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Abstract Seven year series of gravity wave (GW) potential energy at midlatitude stratosphere (10 to
50 km) is constructed by combining temperature profiles provided by Constellation Observing System for
Meteorology, Ionosphere and Climate (COSMIC) GPS satellite constellation and Rayleigh lidar operating at
Haute Provence observatory in Southern France. The combined series are used to evaluate the representation
of GW in Modern Era Retrospective-Analysis for Research and Applications reanalysis. The seasonal and zonal
variabilities of GW activity are diagnosed using zonal wind and wind divergence provided by ERA-Interim
reanalysis. The spatiotemporal distribution of GW activity is found strongly dependent on the zonal wind
variation, wind divergence, and topography. We show that anomalies in the wind divergence can serve as
a proxy for locating synoptic-scale enhancements of GW. The analysis provides evidence for orographic
GW excitation, and the results are compatible with geostrophic adjustment being an additional source of
stratospheric GW. The seasonal GW variability can be largely explained by interaction with the mean flow
and wave propagation.

1. Introduction

The importance of gravity waves (GW) for global atmospheric circulation, variability, and structure is nowwell
recognized [e.g., Alexander et al., 2010]. Themain sources of GW include flow over orography, convection, and
imbalances in jet/fronts systems [Fritts and Alexander, 2003]. Existing at a wide range of horizontal scales
and intrinsic frequencies [e.g., Holton, 1992], gravity waves and their effect on the mean flow pose a major
difficulty for general circulation models. Due to insufficient spatial resolution, these models cannot describe
the full spectrum of waves explicitly and, hence, need parameterization to represent their effects. A recent
study by Geller et al. [2013] revealed large differences between such parameterizations and observations and
pointed out the need in additional observational constraints.

During the recent decades numerous studies have addressed GW parameters and variability in the lower,
middle, and upper atmosphere using various observation techniques. These studies made use of
ground-based, in situ, and satellite observing systems that include lidars [e.g., Whiteway and Carswell,
1995; Rauthe et al., 2008; Mzé et al., 2014], radars [e.g., Sato, 1994], OH imagers [e.g., Suzuki et al., 2004],
radiosondes [e.g.,Wang and Geller, 2003], long-duration balloons [Hertzog et al., 2008], rockets [e.g., Eckermann
et al., 1995] as well, and limb- and nadir-scanning satellites [Alexander et al., 2010, and references
therein]. GPS radio occultation (RO) is one well-established limb technique, capable of providing global
information on gravity waves. Temperature profiles from GPS/MET and CHAMP RO missions were used
in a number of studies for constructing GW climatology [Tsuda et al., 2000; de la Torre et al., 2006;
Hei et al., 2008]. A more elaborated Constellation Observing System for Meteorology, Ionosphere and
Climate (COSMIC) RO mission, operational since April 2006 and featuring global coverage, high vertical
resolution, and sampling density [Anthes et al., 2008], was found to be of significant value for studying
GW characteristics and climatology [e.g., Wright et al., 2011]. COSMIC observations lent themselves to
a number of recent GW studies [S. P. Alexander et al., 2008a, 2008b;Wang and Alexander, 2010;McDonald,
2012; Faber et al., 2013].

A common problem of GW analyses, relying on a certain observation technique, is its limited altitude
coverage. Only very few studies cover the entire altitude range relevant for gravity waves, that is from the
troposphere to the mesosphere, using a combination of measurement techniques [Rauthe et al., 2008].
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Meanwhile, there is an emerging need in precise information on GW both in the lower and middle
atmosphere as many climate models now include the stratosphere component [Gerber et al., 2012]. A realistic
representation of gravity waves is also essential for the reanalysis data sets such as ERA-Interim and Modern
Era Retrospective-Analysis for Research and Applications (MERRA) because these are used as an input for
many scientific applications, including operational weather forecasts [Orr et al., 2010].

