38. Monitoring of the Neutral Atmosphere

Gunnar Elgered, Jens Wickert

Global navigation satellite system (GNSS)-based
atmosphere sounding techniques have become
a widely recognized and operationally used re-
mote sensing tool. A major milestone of this
development was the beginning of the contin-
uous use of GNSS data for improving regional and
global forecastsin 2006. The principle behind these
techniques is the utilization of atmospheric prop-
agation effects on the GNSS signals on their way
from the navigation satellites to receivers on the
ground or aboard satellites. The atmosphere de-
lays the time of arrival and introduces a curvature
of the signal path. These effects can be accurately
estimated and be used for the monitoring of the
atmospheric variability. There are two different
observation geometries. Therefore, we focus in the
first part of this chapter on ground-based net-
works which are used to estimate the amount of
water vapor above each receiver site. The second
part deals with the use of radio occultation mea-
surements from GNSS receivers aboard low Earth
orbit satellites for global atmosphere sounding.
We introduce and describe both techniques which
provide observations suitable for the short-term
weather forecasting and the long-term time series
for climate research and monitoring.

This chapter deals with two distinctly different geome-
tries: observations using ground-based global naviga-
tion satellite system (GNSS) networks and occultation
observations from low Earth orbit (LEO) satellites.
These are illustrated by the sketches in Fig. 38.1. In
both geometries, the refractivity along the propagat-
ing path is determined by the atmospheric properties
mainly in terms of pressure, temperature, and humidity.

The main application of the ground-based geometry
is to infer the water vapor content above each receiver
site on the ground. In principle, all the water vapor
can be found within the troposphere, ranging from the
ground up to 8—15km. With a reasonable view of the
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sky, there will always be a sufficient number of satel-
lites visible in order to have continuous time series of
the estimated water vapor content.

The radio occultation (RO) geometry is more dy-
namic, since here both the transmitting GNSS satellites
and the receiving LEO satellites are in continuous mo-
tion with respect to the atmosphere. When occultations
occur, height profiles of the refractive index in both the
troposphere and the stratosphere are retrieved.

Because of very different geometries, these two
methods use different processing techniques and differ-
ent algorithms in the data analyses. They also produce
completely different data products. Therefore, we first
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Fig. 38.1a,b Example geometries for ground-based observations (a) and ROs (b) of signals from GNSS satellites in
a typical medium Earth orbit (MEO). The neutral atmosphere and the ionosphere are indicated by the blue and the red

layers, respectively

discuss them separately. Applications of the remote
sensing of the neutral atmosphere based on observations
with ground-based networks are discussed in Sect. 38.1,
while applications of GNSS receivers in LEO satellites
are addressed in Sect. 38.2. The two geometries are of

complementary nature, and their strengths for applica-
tions in forecasting and research related to atmospheric
processes over different timescales, from turbulence
phenomena to climate issues, are finally summarized in
Sect. 38.3.

38.1 Ground-Based Monitoring of the Neutral Atmosphere

As described in Chap. 6, a GNSS signal from a satellite
is delayed in the atmosphere compared to propagation
in vacuum. The effect, often described as an excess
propagation path, is estimated in the GNSS data pro-
cessing. This means that using a receiver on the ground,
it is possible to infer the integrated amount of water va-
por (IWV) in the atmosphere.

Figure 38.2 summarize the possible use of GNSS
data in three different types of applications. First, the
GNSS data can be used as a standalone product, for
example, for monitoring the IWV at a specific site
over long time. Second, the GNSS data can be used
to assess, or verify, the results from numerical weather
models used in forecasting or climate research. Third,
the GNSS data be combined with other data in order to
increase the quality, for example, when assimilated into

SScric Numerical
estimates from N R
GNSS data
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Monitoring, Model Forecasting
e.g., climate validation (short timescales)

Fig. 38.2 Block diagram illustrating possible applications
of atmospheric estimates from GNSS data in meteorology
and atmospheric research

a numerical weather model in near-real-time weather
forecasting.

