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Abstract. The diurnal variation, driven by solar forcing, 1 Introduction

is a fundamental mode in the Earth’s weather and climate

system. Radio occultation (RO) measurements from the sixDriven by the daily persistent solar heating, the diurnal cycle
COSMIC satellites (Constellation Observing System for Me- s one of the fundamental variations in the Earth’s weather
teorology, lonosphere and Climate) provide nearly uniformand climate system, which modulates dynamical, hydrolog-
global coverage with high vertical resolution, all-weather andical, radiative, and chemical processes throughout the atmo-
diurnal sampling capability. This paper analyzes the diur-sphere. Observations of the diurnal variation can be found
nal variations of temperature and refractivity from three-yearin many atmospheric variables. Near the ground, weather
(2007-2009) COSMIC RO measurements in the troposphereeports show that surface air temperature, pressure, winds,
and stratosphere betweerf®and 30 N. The RO observa-  precipitation (Dai and Deser, 1999; Dai et al., 1999) and
tions reveal both propagating and trapped vertical structuregrecipitable water vapor (Dai et al., 2002) vary greatly in
of diurnal variations, including transition regions near the 24 h. In the troposphere, satellite radiance measurements re-
tropopause where data with high vertical resolution are criti-veal a significant diurnal cycle of hydrological processes in
cal. In the tropics the diurnal amplitude in refractivity shows terms of precipitation (Nesbitt and Zipser, 2003), deep con-
the minimum around 14km and increases to a local maxi-vection, cloudiness and upper tropospheric humidity (UTH)
mum around 32km in the stratosphere. The upward propate.g., Tian et al., 2004, 2005; Chung et al., 2007). From
gating component of the migrating diurnal tides in the trop- the upper troposphere to the mesosphere and thermosphere,
ics is clearly captured by the GPS RO measurements, whiclthe propagating tidal waves from the water vapor and ozone
show a downward progression in phase from stratopause tgeating have been extensively investigated and described in
the upper troposphere with a vertical wavelength of aboutthe monograph by Chapman and Lindzen (1970). The latest
25km. At~32km the seasonal variation of the tidal ampli- observations of the tidal waves can be found in radiosonde
tude maximizes at the opposite side of the equator relativgsounding (Tsuda et al., 1994, Huang et al., 2009), lidar (e.g.,
to the solar forcing. The vertical structure of tidal amplitude williams et al., 1998; States and Gardner, 2000 and She et
shows strong seasonal variations and becomes asymmetrig., 2002), radar (e.g., Tsuda et al., 1988), and satellite obser-
along the equator and tilted toward the summer hemisphergations (e.g., Hays et al., 1994; McLandress et al. 1996; Wu
in the solstice months. Such asymmetry becomes less promét al., 1998; Zeng et al., 2008).

