x'(m,n) —%Zx'(m,n)
n=1
(m:17 23 '..7M;n:17 2, .",N)7 (1)

here x' (m, n) and x" (m, n) are the components of X' (M, N)
and X" (M, N), respectively. X" (M, N) can be decomposed
into a series of EOF modes (Storch and Zwiers, 1999):

X'M.N) = 3V, (M) (N), (K =min(M.N)). @)

here «; (N) is the i-th time coefficient function (TCF) of the
i-th EOF mode. It reflects the temporal variability of X (1, J,
N). V;(M) is the i-th spatial pattern that depicts where are
contributing most strongly to the respective TCF. In this
study, the i-th TCF is normalized by its variance and satisfy

(1) =1, 3)

Secondly, EOF analysis is performed on |§7 | adopting

the same procedure in the first step. In the previous re-
searches about the latitudinal gradient of zonal wind, both
McLandress (2002b) and Sakazaki et al. (2013) found that

maximum of ¢, when ¢ is positive and minimum of
¢ ,when ¢ is negative (i.e., large value of |47| ) have the
same modulation on DW1. Thus, in this study, we use |§_ |

during EOF analysis for a convenient description and dis-
cussion.

Thirdly, TCFs and spatial patterns of |E | and the DW1

amplitude are compared, respectively, to find out possible
relationships of spatial-temporal variability in |E | and

DWI.

3. Results and discussion

3.1 Temporal variability of ¢

In the primitive horizontal tidal wind equation (Andrews et
al., 1987, eq. 3.4.2a), which is taken as eq. (4) herein, both
the Coriolis parameter f and the latitudinal gradient of the

zonal mean zonal wind ¢ are included as the coefficients

of the meridional tidal wind. Here, f and ¢ constitute the

Sci China Earth Sci

February (2016) Vol.59 No.2 411

absolute vorticity.
o, ¥ a—u—(f+Z)v’+a—uw’+
0t acose 04 0z

L 0%y
acos@ 0A

“

In the classical tidal theory (Chapman and Lindzen, 1970),
only f and pressure-gradient force are considered. Although
the classical theory can describe general features of DW1, it
cannot predicate its strong seasonal variations. Thus, ac-
cording to the primitive equations, many studies turned to
non-classical terms and tried to explore the causes of tidal
variations. In recent studies on the momentum budget of
DW1 (Lieberman et al., 2010; Lu et al., 2012), the meridio-
nal advection —(f+¢)v' was suggested to be the most

important non-classical term and largely responsible for the
phase change of DWI1 in the zonal wind. Moreover,

McLandress (2002b, 2002c) pointed out that g: and f at

low latitudes are comparable in magnitude and may be im-
portant in the tidal equation. The same result is obtained
using SABER data in our analysis. We defined R as ratio of

absolute values of ¢ and f (ie., R:|g:|/|f| ). Figure 2

shows R at five different heights that represent the strato-
sphere (30 km), stratopause (50 km), mesosphere (70 km),
mesopause (90 km), and lower thermosphere (100 km), re-
spectively. From Figure 2, we find that R displays clear
seasonal and interannual variations. AO and QBO are two
main oscillations in the lower stratosphere, while SAO at
the low latitudes dominates from the stratopause to the low-
er thermosphere. Since f at a given latitude is constant with
time, ¢ is the only cause for the temporal variability of R

and may further affect the oscillation of DW1. Moreover, R
generally increases with altitudes, which reflects the en-
hancement of ¢ with heights. In the lower stratosphere, R
is less than 0.5 even at low latitudes, which indicates that
¢ is not as important as f and thus is probably not a crucial
term in the tidal equation. In the upper stratosphere and
lower mesosphere, R is greater than 0.5 at solstices. In the
upper MLT region, R at lower latitudes is larger than 0.5
almost all the years around and exceeding 2 at equinoxes,
which exhibits a large departure from the assumption of the
classical theory (R=0). Thus, { may play a more im-
portant role in the tidal equation and should not be neglect-
ed when investigating the tidal variability, especially in the
upper MLT region.