In some applications, it can be a strength to estimate
and to work with an integrated quantity, but, of course,
for many other applications, profile information is nec-
essary. For the ground-based geometry, the advantage
is the accurate estimates of the IWV. This section fo-
cuses on this application, although attempts to retrieve
profile information using tomographic methods is also
discussed.

The radio-based space geodetic techniques of very
long baseline interferometry (VLBI) and GNSS are af-
fected by the atmosphere in terms of variations in the
refractivity in the atmosphere which delays the time
of arrival, the fundamental observable. It was shown
in [38.1] and [38.2] that the estimated propagation
delays from global positioning system (GPS) data, to-
gether with ground pressure observations, resulted in
time series of the delays induced by the atmospheric
water vapor, and they were in agreement with inde-
pendent ground-based measurements from microwave
radiometry.

The necessary background material needed in order
to describe the estimation of propagation delays affect-
ing signals, penetrating the atmosphere on their way to
a receiver on the ground, is presented in Chap. 6. Let
us here just repeat the basic definitions. The elevation
dependence of the propagation delays is modeled by
mapping functions, one for the hydrostatic delay and
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one for the wet delay in the geodetic GNSS data pro-
cessing. The end result is the equivalent zenith total
delay (ZTD). The ZTD

Zi=Zh+Zy (38.1)
is hence the sum of the zenith hydrostatic delay (ZHD)

hoo

7y = 10—6/Nh(z) dz (38.2)

ho
and the zenith wet delay (ZWD)

hoo

Zy = 10-6/Nw(z)dz, (38.3)
ho

which are obtained from the integration of the hydro-
static (V) and wet (Ny,) refractivities along the vertical
propagation path from the height /y of the receiver to
a point /1., outside the atmosphere.

With a sufficient number of observations in differ-
ent directions during a defined time period, a refinement
of just estimating an equivalent zenith propagation de-
lay is possible. By defining linear horizontal gradients
in the hydrostatic and wet refractivity profiles, an inte-
grated parameter, normally referred to as the horizontal
gradient, can be inferred. It was shown in [38.3] that
by estimating horizontal gradients in the processing of
GNSS data, the geodetic result improves significantly. It
is today a common practice to estimate these gradients,
although the use in meteorological applications has so
far not been extensive. This potential will be further dis-
cussed later.

Another concept that occurs in the modeling of the
neutral atmosphere is that of slant path delays. A sim-
ple method is to add the equivalent zenith delay and
the estimated linear horizontal gradient and thereby
model a specific delay in any given direction. The idea
of adding, in addition, the residual delay toward each
satellite from the GNSS data processing has also been
proposed but shown to be wrong in the sense that sys-
tematic errors are introduced [38.4]. Instead, additional
atmospheric parameters have to be estimated simul-
taneously, for example, by introducing tomographic
methods.

38.1.1 Accuracy of Propagation Delays

Before describing the different applications of ground-
based GNSS meteorology, we will review the error
sources that determine the quality of the input data,
that is, the estimated ZTD as described in Chap. 6.

The uncertainty of these excess propagation delays de-
pends on several effects. Here, we review the relative
importance of the type of mapping function used, mis-
modeling of ionospheric effects (Chaps. 6 and 39), and
effects caused by antennas and signal multipath.

Mapping Functions
The mapping functions define the elevation depen-
dence of the hydrostatic and the wet delays, and are,
therefore, an important parameter when estimating the
atmospheric effect in the data processing. The devel-
opment of more and more accurate mapping functions
is described in Sect. 6.2.4. Many qualitative compar-
isons of mapping functions have been carried out over
the years. Most mapping functions perform very well
at high elevation angles, so when analyzing the accu-
racy of mapping functions, it is most interesting to focus
on the results that are obtained at the lowest elevation
angles, where the accuracy of the functions is decreas-
ing. This means that, for each application, there is an
optimum elevation cutoff angle. Low-elevation obser-
vations improve the geometry and reduce the formal
error of the ZTD, but, at the same time, they introduce
larger mapping function errors.