nent in equinox months. The atmospheric diurnal cycle is a process that must be
represented realistically in global and regional models for
numerical weather and climate prediction. However a thor-
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troposphere in these models is lacking (e.g., Slingo et al.por variability prevented the close-loop receiver (such as one
1987; Randall et al., 1991; Lin et al., 2000; Yang and Slingo,equipped on CHAMP and many others) from properly track-
2001; Betts and Jakob, 2002; Dai and Trenberth, 2004; Tiaring the GPS transmitter signals, resulting in retrieval failure
et al., 2004). Poor representation of the diurnal cycle in cli-and large bias in the lower troposphere (Ao et al., 2003; Bey-
mate models could lead to systematic biases in the mean clierle et al., 2003). Like the CHAMP orbit, the COSMIC satel-
mate (Keckhut et al., 2001; Neale and Slingo, 2003). In ad-lite orbits precess with time. However, with the six satellites,
dition, sampling the diurnal cycle is also critical for detecting the full diurnal cycle can be sampled well within one month
and monitoring subtle trends in climate change (Dai, 1999). on a global basis. By December 2006, the six satellites were
Characterizing and understanding the atmospheric diurnaspread out far enough in local time to yield a nearly complete
cycle requires measurements with sufficient spatial and temdiurnal sampling, and the orbit configuration in 2007 has fur-
poral resolutions for both regional and global studies. Con-ther improved for the diurnal studies. Each single COSMIC
ventional satellite observations (e.g., passive infrared and misatellite (in final orbit) has a drifting rate of about°/2ay,
crowave sounder) provide high spatial and temporal resolufelative to the Earth’s mean motion of about°#day. Thus,
tion atmospheric measurements but with relatively poor ver-the six satellites, with a 30orbital plane spacing, give a
tical resolution and accuracy. Despite the existence of highull diurnal cycle sampling within 10 days at low and mid-
vertical resolution temperature measurements in the tropohatitudes and within about one month for higher latitudes
sphere and lower stratosphere from radiosondes, and tempePirscher et al., 2007). However, the local time sampling
ature and wind measurements in the mesosphere and lowat high latitudes becomes irregular within one month, be-
thermosphere from lidars and radars, these measurements arause the ascending and descending branch of the orbit move
of limited use for global analyses because of their limited ge-closer together in terms of local time sampling (Pirscher et
ographical and temporal coverage. al., 2009) Pirscher et al. (2010) further demonstrates that the
Atmospheric profiling with the GPS Radio Occultation current COSMIC local time sampling is insufficient within
(RO) has emerged as a relatively new technique to provideone month for diurnal analysis beyond°Satitude of both
high-precision temperature and water vapor measurementsemisphere. In particular the high atmospheric variability
with global coverage and high vertical resolution200 m (e.g., planetary waves at high latitudes during winter season)
in the troposphere te-1.4 km in the stratosphere) (Kursinski could result in large aliasing errors into the diurnal signals
etal., 1997). Insensitive to clouds and precipitation, GPS RQdue to the insufficient COSMIC sampling.
measurements are especially valuable for studying the diur- In this study, we analyze three-year (2007—-2009) COS-
nal variation in the troposphere (Kursinski et al., 1997). ZengMIC RO soundings over low latitudes (38 to 30 N) to
et al. (2008) studied the diurnal temperature variation in thederive vertical structures of the diurnal variation of tempera-
tropics using GPS/CHAMP (CHAllenging Minisatellite Pay- ture and refractivity at altitudes from the lower troposphere
load) observations during 2001-2005. Pirscher et al. (2007)o the upper stratosphere. Section 2 describes the COSMIC
and Zeng et al. (2008) specify that the orbit configuration dataset and the harmonic analysis method to extract the diur-
of CHAMP allows a complete 24:00 h local time coverage nal signals. In Sect. 3, the amplitude and phase of the diurnal
within 130 days. Zeng et al. (2008) further explain that duevariations (e.g., the migrating tide) close to equatof @@o
to the limb sounding measurement principle, the effective re-10° N) are analyzed and compared to other observations and
peat period is obtained every 108 days at the equator. Du¢he well-established tidal wave theory. We further present
to a slow variation in the equatorial diurnal tide, Zeng et time series and zonal-mean structures of the diurnal ampli-
al. (2008) assumed that the diurnal tide was invariant durtude of the RO refractivity from the middle troposphere to
ing the CHAMP diurnal sampling period and was able to ex-the upper stratosphere in Sects. 4-5. Discussions, conclu-
tract vertical, seasonal, and latitudinal structures of the mi-sions and future work can be found in Sects. 6—7.
grating component of the tide from a composite of 51-month
CHAMP temperature profiles at altitudes of 10—-30 km. How-
ever, their diurnal analysis was limited to the temperature2 Data sampling and analysis
data, not including the lower troposphere and upper strato-
sphere. 2.1 GPS Radio Occultation (RO) sounding technique
Since its launch in April 2006, the six-satellite constel-
lation COSMIC (Constellation Observing System for Mete- GPS RO technique senses the atmosphere by receiving the
orology lonosphere and Climate) RO mission yields ratherGPS radio signals at two L-band frequencies~1116 GHz
dense sampling (over 2000 profiles per day) around the globand L2~1.2 GHz) from a moving LEO (Low Earth Orhit)
(Anthes et al., 2008). More importantly, the open-loop track- satellite receiver. As the LEO receiver sets or rises behind
ing receivers on all COSMIC satellites have significantly the horizon relative to the transmitting GPS satellite, the ra-
improved the RO sounding capability by acquiring a large dio wave is refracted (or bent) and its travel time is delayed
number of measurements at the PBL altitudes (Sokolovskiydue to variations of refractivity. The basic measurements in
et al., 2006; Ao et al., 2009). In the past, high water va- GPS RO are the time series of GPS carrier phase and signal
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amplitude recorded at the LEO receiver. From the precise defrom model analysis (Healy and Eyre, 2000; Kursinski et al.,
termination of the GPS orbits and the location of the receiver,2000; Poli et al., 2002).
the excess phase, defined as the difference between the mea-n the moist troposphere, the refractivity is a weighted sum
sured phase and that predicted for a vacuum, is also accwef dry air density and water vapor density, and thus is af-
rately calculated and corrected for GPS and receiver clocKected by both temperature and water vapor pressure. As
errors. The excess phase and amplitude are then used to dghown in Fig. 6f of Xie et al. (2008) based on a mid-latitude
rive the bending angle as a function of tangent height, fromradiosonde profile, a 1 K perturbation of temperature corre-
which the refractivity profile can be retrieved from the top sponds to a~0.4% refractivity change at all altitudes. On
of the atmosphere to the lower atmosphere with the so-callethe other hand, the derivative of refractivity with respective
onion-peeling approach. The temperature and humidity proto specific humidity depends on the amount of water vapor,
files can then be further derived from the refractivity (Kursin- which is a strong function of height. Roughly speaking, a
ski et al., 1997; Rocken et al., 1997). Extensive validation1 g/kg change in specific humidigycorresponds to &2.5%
and evaluation of the precision and accuracy of the RO meaehange in refractivity but can vary slightly with temperature.
surements against other observations and models have be&or example, inside a well-mixed PBL where specific hu-
carried out by many authors (e.g., Kuo et al., 2004; Schreinemidity is aboutg=8 g/kg, the ratio is~2.2%/(g/kg); at the
et al., 2007). top of the PBL, around 1.8 km, whegg=3 g/kg, the ratio