The aim of this paper is to characterize the variability of GW potential energy at midlatitude upper troposphere
and stratosphere (10 to 50 km) using 7 years of temperature observations by COSMIC GPS and Rayleigh lidar
in Southern France. The results are used to identify the variability factors and to evaluate GW representation in
MERRA reanalysis.

2. Data Sets and Methods
2.1. COSMIC GPS

The Constellation Observing System for Meteorology, Ionosphere and Climate (COSMIC), a joint U.S./Taiwanese
radio occultation mission, is based on a constellation of six microsatellites providing 1500–2500 temperature
profiles per day pseudo-randomly distributed around the globe. This translates into one to two profiles
per day in a 5° × 5° grid cell located at midlatitudes, which is where the sampling density is maximum. Vertical
resolution ranges from ~100m in the lower troposphere to 1.4 km in the upper stratosphere [Anthes et al.,
2008]. The total error in temperature estimated by Scherllin-Pirscher et al. [2011] amounts to 0.15 K between
10 km and 20 km, increasing to about 0.4 K at 35 km. This study uses COSMIC dry temperature profiles from
COSMIC Data Analysis and Archive Center (CDACC) database in the 10 to 35 km vertical range, spanning
from the mission start in April 2006 through April 2013.

The calculation of GW potential energy per unit of mass Ep is done using two different methods. The first one

follows closely [S. P. Alexander et al., 2008a]. In brief, the background temperature profile T is calculated from
all individual profiles in a grid cell of 20° longitude × 5° latitude × 7 days. Temperature perturbations T’ are

obtained by subtracting an individual profile’s T from the respective background T followed by removal of
the vertical linear trend. The resulting profile is Welch-windowed and high-pass filtered with a cutoff at 7 km.
The Ep for each profile, vertically averaged over 7 km, is determined as

Ep ¼ 1
2

g
N

� �2 T ′

T

� �2

; (1)

where g is the gravitational acceleration and N is the Brunt-Väisälä frequency. The Ep includes the waves with
vertical wavelengths ~2 km< λz<~7 km. The lower λz limit is constrained by the COSMIC GPS observation
technique and retrieval.

The secondmethod for Ep calculation uses fourth-order polynomial fitting function applied to each individual

profile to obtain the background T profile [Wang and Geller, 2003]. The temperature perturbation profile is
high-pass filtered to remove waves with λz> 7 km. This method is applied here for constructing combined
COSMIC/lidar time series of Ep because it is more compatible with the lidar Ep retrieval described below.
Polynomial fitting yields higher Ep in the vicinity of the tropopause and above 30 km as compared with the
first method that tends to reduce wave amplitudes at the highest altitude due to Welch data windowing.

2.2. Rayleigh Lidar

Temperature soundings at 30 to 90 km altitude range are conducted by means of a Rayleigh lidar operating
at Haute-Provence observatory, hereafter OHP (43.9°N, 5.7°E) since 1978. Rayleigh backscattering of a laser
beam in the absence of aerosols is used to measure atmospheric density and temperature [Hauchecorne and
Chanin, 1980] with a sub-Kelvin accuracy up to 70 km [Keckhut et al., 1993]. The current system setup features
vertical resolution of 0.075 km and temporal resolution of better than 3min. Here we use the nighttime
measurements only spanning from January 2006 to April 2013 and totaling to 680 nights of lidar acquisitions.
There is no data between mid-2010 and mid-2012 due to instrumental problems.

Temperature fluctuations are retrieved from raw lidar signals using a variance method [Hauchecorne et al.,
1994; Mzé et al., 2014]. The method is based on the computation of the signal fluctuations over short
temporal and vertical intervals followed by summation of the squares of these fluctuations over a large
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number of elementary intervals (here ΔT= 26min and ΔZ=1.125 km, respectively), which gives an estimation
of their variance. The observed variance of the lidar signal is defined as the sum of atmospheric and
instrumental variances. The latter is estimated assuming a Poisson noise statistics for the photon counting
signal. Then, the derived atmospheric variance together with Brunt-Väisälä frequency from a nightly mean
temperature profile is used to calculate GW Ep between 33.5 and 50 km. This method is equivalent to an
estimation of the variance using a broad band-pass filter centered at a wavelength λ~ 2.4 ·ΔZ, which in our
case translates into a spectral interval ranging from ~2.2 to 5.6 km at half maximum. The variance method is
relatively simple but has the advantage of being robust and independent of data processing errors.