The Niell mapping function (NMF, [38.5]) has often
been used due to its simplicity. It does not require any
additional meteorological data; it only requires the loca-
tion of the site and the time of the year. The size of un-
certainties involved can be assessed by comparing the
estimated ZTD using different mapping functions. As
an example, a mean reduction of the ZTD of —2.6 mm
was observed for 12 sites in Antarctica when changing
from the NMF to the Vienna mapping function (VMF1)
using elevation angles down to 7° [38.6].

Depending on the application, the need to include
observations at low-elevation angles will vary. This is
discussed later and now we just note that the choice
of the mapping function is more or less irrelevant for
GNSS meteorology if it is going to be used with obser-
vations acquired at elevation angles above say 15-20°.

Mismodeling of lonospheric Effects
The accuracy of the ionospheric model used in the
GNSS data processing affects the accuracy of the ZTD.
Errors in the modeling of the signal delays caused by
the ionosphere are more or less absorbed into the de-
lays estimated for the neutral atmosphere, that is, the
ZTD. To the authors’ knowledge, no study has been di-
rectly focused on the accuracy of the estimated ZTD for
different methods to correct for the ionospheric influ-
ence. However, there have been studies addressing the
accuracy of the estimated position for different methods
of handling the ionosphere. There is a strong corre-
lation between the estimated vertical coordinate and
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the estimated ZTD. A relative error in the ZTD is ap-
proximately three times smaller than the error in the
estimated vertical position. The factor depends on the
geometry, in terms of the elevation cutoff angle used
for the observations [38.7]. Therefore, studies on the in-
fluence of the ionospheric model on the estimated site
position indirectly provide information on the accuracy
in the estimated ZTD.

The inclusion of higher order terms in the iono-
spheric model showed a systematic effect at the level of
several millimeters in the station positions [38.8]. Later
a more accurate model of the International Geomag-
netic Reference Field (IGRF) was used [38.9]. Different
models for the geomagnetic field have also been studied
in [38.10], resulting in the recommendation that cor-
rections for higher order ionospheric effects shall be
included, particularly in equatorial regions and over pe-
riods of solar maximum when the ionosphere is more
active. Given the 11-year-long solar cycle, it is reason-
able to assume that the recommendations from such
studies will depend on the timescale of the application.

Antenna Phase-Center Variations
Antenna phase-center variations exist both at the satel-
lite antenna and at the receiving antenna on the ground.
It has been shown that phase center variations (PCVs)
(Chap. 17) have a significant influence on the estimated
delay in the neutral atmosphere [38.11], and hence also
on the IWV. The variation depends on the nadir angle
from the satellite to the ground or, equivalently, the el-
evation angle of the satellite seen from the ground. The
main effect is a bias-type of error but will, of course,
change with changing geometries. Recommendations
for modeling antenna PCVs exist (Chaps. 19 and 25)
and shall be used in order to reduce their influence.
Proper modeling of PCVs is especially relevant for
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climate-related applications investigating (small) long-
term trends in the IWV. An assessment of the effect
caused by the introduction of new GPS satellite types
with different antenna phase patterns revealed an arti-
ficial trend of up to roughly 0.15kg/(m? year) for the
estimated IWV over a five-year period [38.12].

Signal Multipath

Signal multipath (Chap. 15) degrades the precision of
the arrival time of the signal from the satellite. The ef-
fect will have a more or less strong dependence on the
elevation angle of the direct signal, depending on the
local electromagnetic environment at the receiving an-
tenna. It is difficult to model since the environment is
changing. For example, the reflective properties of the
ground change when it is covered by (rain) water, snow,
and soil moisture, if soil is present. It has been shown
that the effect of signal multipath can be reduced by
mounting a plate with a microwave-absorption material
just below the GNSS antenna [38.13].