In the neutral atmosphere, the refractivity, a dimen- is 2.7%/(g/kg); in the middle troposphere-§km), where
sionless quantity defined a6 = (n — 1) x 1%, wheren is ¢=0.8 g/kg, the ratio is~3%/(g/kg).
the refractive index, is related to the atmospheric presstire (
in hPa), temperaturef(in Kelvin), and water vapor partial 2.2 COSMIC RO data and sampling

pressure By in hPa) through (Smith and Weintraub 1953) ) .
In this study, we use COSMIC RO level-2 refractivity and

N=by f +by ﬂ 7 1) temperature data in 2007-2009 as retrieved at NASA Jet
T T2 Propulsion Laboratory (JPL) (Hajj et al., 2002; Ao et al.,
whereb1=77.6 KhPal and »,=3.73x10° K2hPa'l. The 2009). The r_etrieved profiles are reported as a function of
refractivity profile can be retrieved from the bending angle 960Metric height above mean-sea-level (MSL). COSMIC ac-
profile from near the surface up te60 km before the mea- duires about 2000 occultations a day, however, the num-
surements become too noisy. The moisture contribution td*€" Of valid RO profiles is reduced after the calibration and

the refractivity can be neglected at altitudes abegkm (in ~ duality control procedure. For comparison purpose, the RO
the tropics) where the water vapor volume mixing ratio is "étrievals of the same period provided by UCAR (Univer-

usually less than 10 (Kursinski et al., 1997). In this case, sity Corporation for Atmospheric Research) is also analyzed.
Eq. (1) is reduced to: The dataset difference between the two data center is well de-

scribed in Ho et al. (2009). The current JPL retrievals used in

N=bi—=(b1-R)-p=k-p, ) this paper apply double dlffere_ncmg calibration durlng ZOQ7
T and 2008, which has resulted in a large number of calibration
where the gas constantR=287JkglK-1, k=b; - failures due to the lack of required ground reference station

R=222.71Jkg'Pal, and p is density of the atmo- data (especially during the early period of 2008). Single dif-

sphere that is proportional to the refractivity. Consequentlyf€rencing (Wickert et al., 2002) is applied for year-2009 in
pressure can be obtained from density (or refractivity) byJPL _retrleva_ls and for z_;lll UCAR retrievals. Mea_nwh|le, a
integrating the hydrostatic equilibrium equation. The inte- 'éatively stringent quality-control procedure applied at JPL

gration starts from a pressure level high in the atmospherd@ta center (e.g., RO profiles with temperatures differing by
with an a priori temperature guess. The initial pressureMOre than 10K from ECMWF analysis or with refractivity

error due to the temperature guess decreases rapidly 4liffering by more than 10% from ECMWF at any altitude
integration moves deeper into the atmosphere (KursinskP€loW 40km are abandoned) further reduces the sampling
et al, 1997). The temperature can then be inferred vid€SPecially over polar region, where large temperature varia-
Eq. (2) with the dry atmosphere assumption, which can pdion due to planetary waves and gravity waves might not be
generally hold throughout the stratosphere and the cold€S0lved by the model) by about 25% (Ho et al., 2009). The
dry upper troposphere for temperature less than 250K. Théotal numper of soundings at each year for both data cerjters
retrieval is switched to moisture retrieval where temperatureS Shown in Table 1. Note that the JP'; data center provides
is greater than 250K. In the moisture retrieval, the pressurd€SS sounding than UCAR, there ar@5% less RO profiles