2.3. MERRA Reanalysis

The Modern Era Retrospective-Analysis for Research and Applications (MERRA) is a NASA reanalysis covering
the modern satellite era from 1979 to the present with a 1/2° latitude × 2/3° longitude × 72 layers model
configuration [Rienecker et al., 2011]. Here we use MERRA 3-D analyzed 6-hourly fields on model levels from
the surface up to 0.015 hPa. The retrieval of GW Ep from MERRA temperature profiles is done similarly to
COSMIC using two different methods described above.

3. Results
3.1. Seasonal Variation of Ep

In order to characterize the seasonal GW variability we combine COSMIC Ep series with that of OHP lidar.
The COSMIC Ep is an average over 5° × 5° domain centered at OHP, meaning that individual COSMIC profiles
may be as far as ~380 km apart from the time-correspondent lidar profiles. The two retrievals overlap in a
narrow altitude range 33.5 to 35 km. Intercomparison of Ep values gives a fair agreement with a mean relative
difference of 17.6% (lidar shows larger Ep) and correlation coefficient of 0.69. The larger Ep values from
lidar may be due to its higher sensitivity to the waves with small λz, particularly at altitudes above 30 km,
where COSMIC vertical resolution becomes comparable with λz. In addition, the RO technique has a rather
limited sensitivity to the waves with horizontal wavelength λh smaller than a few hundreds of kilometers
[Belloul and Hauchecorne, 1997], whereas the attenuation of the waves depends strongly on the orientation of
their phases with respect to the line of sight [P. Alexander et al., 2008]. Despite this limitation of RO technique
in GW detection, the COSMIC and lidar Ep retrievals are in satisfactory agreement, which allows combining
both data sets into a time series covering the entire stratosphere. A parabolic weighting function is applied to
both retrievals in the overlapping region.

Figure 1 displays the resulting 7 year time series of GW Ep vertical distribution above OHP between 10 and
50 km altitude. Monthly means of GW Ep and zonal mean zonal wind are shown in Figure 1a. The Ep time
series reveals a distinct pattern with GW activity maximizing throughout the stratosphere during the winter,
which is during the maximum westerly winds above 20 km. In addition, there is a notable interannual
variability both in the lower and upper stratosphere. A decrease of GW Ep below 1 J kg�1 is observed in
the midstratosphere (15 to 40 km) from late spring to late fall with a minimum during summer at ~24 km.
The upper boundary of this stratospheric layer of suppressed GW activity is visible thanks to the combined
GPS/lidar series. The minimum Ep values correspond to the summertime easterly winds. Since the tropospheric
winds are generally westerly at these latitudes throughout the year, the stationary waves are blocked from
entering the stratosphere during summer, being filtered-out at the level where zonal wind changes direction.
This phenomenon, referred to as critical level filtering, is described for instance by Whiteway and Duck [1996].

Figure 1b shows a time series of COSMIC/lidar Ep weekly means superposed by MERRA Ep monthly means,
calculated for the same area above OHP. One can see a week-to-week variability of COSMIC Ep, which is
discernible even during summertime midstratosphere GW depression. The highest week-to-week variability
with Ep changing by an order of magnitude is observed around the tropopause, i.e., between 10 and 13 km.
While this variability may be associated with the local meteorological phenomena, such as thunderstorms or
fronts, one should bear in mind that Ep in this layer is most likely overestimated due to abrupt changes in
tropopause structure, which may be aliased as wave-induced fluctuations.