38.1.2 From Delays to Water Vapor Content

The primary estimate from the data processing for the
atmospheric influence is the ZTD. For some meteo-
rological applications, the ZTD can be used directly,
whereas other applications require the time series of the
IWYV, for example, when validating results from other
instruments where the IWV is the primary output.

The overall data flow is illustrated in Fig. 38.3.
The main operation is first to subtract the ZHD from the
ZTD in order to obtain the ZWD. Thereafter the IWV
is calculated from the ZWD. It shall be pointed out that
the use of numerical weather models is not necessary. It
is, however, common that information from such mod-
els is used to derive and optimize mapping functions,

Integrated

water vapor
IwWV)

Fig. 38.3 The data flow for different
applications in ground-based GNSS
meteorology. Depending on the
application the timescales of the data
flow between the different operations
can vary from seconds to years


http://dx.doi.org/10.1007/978-3-319-42928-1_17
http://dx.doi.org/10.1007/978-3-319-42928-1_19
http://dx.doi.org/10.1007/978-3-319-42928-1_25
http://dx.doi.org/10.1007/978-3-319-42928-1_15

Monitoring of the Neutral Atmosphere I 38.1 Ground-Based Monitoringof the Neutral Atmosphere 1113

and they may also provide a priori information about the
atmosphere to the GNSS data analysis. Since the map-
ping functions for the hydrostatic and the wet delays
are different such a priori information has been shown
to increase the accuracy of the estimated ZTD [38.6].
As will be discussed below, there are also alternatives
to numerical weather models for the estimation of the
ground pressure and the effective temperature of the wet
refractivity.

Before discussing these further, we note that both
steps will require some knowledge of the state of the
atmosphere, mainly the profiles of pressure and tem-
perature. For applications such as weather forecasting,
up-to-date knowledge already exists in the numerical
weather models, and, in such cases, there is no need to
compromise by using less accurate relations. Instead,
the normal procedure is then to assimilate the ZTD di-
rectly into the numerical weather model.

From ZTD to ZWD
The first step is to subtract the ZHD from the ZTD.
Hence, the uncertainty in the ZHD is directly trans-
ferred to the ZWD via (38.1) and (6.50). The only
observable needed for the calculation of the ZHD is
the ground pressure, assuming that the latitude and the
height of the station are approximately known. This
assumption is indisputable for ground-based GNSS net-
works used for meteorological applications. There are
basically two possibilities to obtain the ground pres-
sure: either to use a barometer at the site or to use the
analysis from a numerical weather model which has in-
put observations of the ground pressure of a sufficient
accuracy from the surrounding area.

Commercially available pressure sensors provide
accuracies much better than 0.5 hPa. Figure 38.4 de-
picts the observed differences between three barometers
at the Onsala VLBI site. Comparison with a barome-
ter from the Swedish Meteorological and Hydrological

Difference in pressure (hPa)
1

Institute (SMHI) shows that the present sensor has an
absolute accuracy at the level of better than 0.2 hPa.
Over the time period of interest, the SMHI barometer
has been calibrated approximately every second year,
and it is traceable to the SI unit within 0.1 hPa.

Several studies assessing the accuracy of deriving
the ground pressure at the site from numerical weather
models have been performed. The uncertainty of the
ground pressure derived from the European Centre
for Medium-Range Weather Forecasts (ECMWF) has
been evaluated [38.16]. They compared the interpolated
ground pressure from the ECMWEF analysis to the lo-
cal ground measurements at more than 60 globally dis-
tributed GPS sites using one year of data. The results
revealed an agreement with an overall mean bias and
a standard deviation of 0.0 hPa and 0.9 hPa, respectively.
A similar test, using more than 10 years of data for the
GPS site at the Onsala Space Observatory, resulted in
a mean bias and a standard deviation of 0.1 hPa and
0.6 hPa, respectively [38.17]. Pressure sensors of the
World Meteorological Organization (WMO) were com-
pared to nearby (< 50 km) locally installed sensors and
biases of less than 1 hPa for more than 90% of the sta-
tions were found [38.18]. Similar results were obtained
in [38.19] using independent data sets and models.