3.2 Correlation between ¢ and the DW1 amplitude

As shown in previous studies (Xu et al., 2009; Mukhtorov et
al., 2009), DW1 and its temporal variations are apparent in
the upper MLT region. Thus, we focus our attention on the

possible modulation of DW1 by ¢ in the upper MLT by
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Figure 2 Month-latitude distributions of R at five different altitudes, which represent stratosphere (a), stratopause (b), mesosphere (c), mesopause (d), and
lower thermosphere (e), respectively. R =| £ |/| f | . The thick black line indicates R=0.5. The dashed black line in (d) and (e) represents R=1.0.

comparing TCFs and corresponding spatial patterns ex-
tracted through EOF analysis.

Figure 3 shows the first EOF modes of |§7 | and the
DWI1 amplitude, which represent the major temporal varia-
bility of |é_’ | and DW1 in the tropic upper MLT and con-
tribute 28.6% and 45.2%, respectively, to their total vari-
ance. From Figure 3(a), we can find that TCF of |§7 | vary
synchronously with that of the DW1 amplitude. The corre-
lation coefficient between TCFs of |§7 | and the DW1 am-

plitude is 0.85. This is significant above 99% confidence
level. SAO, AO, and QBO are three dominant oscillations

in both |Z| and the DW1 amplitude. The climatologically

monthly mean of TCF of |E | and the DW1 amplitude are

displayed in Figure 3(b). This figure shows the seasonal
behavior of |E | and DW1 with two maxima at the equi-
noxes. The maximum in March-April is stronger, which is

the typical feature of DW1 in the upper MLT. Besides the
seasonal variation, simultaneous QBOs are also evidently

visible in the March-April maximum of both |E | and the
DW1 amplitude Figure 3(a). The period of QBO is variable

from 18 to 34 months (Xu et al., 2007, 2009). Thus, we
performed a band-pass filter to remove the periods longer
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Figure 3 The first EOF modes of |¢ | and the DW1 amplitude. (a) Time coefficient functions (TCF) of |£ | (black line) and the DW amplitude (red line);
(b) climatologically monthly mean of TCFs of || (black line) and the DW1 amplitude (red line); (c) spatial pattern of |£ |, which is multiplied by 10°;

(d) spatial pattern of the DW1 amplitude.

than 34 months and shorter than 18 months in the TCF of
|E | and the DW1 amplitude. The residues are taken as

QBOs of |Z| and DWI in the upper MLT (Figure 4).
QBOs of |§7 | and the DW1 amplitude resemble each other.

The stratospheric QBO herein is defined as the zonal mean
zonal wind at the equator averaged from 30 to 10 hPa using
MERRA analysis Figure 4. During the westerly phase of the

stratospheric QBO, strengthened |Z | and DWI1 at the
March equinox appear in 2002, 2004, 2006, and 2008. In
2010, |z | and DW1 are weak following the extended

easterly phase of stratospheric QBO in 2010. In addition, in
2006, a little weaker QBO occurs in both |47 | and the

DWI1 amplitude. This feature has been reported by
Mukhtorov et al. (2009). The resembling variations in Fig-
ure 4 indicate that |§7 | may be the link between the phase

of QBO in the stratosphere and QBO of DW1 in the upper
MLT region.

Other than TCFs, the first spatial patterns of |47 | and the

DW1 amplitude in the upper MLT are similar to each other
too (Figure 3(c) and (d)). The most significant maximum in

the spatial pattern of |E | is in the tropics between 20°N

and 20°S. Two other weaker maxima occur at 30°N to 40°N
and 30°S to 40°S, respectively. The resembling spatial dis-
tribution of the DW1 amplitude in the upper MLT is shown
in Figure 3(d). Thus when TCFs maximize (minimize) near
equinoxes (solstices), both |¢| and DW1 amplitude

strengthen (weaken) in the tropic upper MLT. Similar situa-
tions occur at middle latitude from 30°N to 40°N and 30°S
to 40°S. Accordingly, the striking resemblance between

both TCFs and the spatial pattern of |E | and the DW1

amplitude indicates that, as a term in the linearized equation
governing the tidal winds (eq. (4)), the latitudinal gradient
of zonal wind in the upper MLT may affect the local tidal
activities and play an important role in modulating the an-
nual, semiannual, and quasi-biennial variations in the DW1
amplitude at the same latitude and altitude.