and water vapor pressure can be derived given an a prioff! 2007,~40% less in 2008 and-37% less in 2009. The
temperature profile, which is usually obtained from global difference in profile number is caused by the implementation

analysis data (Hajj et al., 2002). Alternatively, humidity of different calibration technique as well as different quality

and temperature can be retrieved simultaneously using 1-[5ONtrol procedures.
variational analysis provided the background information
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Table 1. COSMIC RO Soundings from JPL and UCAR Data Cen- est 2 km above the Earth surface is actually higher. The zonal
ters. mean temperaturg and refractivity N at the twelve local

time bins are derived on a monthly basis. After the monthly

COSMIC-RO Year 2007 Year 2008 Year 2009 mean is removed, a harmonic analysis with 24-h and 12-
h components is applied to compute the diurnal and semi-
diurnal amplitudes and their phases for each latitude and
height bin (Chapman and Lindzen, 1970; Wu et al., 1995;
Dai et al., 2002). A brief summary of the harmonic analysis
method is given below.

Given a time series;, i=1, 2, ...,M, (M is the maximum
The JPL temperature retrievals are scientifically useful athumper of samples for a day, in this studf=12) as a func-

heights ranging from-8 km (in the tropics) to-40km. The  tjon of local solar timer;, it can be decomposed into three
upper boundary is limited by the measurement noise (Kursingomponents:

ski et al., 1997) whereas the lower boundary is limited by the _

ambiguity of temperature and water vapor that is inseparablée’ i)=Y+ ZS" i) +g ©)

in the upper troposphere. On the other hand, the refractiv- . . i i .

ity measurement is useful over a much greater height rang¥/n€re. is the daily meansy, is the harmonics with differ-
(0-50 km) but requires careful interpretation to connect it to€Nt Periods and is the residual noise. The harmonics with
atmospheric physical quantities. Therefore, in the following différent time scales can be expressed as:

sections, besides the RO temperature, refractivity profiles arg, ;) = A, cosnt — ) =ay, Cog(m’ Y+ b, Sin(nt,) (4)
also used to demonstrate the vertical structure of atmospheric , . . )
diurnal variation for a wider vertical range of the neutral at- where,¢ is LST expressed in degree or radians (ire=

mosphere. Note that UCAR RO retrievals have both the tem-ﬁm"/m'. Whereﬁ 'S LSJ lnfhgzrsl);::;, 26 3.4, h denotes
perature and refractivity up to 60 km. armonics with periods o » 14, 6, 0, ... NOUTS, TeSpec-

In this paper, the refractivity at pressure levels over Vely; A, s the amplitude (note that the peak-to-peak am-

800 hPa (below 2 km) are not studied because a frequent ne litude is 24,); ¢ is the phase (time of the maximug in

ative bias has been observed in the refractivity retrievals ST)Z Here, we only focus on the most dominant mode, i.e.,
the diurnal §1) component.

likely contaminated by the presence of super-refraction (or Note that the observed time series could contain higher-

ducting) condition near the atmospheric boundary layer top : : e .
(Sokolovskiy, 2003; Xie et al., 2006; Ao, 2007: Xie et al., order harmonics of the diurnal variations (such as period

2010). The biased RO retrievals are usually found in the512 h) and residualsc) due tq measurement an_d samp_llng
) ) ) ..errors. The COSMIC sampling rate of local times might
tropical and subtropical regions and need to be dealt with

. . ... hot be enough to catch the semi-diurnal and finer time scale
carefullly (Xie et al., 2006) before being used for scientific (<12 h) variations. On the other hand, the zonal average
analysis. - I

) ) ) , . helps remove most of the longitudinal variability likely due
In the following sections, if not otherwise noted, the diur-

| variati it based on JPL retrieval to the planetary waves and nonmigrating tides (Wu et al.,
nal variation resufts are based on retrievals. 1998) but the spectral aliasing from other wave components

may induce additional errors to the diurnal component of in-
terest. The signal-to-noise ratio (SNR) of the derived ampli-

- , tudes is thus calculated as the ratio of the fitted amplitude

The JPL temperature and refractivity retrievals are output ajy e the residual error after the diurnal and semi-diurnal fit-
~50m and~400 m interval vertically at altitudes below and ting (i.e., A, /<)
€,4A,/9).