These uncertainties together with other parameters
in (6.50) are summarized in Table 38.1. Assuming
uncorrelated errors, these four add up to a relative un-
certainty equal to 2.2-107*. To this uncertainty shall
also be added the uncertainty in the ground pressure.
This is illustrated in Fig. 38.5, where the ground pres-
sure uncertainties of 0.2hPa and 1.0hPa are assumed
to be relevant for the observations and models, re-
spectively. We conclude that the major contribution to
the total ZHD uncertainty is from model uncertainties
of 1.0hPa, equivalent to a relative error of 1-1073,
which corresponds to &~ 2mm in the ZHD. If actual
high-quality pressure observations are used instead, the

o Setra-SMHI
* Vaisala-SMHI . . .
0.5 B Fig. 38.4 Differences in the observed
oo S pressure by three different barometers.
) uii?o B &% m%,;‘;«}’,f“i""%»%sg’ g x| x| o owge wmec X Th.e Setra bargmeter was the standard
0 B T B e & T e T i y&‘@% unit at geodetic VLBI stations when
® @ mmm ®a w0 . the Mark III system was introduced.
osle ° ° @ The small annual variations are likely
il caused by a sensor sensitivity to
temperature. These are completely
1 _ removed when the new barometer
2004 2006 2008 2010 2012 2014 from Vaisala was connected to the

Year  yLBI system
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Table 38.1 Parameters used to calculate the ZHD, their uncertainties, and the resulting uncertainties in the ZHD (Z;,)

Parameter Value Uncertainty Unit Relative Reference
uncertainty
ki 77.6890 0.015 K/hPa 1.9-10™* Table 6.2
R 8.3144621 0.0000075 Jmol! K~ 9.0-1077 [38.14]
My 28.9644 0.0014 kg kmol™! 48-107 [38.15]
et ~ 9.784 0.001 ms™ 1.0-107* (6.51), [38.15]
Po, case 1 =~ 1000 0.2 hPa 0.2-1073 Typical observation, see the text
Po, case 2 =~ 1000 1.0 hPa 1.0-1073 Typical model, see the text
Zn, case 1 ~ 2.28 0.7-1073 m 0.3-1073 Typical observation, see the text
Zn, case 2 ~2.28 23-1073 m 1.0-1073 Typical model, see the text

Zenith hydrostatic delay (m)
2.29

2.285
2.28

2275

10 20 30 40 50 60 70 80 90
Latitude (°N)

Fig. 38.5 The expected ZHD when a ground pressure of
1000 hPa is observed from the sea level (solid black line).
The uncertainty in the ZHD caused by the uncertainties
in the constants used in the conversion is indicated by the
green dashed lines. The total uncertainty, when errors in
the pressure observations of 0.2 hPa and 1.0 hPa are taken
into account, is shown by the blue dash-dotted and the red
dotted lines, respectively. All errors are assumed to be un-
correlated and added as root-sum-squared

uncertainty from the value of k; becomes equally im-
portant, resulting in a relative uncertainty of 0.3-1073.
This means an uncertainty in the ZHD of less than
1 mm.

Finally, before leaving the subject of calculating the
ZHD, it shall be noted that one additional uncertainty
exists: the approximation of hydrostatic equilibrium.
This approximation is good to one part in 10* [38.20].
The effect has been studied at two specific laser-ranging
sites in mountainous areas. It was concluded that devi-
ations from hydrostatic equilibrium may cause errors in
excess of 1 cm, corresponding to 3 mm in the zenith di-
rection, although it is an unlikely event [38.21].