Also, of interest in Figure 1b is the Ep series retrieved from MERRA data and its comparison with COSMIC. The
monthly means of MERRA Ep reveal a seasonal pattern consistent with the observations in terms of the
wintertime maximum. However, according to MERRA, Ep obtains a negative vertical gradient above ~45 km,
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which contradicts with lidar observations at OHP [Mzé et al., 2014]. Note also that the absolute values of Ep in
the midstratosphere are about an order of magnitude lower than those from COSMIC/lidar. These differences
likely arise from low vertical resolution of MERRA in the stratosphere, which results in severe filtering of
the waves. The same effect is reported by Schroeder et al. [2009] for European Centre for Medium-Range
Weather Forecasts (ECMWF) data compared against satellite observations.

GW Ep variability on a shorter time scale seen by COSMIC/lidar and MERRA is shown in Figure 2, providing a
zoom into a 6 month period around the turn of the year 2013. A remarkable feature is a strong increase of Ep
above 37 km detected by the lidar in late December to early January. This enhancement reflects a strong
dynamical perturbation in the middle atmosphere, which leaded to a major sudden stratospheric warming

Figure 2. Same as Figure 1b for the period October 2012 to April 2013.

a)

b)

Figure 1. Combined time series of GW Ep from Rayleigh lidar at OHP (44°N, 6°E) and COSMIC (5° × 5° domain centered at OHP). White areas represent the missing data.
(a) Monthly mean Ep (color map) and zonal wind (solid contours, westerly winds of 30 and 80m/s; dotted contour, zero wind; dashed contour, easterly wind of 10m/s).
(b) Weekly means of Ep from COSMIC and lidar (color map) and monthly means of MERRA Ep (gray-scaled contours, denoting 0.2, 0.3, 0.5, 1, 2, 4, and 6 units of J kg�1).
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(SSW) with an onset on 7 January [de Wit et al., 2014]. Note that the increase of GW energy begins above the
stratopause (located at ~45 km) around mid-December and extends down to 37 km in late December.

MERRA correctly reproduces the vertical structure and the temporal extent of the SSW-related enhancement
but underestimates Ep by about an order ofmagnitude. Similarly, MERRA resolvesmost of the Ep enhancements
in the upper and middle stratosphere, showing GW activity pattern consistent with the observations, but
with reduced magnitude. In contrast, MERRA Ep in the lowermost stratosphere, below about 15 km, is fully
consistent with COSMIC Ep, both in structure and absolute values. Indeed, the vertical resolution of MERRA in
this layer is very close to that of COSMIC, which allows capturing a wider spectrum of waves.

3.2. Zonal Variation of Ep

Figure 3 displays Hovmoller plots of GW Ep and zonal wind longitude-time variation in the middle
stratosphere within a 5° latitude belt centered at OHP latitude. The Ep fields from COSMIC (Figure 3a) and
MERRA (Figure 3b) are obtained using grid cell background temperature (first Ep retrieval method, see
section 2.1). The MERRA Ep is calculated after interpolation of reanalysis data onto the locations of COSMIC
occultations. Thus, MERRA Ep field is constructed using the same spatiotemporal sampling as that of
COSMIC observations.

As already pointed out above, GW activity is enhanced from November to April, during the period of
westerly winds (see Figure 3c). The Hovmoller plots reveal a notable zonal variability of Ep, showing GW
manifestations above the continents, more precisely above the regions with high topography: Rockies,
Alps, and downwind of Tian Shan as well as above North-East China and Hokkaido island. Similar
correspondences were reported before, e.g., by Eckermann and Preusse [1999]. The temporal Ep variation
above these areas can be described as several episodes of enhanced GW activity with potential energy
changing rapidly from the background values (<1 J kg�1) to >5 J kg�1. Both longitude and temporal
distributions of GW activity appear to be strongly dependent on stratospheric zonal winds, as suggested by
Figure 3c. Strong (westerly) winds, characteristic of the midlatitude winter stratosphere, favor stratospheric
GW activity, whereas the easterly winds filter out nearly all wave energy entering the stratosphere.