above 20 km, respectively. In this study, we interpolate (us-

ing cubic splines) each profile onto 50 standard vertical pres-

sure levels (e.g., 1000, 950, ... 4, 3, 2.2, 1.7, 1.3, 1hPa)3 Tropical diurnal variations — the tidal waves

and then bin the data into twelve local solar time (LST)

bins with two-hour width in every 5 latitude band. Gen- The diurnal variation in the tropical region, investigated for
erally the COSMIC satellite configuration results in denserdecades, is one of the most well-observed and understood
RO soundings in the mid-latitude and high latitude compared®henomena among tropical variabilities. The propagating
with tropics. For example, in the year 2007, the monthly av- (Migrating with the Sun) component of the atmospheric diur-
erage numbers of COSMIC soundings at a 2-h bin is 54 innal variations is also called the migrating tide. It has a weak
a 5 N-latitude band (centered at 2.8), 87 at 28N, 125  variation in terms of magnitude, and can be used as good val-
at 50 N and 37 at 75N. Rough|y 75% RO Soundings reach idation of the RO Sensitivity and the retrieval quallty In this
at 800 hPa-{2 km) and about 40% reach 950 hR&)(5 km) section, we derive and characterize the vertical distribution
above MSL. However, due to topography over Continenta|0f this tidal wave with the COSMIC RO measurements, and

area, the exact percentage of RO soundings reaching the |ovvalidate the results against some of the earlier studies.

JPL Retrievals 453031 366070 394630
UCAR Retrievals 609912 638309 628 808

2.3 Linear harmonic analysis method
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To derive the vertical distribution of the propagating diur- heating from the ozone layer, which can lead to large vari-
nal component, the tropical (18-10 N) COSMIC temper-  ability in the migrating diurnal tide (Chapman and Lindzen,
ature and refractivity soundings in 2007 are used. Figure 11970). Note that the tidal wave amplitude tends to in-
shows the vertical structure of diurnal amplitudes and phasesrease at higher altitudes due to the exponential decay of
(i.e., the LST of the maximum amplitude) for temperature the air density (Chapman and Lindzen, 1970; McLandress,
(in Kelvin) and refractivity (in percentage) extracted from 1997). However, ozone heating becomes significant above
the monthly averaged data. Note that the total number ofLl2 hPa (30 km) and reaches maximum around 1 hPa (47 km)
RO samples (JPL) in 2008 and 2009 are less than in 2007(McLandress, 1997). The temperature variation due to ozone
however, very similar vertical structures of diurnal variations heating tends to reach a maximum at local noon when ozone
are derived for both years (not shown). solar absorption maximizes. However, the propagating tem-

The propagating tidal wave, which migrates with the sun, perature tide is out of phase from the ozone heating, which
dominates the tropical diurnal variation in the stratospheremay explain the change of the slope of the phase around
and higher altitudes (e.g. McLandress, 1997). Its propaga30km and lead to non-monotonic structure of tidal ampli-
tion nature is evident in the temperature and refractivity datatude at higher altitudes.
showing a downward progressing phase profile (Fig. 1b, d) The diurnal variation below 17 km is complicated by the
with growing amplitude above 14km. The vertical wave- coexistence of wave forcings and propagation in the re-
length of the diurnal tidal wave is about 25 km, which is ob- gion. Figure 1b shows that at 10—-14 km the phase of the
served in both the temperature and refractivity phase profilesdiurnal temperature variation remains rather constant (at
The migrating tidal wave observed by COSMIC is consistent~18:00 LST), but shifts sharply at a few kilometers above
with one obtained by Zeng et al. (2008) from the multiyear that. Similar behavior can be observed from the refractivity
CHAMP data, and with those from the classical tidal the- (Fig. 1d) but with the phase at 10-14 km relatively constant at
ory and model results (e.g., Chapman and Lindzen, 1970:~06:00 LST. It is reflected in the slope of the diurnal phase,
McLandress, 1997). In the stratosphere the maximum rewhich changes at17 km and remains relatively constant up
fractivity amplitude reaches 1%, or~2.5K in temperature. to 40 km.

The refractivity and temperature fluctuations are indepen- Figure 1 also shows the median-average of the diurnal
dent but related through Eg. (2) and through the hydrostatiamplitude and phase derived from UCAR retrievals (black
balance equation embedded in the retrieval. Abegkm, dashed line). The phase of both temperature and refractivity
refractivity is dominated by dry air variability, reflecting matches the JPL results very well at all altitudes except be-
mostly geopotential height changes since the temperature rdew ~7 km (400 hPa) where phase becomes noisy. While the
trieval is carried out on pressure surfaces. The temperature CAR diurnal amplitude of both temperature and refractiv-
and geopotential height tides are expected to be out of phasgy agree well with the JPL result in the upper troposphere
(e.g., 12 h difference) at constant pressure levels for the propand lower stratosphere, they become significantly less by
agating diurnal tide. In addition, the amplitudes of refractiv- ~25-50% above 24 km and by50% below 7 km. In com-
ity and temperature variation should be consistent in percentparison with the diurnal variation derived from the ECMWF
age, as seen in Fig. 1a, ¢, showing local minima &6 km T799L91 analysis (not shown), the diurnal amplitude from
and 22 km and a growing trend above 15 km. The minimumthe JPL retrieval is closer to the ECMWF result. However,
diurnal amplitude of temperature-Q.1K) and refractivity = sampling can affect the diurnal results as well. The UCAR
(~0.05%) is found at 15 km. A local maximum diurnal am- retrieval has about 25% more soundings compared to JPL re-
plitude in both temperature (0.9 K) and refractivity@.4%) trievals in 2007. We down-sample the UCAR soundings to
is found at around 32 km. those matching JPL retrievals and reapply the same diurnal