From ZWD to IWV
The water vapor content, V, is defined as

oo

V=/,0th, (38.4)
0

where p, is the absolute humidity in g/m?® and 7 is the
height in m. An alternative parameter often used to de-
scribe the water vapor content of the atmosphere is the
precipitable water (PW). This is a measure of the equiv-
alent height of the column formed if all the water vapor
is condensed and collected at the ground surface, that
is, a PW value of 1 mm is equivalent to an IWV value
of 1 kg/m>.

Using the ideal gas law, we can instead use the par-
tial pressure of water vapor e and the temperature 7 and
obtain

_ L [em
0

where py, is the density of liquid water and Ry, is the
specific gas constant of water vapor.
We note that the expression for the ZWD is similar

to
[ elh [ elh
Z, =107 ké/&dk+k3/ at )zdh :
T(h) T(h)
0 0

(38.6)

where &, and k3 are the constants determined from lab-
oratory experiments of the refractivity. The values are
given in Table 6.2 and (6.34) of Chap. 6.

We can combine (38.5) and (38.6) and express the
IWYV in the ZWD as

Z,
y=== (38.7)
0
where
0=10°pu Ry (2 41
= puRy| - +k ) - (38.8)
m

The parameter 7}, can be estimated from the vertical
profiles of the atmospheric temperature and the partial
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pressure of water vapor

r e(h)
/ T(h) T(hy? dh
Tp=t . (38.9)

/ “®
J T(h)?

It can be seen as a mean atmospheric temperature
weighted by (e/T?). Now, let us study the uncertainties
introduced when calculating the IWV using the ZWD
as an input. The relation between these two parameters
is defined by (38.7), involving the density of wet air, the
specific gas constant for wet air, k/z, k3, and Ty,. We note
that T, is the only one of these which will vary spatially
and temporally.

In order to obtain Ty, for a specific GNSS site, an
obvious and accurate method is to use the vertical pro-
files of atmospheric temperature and humidity. Such
profiles may be obtained from the reanalysis based on
a numerical weather model. If such tools are not avail-
able, one may use a more simple relation. A linear
relation was derived in [38.22]

Tm=702+0.72Ty, (38.10)
where T is the surface temperature in K.

A global study, using six years of data, of the un-
certainty in 7, calculated from the surface temperature
used results from numerical weather models and ra-
diosonde observations [38.23]. It showed that the root
mean square (rms) error was dominated by a mean bias.
For example, the bias found when using (38.10) varied
in the interval 3.5%. When the bias is removed, the
remaining error was less than 0.5% over most of the
globe.

We can also calculate values of Q using a model
optimized for a specific region based on the annual vari-
ability in Q due to seasonal temperature variations. For
Europe, such a model

1
Q:a0+a19+azsin(2 %)

1
+ a3 cos (2 D )

— 38.11
365 ( )

was derived from radiosonde data [38.24]. Here, 6 is
the site latitude in degrees and 1t is the decimal day of
the year. Values for the coefficients ag, a;, a», and a3 are
given in [38.25] based on radiosonde data from 38 sites
in Europe and spanning a period from 1989 to 1997.
The resulting rms error in the IWV is of the order of
1.5%.

To conclude the discussion on how to estimate T},
there can be calculations of statistical averages for sites,
regions, or the whole globe. For a specific region or for
a specific site, it is possible to develop a model includ-
ing yearly variability which is often based on obser-
vational data, for example, from radiosondes. A more
accurate method is to use an analysis based on a numer-
ical weather model. There are several similarities to the
technique of how to optimize the mapping function for
a given site/region. The issue will be further discussed
in the section on climate applications.

We can now assess the relative importance of the
different contributions to the total uncertainty in the
IWV. Summarizing the discussions above, we have:

® An uncertainty of 2—5 mm in the ZTD from the pro-
cessing of GNSS data.

® An uncertainty in the ZHD, which is determined by
the uncertainties of the parameters in Table 38.1 and
illustrated in Fig. 38.5.