The longitude-time pattern and most of the GW activity episodes seen by COSMIC are resolved by MERRA
(Figure 3b) and by ERA-Interim (not shown). However, both reanalyses underestimate Ep by a factor of 4 to 7
during these GW events (note the different color scales in Figures 3a and 3b). This finding is consistent with a

a) b) c)

Figure 3. Longitude-time variations (January 2012 to March 2013) within 20–24 km altitude layer of (a) GW Ep from COSMIC (color map) and wind divergence
anomalies (gray-scaled contours), (b) same as Figure 3a but with GW Ep from MERRA (note the different color scales), and (c) zonal wind (color map) and COSMIC
GW Ep (contours). The topographic profile (Figure 3a) and map of continents with topography (Figures 3b and 3c) are provided in the bottom of each panel. The
blue rectangle marks the latitude belt considered (44°N ± 2.5°).
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number of previous studies [Preusse et al., 2014, and references therein], showing that ECMWF correctly
reproduces the temporal and spatial variations of GW activity, whereas GW potential energy and momentum
flux are too low.

A consideration regarding the possible sources of gravity waves is done by analyzing the perturbations in the
mean flow. For that we examine horizontal wind divergence fields at a regular 1.125° × 1.125° latitude/longitude
grid—a product of ERA-Interim reanalysis [Dee et al., 2011]. Horizontal wind divergence DIV is often used
as a dynamical indicator of internal gravity waves [e.g., Plougonven et al., 2003]. While the majority of GW
studies use DIV as a qualitative indicator of the horizontal structure of the waves, we attempt to relate the
magnitude of thewind divergence tomanifestations of gravity waves—an approach applied byDörnbrack et al.
[2012]. The wave activity events are diagnosed by counting localized anomalies of the wind divergence
exceeding a certain threshold. We use an arbitrary threshold DIVt= 1× 10�4 s�1 for counting all occurrences
of |DIV|>DIVt, Ndiv in every Ep longitude-time grid cell. The resulting distribution of Ndiv is shown in
gray-scaled contours in Figures 3a and 3b. The spatiotemporal correlation between Ep and Ndiv enhancements
is remarkable—nearly all GW manifestations detected by COSMIC are characterized by an enhanced wind
divergence as well as the other way around. For most events themagnitude of Ep enhancement relates to that
of divergence. The correlation between Ep and Ndiv fields is qualitatively lower for MERRA.

4. Discussion

The annual cycle of stratospheric GW activity at midlatitudes with a minimum during the summer and a
maximum during the winter has been reported in a number of studies (several quoted in section 1) using
various sets of local and global observations. Despite the fact that these studies relied on different observation
techniques and Ep retrieval methods, hence involving different parts of the wave spectrum, they all report
the winter maximum of GW activity.

The enhanced wave activity in the winter midlatitude stratosphere may be caused by various factors. First, it
is the reduced wind filtering of stationary waves, generated by the flow over orography. This is supported by
the zonal distribution of Ep at 20–24 km layer, increasing above the rough terrain regions (Figure 3a) and
within the areas of the strongest stratospheric westerlies at the same layer (Figure 3c). The sensitivity of wave
propagation to wind velocity suggests that the spectrum of GW detected by our analysis is dominated by
slow-phase speed waves.

Second, stratospheric GWs may be induced by nonorographic sources such as geostrophic adjustment of
the jet [Plougonven and Zhang, 2014]. Plougonven et al. [2003] suggested that the waves generated in the
regions of high curvature of the jet are large-scale inertia-gravity waves with vertical wavelengths typically
between 2 and 3 km. Because they are due to the evolution of the large-scale flow (often caused by planetary
wave activity), a reanalysis can provide qualitative indication of their location on the maps of divergence.
This is confirmed by the correlation between Ep and Ndiv fields (Figures 3a and 3b).