Above 40km, although the temperature retrieval is notanalysis. The vertical structure of diurnal amplitude remain
available, the refractivity data can still be used to derive at-virtually unchanged, which indicates the larger diurnal am-
mospheric diurnal variations. Phase and amplitude structur@litude observed from JPL soundings above 24 km are un-
shown in Fig. 1c, d are consistent with the expected up-ikely to be caused by the lack of sampling, but are likely
ward propagating diurnal tidal mode despite the noisier phaseélue to the retrieval difference between the two dataset. More
structures and larger monthly variations in amplitude. Abovediscussion is presented in Sect. 6.

14 km, the winter and autumn seasons (green and black in The diurnal phases of refractivity below7 km (400 hPa)
Fig. 1a, c) show a larger diurnal amplitude compared to theare rather noisy for both the JPL and the UCAR retrievals,
summer and spring seasons. Between 8 km and 10 km, thehich is likely due to aliasing from insufficient sampling.
spring season shows the largest diurnal amplitude in temperfhe monthly COSMIC RO sampling might not be enough
ature and refractivity. Below 5km, again, the spring sea-to resolve the diurnal variations in the middle and lower
son exhibits the largest diurnal amplitude. As the diurnaltroposphere where red-spectral variabilities increase due to
tide propagates up to the upper stratosphere, the propagateather phenomena. Therefore, only results abevém

ing wave component excited from tropospheric water va-(400 hPa) will be presented in the following sections.

por will interfere with the wave component excited by the
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Fig. 1. Vertical structure of the temperatuf@ b) and refractivity(c, d) amplitude (left panels) and phase (right panels) of diurnal variations

over 10 S-10 N based on COSMIC RO observations in 2007. Each solid line (a, c) represents one monthly mean amplitude profile whereas
phases from the monthly data are shown as open diamond (b, d). The four seasons are denoted by differentad@odc{d) e.g., DIF

(green), MAM (blue), JJA (cyan), SON (black). The RED thick lines show the annual median values. The blue dashe(timepriesents

the temperature phase as showiflip The black dash-dot lines in all four panels correspond to the annual median-averaged results derived
from the UCAR retrievals in 2007. The two black thin dashed lines in each panel mark the altitudes at 14 km and 17 km, respectively.

4 Seasonal variations though the seasonal variation is similar over the three years,
interannual differences are evident in the monthly COSMIC

Seasonal variations of the migrating component of the diur-data at some pressure levels. For example, the maximum
nal tide can be clearly seen in the middle stratosphere. Adliurnal amplitude at-40km (centered at the equator) has
shown in Fig. 2 for the three year (2007-2009) time seriesi2rger amplitudet0.5%) in February 2008 compared to the
at 9hPa £32km), the maximum amplitude of the prop- Other two years. Similarly, at-18 k_m, the maximum diur-
agating diurnal temperature tide swings around the equal@ @mplitude (centered at 3) is slightly larger in January
tor, depending on time of the year. During the northern-2008. _ _ _
hemispheric (NH) winter and spring (October to March), At ~10km (260hPa), the diurnal amplitude is generally
the maximum diurnal temperature amplitude1(2K) oc-  Small ¢-0.1%) over the whole domain, and is mostly asso-
curs at around SN in January, whereas the maximum shifts ciated W|_th vertlcally trapped components. The largest diur-
to 5° S and weakens during the summer and autumn (Jun@l amplitude is centered around$in December—February

to September), which is opposite to where the solar forc-for all three years. A s!mllar seasonal pattern is also seen at
ing peaks. A similar seasonal variation was observed with™~18km (80 hPa). At this level, the tidal wave starts to propa-
UARS Microwave Limb Sounder data (Wu et al., 1998), 9até freely and the diurnal amplitude doubles. The maximum
CHAMP RO and in the 3-D Canadian Middle Atmosphere diurnal amplitude in January 2008 is about 30% larger than
Model (CMAM) simulations (Zeng et al., 2008), but not thg other two years. A+20 _km, the tidal amplitude; maxi-

in the simulations with Global-Scale Wave Model Version Mize (0.2%) close to 5-1( in the North-Hemispheric (NH)