However, we notice that near 90 km the equatorial diur-
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nal tide undergoes some reduction, which is not shown in

the first spatial pattern of |§7 | In addition, the explained

variance of the first EOF mode of |E | is smaller than that

of the DW1 amplitude. These are probably because DW1 is
a global phenomenon, and it could be possible that DW1 at
some point has a correlation with ¢ at another lati-
tude/altitude. McLandress (2002b) has pointed out that
mesospheric |E | may modulate the tidal propagation and
To dis-

cuss the effect of mesospheric |E |, we show the second

produce SAO of DW1 in the lower thermosphere.

EOF mode of |g7 | in Figure 5, which mainly displays the
variation of |E | in the mesosphere. In NH, the space pat-

tern of |g: | is positive (Figure 5(b)). According to the EOF

theory shown in section 2.3, when the corresponding TCF is
positive (negative) during the June (December) solstice

(Figure 5(a)), the anomaly of |§_' | in NH is positive (nega-

tive). Thus, mesospheric |g“ | in NH maximizes in summer
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and minimizes in winter. The same situation occurs in SH,

in which |E | strengthens during December solstice and

weakens during June solstice. This seasonal behavior of
mesospheric |§7 | that is strongest in the summer hemi-
sphere coincides with the results of McLandress (2002b). In

addition, the second EOF mode accounts for 15.6% of the
total variance. The accumulated explained variance of the

first and second EOF mode of |§7 | is 44.2%. It is compa-
rable with the explained variance of the first EOF mode of
DW1 amplitude that reflects the typical variability of DW1

in the upper MLT region. Thus we infer that SAO of DW1
in the lower thermosphere may be the combined impact of

|z | in the mesosphere and in the upper ML T, which should

be determined by models studies in the future.
In addition to the possible influence of |§7 | on DW1, as
one of the most important waves in the MLT region, DW1

strongly interacts with the zonal mean flow, which probably
results in the variability in the background wind and further

impacts |E | . We take the tides as large-scale gravity waves

Time coefficient function
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Figure 4 QBOs of the first TCFs of || (black line) and the DW1 amplitude (red line) obtained through band-pass filter, and the zonal mean zonal wind
at the equator averaged from 30 to 10 hPa using MERRA reanalysis (green line).

(a)

Time coefficient function

2003 2005 2007

Year

2009 2011

Height (km)

100 (s™)
’ [ ‘ 0.8
901 [
4 ‘ " 0.6
80

70
60 N
sof 0t N ‘e 0%

o — -0.4
404 .

P y

s0{ W

q -0.8
20 T T T T T

40°8 20°S 0 20°N 40°N

Figure 5 The second EOF mode of |¢ |. (a) Time coefficient function; (b) spatial pattern that is multiplied by 10°.



Liu M H, et al.

(GWs) (Lindzen, 1981), and GWs instability and breaking
can accelerate the mean winds (Liu and Xu, 2007; Liu et al.,
2008). The variable amplitude of DW1 with altitudes indi-
cates that DW1 may undergo some unstable processes and
accelerate/decelerate the mean winds in MLT region. Some
model studies about the non-linear interaction between the
tides and mean flow show that upward propagating tides
can produce acceleration on the zonal mean zonal wind in
the thermosphere and ionosphere above 100 km (Miyahara
and Wu, 1989; Forbes et al., 1993, 2006; Jones et al., 2014).
However, there is no exploration of the reduction of DW1
near 90 km or its effect on the background circulation in the
upper MLT region for the moment. To solve these prob-
lems, further studies should be performed using a non-linear
numerical model.

In a short summary, the temporal variability of |§7 | in
the upper MLT is highly correlated with that of the DW1
amplitude between 20°N and 20°S. As a term in the linear-
ized tidal winds equation, ¢ may play a role in modulat-
ing the seasonal and interannual variations of the DW1 am-
plitude in the tropic upper MLT. When |QT | strengthens,

DW1 becomes stronger and vice versa. Meanwhile, the ef-

fect of |5 | in the mesosphere on the propagation of DW1

is also noticeable.