Third, enhanced stratospheric GW activity is often observed before and during the SSW events. This is
associated with planetary wave transience and/or breaking [Hei et al., 2008; Yamashita et al., 2010], generation
of waves near the vortex edge by adjustment of the unbalanced flow [Limpasuvan et al., 2011], and refraction
(Doppler shifting) of the waves to observable wavelengths in the weakening winds. The latter is referred to
as an observational window effect introduced by Alexander [1998] and applied by, e.g., Wang and Alexander
[2009]. This consideration can explain the increasing GW activity in the upper stratosphere above OHP in late
December 2012 (Figure 2) corresponding to the zonal wind deceleration in the upper stratosphere, as inferred
from MERRA (not shown). A detailed investigation of GW activity behavior during SSW using OHP lidar
observations will be a subject of a separate paper.

5. Summary

We use temperature data provided by COSMIC GPS and Rayleigh lidar operating at OHP, Southern France to
construct 7 year time series of GWpotential energy, Ep in the stratosphere. The two data sets provide consistent
information on GW activity, which allows combining the two Ep retrievals in a single series covering the
entire stratosphere (10 to 50 km). We observe a distinct pattern with GW activity maximizing throughout the
stratosphere during the winter and a wide layer of suppressed GW activity in the midstratosphere during
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summer. The vertical distribution of Ep exhibits a maximum around the tropopause and, as expected from
theory, a general growth of wave energy with altitude.

The observed seasonal variation of stratospheric GW activity is found mainly driven by the wind filtering
process. This way, the summer minimum, corresponding to the weak easterlies, is due to filtering out of the
tropospheric waves at the critical level, where zonal wind changes direction. In contrast, the unidirectional
westerly zonal winds during the winter allow the waves to propagate into the stratosphere. High sensitivity of
GW vertical propagation to zero wind critical filtering suggests that the source spectrum is dominated by
quasi-stationary waves, presumably of orographic origin.

Examination of Ep zonal variability reveals enhanced GW activity above the continents and more specifically
above the regions with elevated terrain, suggesting an orographic origin of the observed waves. The longitude
distribution of GW activity is also found to be determined by the strength of the jet. Further, we find an
apparent spatiotemporal correlation between GW enhancements and stratospheric wind divergence,
suggesting nonorographic wave sources.

We report a dramatic increase of GW activity in the upper stratosphere above OHP before and during the
SSW event in early January 2013. This is attributed to planetary wave activity, which strongly perturbs
the zonal winds in the middle atmosphere, resulting in wave generation by adjustment of the unbalanced
flow. The weakening winds preceding the SSW refract the waves to shorter vertical wavelengths making
them observable by our analysis (observational window effect).

Overall, we find indications of the two main sources of gravity waves detected by COSMIC and lidar in the
stratosphere: (i) orographic generation and upward propagation and (ii) nonorographic generation by
geostrophic adjustment of the flow. The seasonal variability of GW activity can be largely explained by the
wave propagation considerations, particularly (i) critical level filtering, acting to block the waves from
propagation into the stratosphere and (ii) wave refraction (Doppler shifting) coupled with observational filter
effect. Our results and their interpretation are fully consistent with those provided in earlier studies on GW
variability in the midlatitude stratosphere, quoted above.

Synergetic use of satellite (COSMIC) and ground-based (lidar) observations allowed us to examine GW
variability at a broad altitude range inaccessible with a single observation technique. The combined series
were used to evaluate the representation of GW in MERRA reanalysis. We found that the basic features of GW
seasonal variability along with the location of the major GW enhancements are correctly reproduced by
the reanalysis; however, the magnitude of wave energy in the middle and upper stratosphere is severely
underestimated by the model. Finally, we point out that anomalies in the wind divergence inferred from
reanalysis data can serve as a proxy for locating synoptic-scale enhancements of GW activity.
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