2 (GSWMO2) (Hagan and Forbes, 2002). The asymmetricVInter season. o _ _

structure of the propagating diurnal tide is more pronounced At ~26km (20hPa), significant diurnal amplitudes (over
in the mesosphere and lower thermosphere, and more in th&2%) are no longer restricted to the NH winter months as

solstice months than in the equinox months (McLandressS€€n in the lower altitudes, but are limited to be withifi 30
1997, 2002). and 15 N. The largest diurnal amplitude, however, is still
To characterize the seasonal variation of the diurnal am- ﬁtsu edr;/e(g gto/f)_ T in the NH winter with slightly larger am-
plitude over a broader altitude range, we analyze the refrac’ ' '
tivity data at six pressure levels frori260 hPa €10 km) to

~3hPa (~40km) and the results are shown in Fig. 3. Al-
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At 32km, the diurnal amplitude maximum (0.6%) drifts ‘ ‘ ‘
around the equator betweeA $ and 5 N, anti-correlated o1 02 03 04 05 06 %1
with the solar heating change, which peaks at the summer-
time subtropical latitude. The refractivity variation here is Fig. 3. Three-year time series of diurnal amplitude of refractivity
consistent with the diurnal temperature amplitude as seen ifin percentage) at six pressure levels from 260 hPa to 3 hPa.
Fig. 2. This further illustrates that the refractivity diurnal
variation in the stratosphere is dominated by the tempera- _ _ _ o
ture variations. It is of note that this distinct seasonal patterrind diurnal tide. The vertical structure of the tide is asym-
is also seen at altitudes betwee@8 km and~36km. The  Metric along the equator and tilted toward the summer hemi-
maximum diurnal amplitude generally increases at higher al-SPhere in the solstice months. The asymmetry is less promi-
titudes 0.3% at~28 km) and reaches a maximum (0.6%) Nentin equinox months, especially in Aprll and O_ctober. The
at ~32km but slightly decrease t90.5% at~36 km (not vert|ca_ll structure of the zon_al mean diurnal ampll_tude agrees
shown). well with CHAMP observations and the CMAM simulations
At ~40km, the maximum diurnal amplitude (0.5%) is in the upper troposphere and lower stratosphere (e.g., Zeng

slightly smaller than those at32km. The seasonal vari- ©tal., 2008). _ _

ation of the tropical diurnal tide becomes less asymmetric The diurnal amplitude reaches a maximum -0.6%
about the equator, compared to that-&@2 km. Significant  (~1.5K) at~32km in January which is twice as large as
diurnal amplitudes=0.2%) are seen in all months and at all those seen in July. The stronger tides (over 0.2%) ex-
latitudes between 3G and 36 N. The locations of the max-  tend downward close to the tropopause regiei{km) in

imum diurnal amplitudes at January is well collocated with December-February while only extend down~+@5km in
those seen below26 km altitudes. other months. Above-40km (3 hPa), large diurnal ampli-

tudes comparable to the maximum tidal amplitude 82 km
are seen near 3@ in December-January and near BD
5 Monthly climatology in May—October. The large diurnal amplitude above 40 km
extends over larger regions from3(° S to the equator in
In this section we analyze the zonal mean vertical structuresMarch and April.
of diurnal refractivity amplitude for twelve nominal months
based on the COSMIC RO from 2007 to 2009 (Fig. 4). Gen-
erally speaking, the diurnal amplitudes show relatively small6 Discussion
values (0.1-0.2%) in the middle and upper troposphere and
significantly increase above20 hPa (26 km). The tropical diurnal tidal wave, although being weak in am-
The diurnal amplitudes in the stratosphere exhibit strongplitude, is clearly observed by the high resolution GPS RO
seasonal variations. The tropical maximum in the strato-technique. Consistent with the CMAM model simulation
sphere, as discussed above, is associated with the propagée.g., McLandress, 1997), the vertical profiles of the tidal
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changed. This suggests that the larger diurnal amplitude ob-
served from JPL RO soundings is unlikely to be caused by
the lack of sampling. We believe that the differences in di-
urnal amplitudes from the JPL and UCAR data are due to
the different approaches used to handle noisy bending angles
in the upper stratosphere (Ho et al., 2009). In the JPL re-

Presure [hpo]

0
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oreh apri My trieval, the bending angles above 50km are replaced with