4. Summary

Temperature data from SABER/TIMED and EOF analysis
are used to examine the possible influences of the latitudinal
gradient of zonal mean zonal wind on the seasonal and in-
terannual variation of DW1. ¢ is obtained using the bal-
ance wind that calculated from SABER pressure and density
profiles. It is consistent with those using the wind from
MERRA reanalysis data from the stratosphere to the lower
mesosphere. In addition, amplitude of DW1 is extracted
from temperature data by the method of Xu et al. (2007,
2014).

This study was concerned with the modulation of DW1

in the upper MLT by ¢ is what we concerned in this
study because DW1 maximizes in the tropic MLT. By
comparing the first EOF modes of |z | and the DW1 am-

plitude obtained through EOF analysis, we find that |§_ |

and the DW1 amplitude have similar temporal-spatial varia-
tions in the upper MLT. SAO, AO, and QBO are three

dominant oscillations in both |§7 | and the DW1 amplitude.
At the latitudes between 20°N and 20°S, both |¢| and the

DW1 amplitude increase (decrease) near equinoxes (sol-
stices), which is the typical seasonal behavior of DW1 in
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the tropic upper MLT. The maxima of |§_’ | and DW1 at the

first equinox are stronger than those at the second. In addi-
tion, QBOs of |§7 | and the DW1 amplitude also resemble

each other. These closely correlated resembling spa-
tial-temporal features suggest that as a term in the linearized
equation governing the tidal winds, the latitudinal gradient
of zonal wind in the upper MLT may play an important role
in modulating the annual, semiannual, and quasi-biennial
variations in the DW1 amplitude at the same latitude and
altitude. The annual and quasi-biennial modulation of DW1

by £ at the same latitude and altitude is a new finding
here.

In addition, the second EOF mode of |§7 | shows strong

large value of ¢ in the summer mesosphere. Unlike the

possible effect in the upper MLT shown in the first EOF
mode, the latitudinal gradient of zonal wind in the meso-
sphere possibly affects the tidal propagation and produces
SAO of DWI1 in the lower thermosphere as McLandress
(2002b) suggested. Thus the SAO of DWI1 in the upper

MLT may be a combined effect of 5 , both in the meso-

sphere and in the upper MLT, which should be determined
by models studies in the future.
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Appendix: Calculation of ¢

In the spherical coordinates, ¢ is defined as:
0

- -1
=——~ (ucose), Al
¢ acos @ 6¢(u ¢) (Al

in which a is the radius of the earth, ¢ is the latitude, and
u is the zonal mean zonal wind. At the equator and lati-
tudes from 15°N (15°S) to 40°N (40°S), u is obtained by
the method described by Fleming et al. (1990) using 60-day
running mean temperature and pressure profiles from
SABER. Then we take the latitudes of 5°N, and 10°N as
examples to illustrate ¢ in the region of 10°S to 10°N. At

these latitudes, ¢ is calculated by eq. (A2)

- -1 ;10”N _;EQ
gS“N = S s
acoss 2A@
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acoslo’  2Ag@

in which the zonal mean zonal wind at 5°N and 10°N are
obtained by linearly interpolation between the zonal wind at
15°N and at the equator (Fleming et al., 1990),

— 1- 2
UsN =—UI5N +—UEQ,
3 3

(A3)
— 1 — 2 —
UI0'N = —UEQ + —UISN.
3 3
Substitute eq. (A3) into eq. (A2) to create eq. (A4):
J— _1 1 — —
Con =—=—(06615x —0.67uc, ),
a 2Ap
- (Ad)
Cin :;m<0.64u15w —0.68uc; ).
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Eq. (A4) shows that ESDN and ZIOON have few differ- 4

ences. We present the time series of ZSON and EIOON at 70

km in Figure A1, which clearly displays that ¢ at 5°N and ?
|

10°N coincide with each other. The same temporal distribu- o

tion is also found between ¢ at 5°S and 10°S (not 0

-1

shown). Therefore, after the zonal wind at the equator ob-
tained by the method of Fleming et al. (1990), we calculated -2

the difference between uissn (uiss) and upq, took the 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

results as &gy (£ 5 ) and only consider the latitudinal gra- Year

dient of zonal wind between 10°N (10°S) and 40°N (40°S) Figure A1 £ (in s™) at 5°N (back solid line) and 10°N (gray closed
in this paper. circle) at 70 km, which is multiplied by 105.