1%"’ =l R exponential extrapolation. Thus the variability of the the

7 4 NS ) — bendi | below 50km i ined. O
. mw \J I G Q”? o ending angle measurements below 50km is retained. On
v S = the other hand, the UCAR retrieval uses a dynamic optimiza-

2 4 0.1 5 ’

K oofe o y; :\’/ (rs? tion method that replaces the bending angle with a weighted
bl T = —£< /0 04 average of the data and a climate model fitted to the data
-30-20-10 0 10 20 30-30-20-10 0 10 20 30=30-20-10 0 10 20 30 by use of two parameters between 20-60 km. The optimiza-

June July August

w5 tion approach helps to stabilize the retrievals in noisy cases

1= U7.J 02— @ - . .
% o.zﬁ \g @j/‘ Hos by placing more weights on the smooth model; however, it
m\ft < i”” could also suppress the natural variability in the data. These
>
—

Presure [hpa]
Height [km

mm%’ — . retrieval differences among various data centers need to be
o S = ot | M, carefully addressed.
O e T 0 In the middle and lower troposphere (below km) the
1 September October o Nevember phase of the diurnal variation in refractivity shows large
- > Bov2< O§ T " L. month-to-month_\_/ariabilit)_/ in the tropics_ (_Fig. 1d), not
g o @ rv fj L L »E locked to a specific local time. The refractivity in the lower
éﬁ!& k QC z troposphere is strongly influenced by water vapor abun-
¢ = 0.1 —52 . .
& . o dance and the hydrological and dynamical processes near
o R S - 5 the surface. Studying three-hourly weather data from 15 000
T e 2 T T e P T T e ey worldwide stations, Dai (2001) found that the most frequent

(morning) hour of showery precipitation over water is out of
Fig. 4. Three-year averaged (2007-2009) vertical structure ofphase with those over land and the latter exhibited large sea-
zonal mean diurnal refractivity amplitude (in percentage) in twelve sonal variability. Similar large variability was also reported
months. Only the pressure leves less than 400 Pa (or abdken)  jn wind measurements (Dai and Deser, 1999) and cloud and
are shown. water vapor data (Soden, 2000; Tian et al., 2004). However,

such strong zonal variations of the diurnal amplitude would

require very dense RO soundings to suppress aliasing effects.
amplitude and phase derived from the COSMIC data servesampling errors of the current COSMIC soundings would
as a validation source for the RO observations. Above thQ]eed to be Carefu”y addressed. Moreover, the RO refractiv-
upper troposphere~(14 km in tropics), the diurnal tempera- ity observations in the lower troposphere (below 2—-3 km) are
ture and refractivity variations are out of phase, as expectegikely to be contaminated by the negative bias in the presence
for the upward propagating tidal wave. The region betweenof super-refraction (or ducting) near the atmospheric bound-
8 and 16 km is dominated by the water vapor solar heatingary layer top (Sokolovskiy, 2003; Xie et al., 2006, 2010; Ao,
which possibly explains the locked phase in the diurnal tem-2007). Such biased RO profiles would need to be corrected
perature variation (e.g., 18:00LST in Fig. 1b). The tropical (e.g., Xie et al., 2006) before applying for diurnal analysis.
deep convection from solar heating tends to peak in the late Finally, the RO signals are sensitive to ionospheric struc-
afternoon over land, and a large part of the diurnal variationtyre and perturbations. lonospheric residuals may affect the
is driven by the heating over land. diurnal variation observed in the neutral atmospheric param-

We found in this study that the UCAR retrievals show a eters (e.g., bending and refractivity), especially in the cases

smaller diurnal amplitude at altitudes abov@4 km com-  of weak atmospheric signals. Although an ionospheric cor-
pared to the JPL retrieval. Further evaluation of the zonalrection has been made through a linear combination of L1
mean variance of UCAR temperature and refractivity re-and L2 bending angle retrievals at a given impact parameter
trievals shows almost the same magnitudes as JPL retrievald/orob’ev and Krasil’nikova, 1994), higher-order residual er-
at altitudes below 30km but significantly smaller values rors could remain (e.g., Syndergaard, 2000). The ionospheric
above that level. Spectral leakage due to insufficient samresidual errors (Kursinski et al., 1997) could have diurnal
pling could cause aliasing from other planetary waves intovariations related to ionospheric electron density and affect
the diurnal tide. However, when we sample the UCAR the signal derived in the upper stratosphere.
soundings to match the JPL sampling we find the verti- The observed diurnal variations have an important impli-
cal structure of the derived diurnal amplitude remains un-cation for monitoring the global warming trend in the future.
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