® The uncertainties introduced by the conversion from
ZWD to IWV. These include uncertainties in k7, k3,
the specific gas constant for water vapor R,,, and the
mean temperature Ty,. The temperature dependence
of the density of liquid water is sufficiently small
over the range of atmospheric temperature so that it
can be neglected [38.26].

In order to compare the relative importance of all these
contributions, a number of different assumptions about
these uncertainties are made in Fig. 38.6. These plots
show the uncertainties for a dry and cold, a temperate,
and a hot and humid troposphere. We note that in a dry
and cold troposphere, the IWV uncertainty is mainly
caused by the assumed accuracy of 3 mm in the ZTD
plus the assumed accuracy in the ground pressure obser-
vations. As the troposphere becomes warmer and more
humid, the relative importance of the uncertainty in the
conversion factor Q increases.

38.1.3 Applications to Weather Forecasting

Water vapor is an important parameter determining the
state of the atmosphere. A general understanding can be
obtained by studying the water cycle in the atmosphere.
In short, it can be described as follows:

Water on the ground — in the oceans, lakes, streams,
and vegetation — evaporates and transpirates into the at-
mosphere. It carries energy, which is released when the
water vapor condenses into clouds. These clouds may
form precipitation more or less immediately, or at a later
stage when the atmospheric conditions cause the liquid
drops formed to be large enough to fall back to the sur-
face of the Earth.
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Knowledge about the amount of water vapor in the
atmosphere is mainly important for short-term forecasts
or nowcasting. The IWV is highly variable in space and
time. For example, it may change by a factor of 2 in
just a couple of hours due to moving mesoscale weather
systems carrying different types of air masses in terms
of temperatures and humidities. In order to be useful in

Fig. 38.6a-c The expected uncertainty in terms of one
standard deviation in the IWV. Three different weather
conditions are presented: cold (T, =250K, Q =7.26,
(a)), medium (T, = 275K, Q = 6.63, (b)), and hot (T, =
300K, Q = 6.10, (c)). Since the temperatures are strongly
correlated with the absolute humidity in the atmosphere
the chosen ranges for the IWV are different for different
cases. In all cases we assume an uncertainty in the ZTD
of 3 mm. We add an uncertainty due to the hydrostatic de-
lay for two different uncertainties in the ground pressure:
either 0.2 hPa (solid lines) or 1.0 hPa (dotted lines) and fi-
nally the uncertainty from the conversion from ZWD to
IWYV for two different uncertainties in the parameter Q:
either 1.0% (black lines) or 2.5% (light brown lines). All
errors are assumed to be one standard deviation, uncorre-
lated, and are added as root-sum-squared <

weather forecasting, the IWV results must be available
within a couple of hours, but the sooner the better.

Because warm and cold air masses often corre-
late strongly with the ITWYV, large-scale motions of
mesoscale systems are easily tracked by ground-based
networks. Distinct cold or warm fronts can be the
cause of significant spatial and temporal gradients in
the IWV above a GNSS site. Combining time series
from many sites makes it possible to track such weather
systems [38.27]. Such a spatiotemporal structure was
assessed by an Empirical Orthogonal Function (EOF)
analysis, where over 90% of the water vapor variabil-
ity is explained using the first temporal eigenvector
only [38.28]. For very dense networks and weather sit-
uations that are accurately described by a frozen flow,
it has been shown that estimates of wind speed and
wind direction can be made [38.29]. It shall, of course,
be noted that this is an indirect method, and when the
frozen flow hypothesis is not valid, the method will
break down.

Large investments have been made in continuously
operating reference networks for surveying and real-
time kinematic (RTK) applications. Such networks are
typically established on a national scale by govern-
ment bodies, but also commercial networks exist. This
means that not all data are openly available in real time
which in practice means some restrictions on how data
can be distributed for close to real time processing.
An example is the EUMETNET GNSS Water Vapour
Programme (E-GVAP). A snapshot of the status at
a specific time is shown in Fig. 38.7. (EUMETNET is
a group of European National Meteorological Services
that provides a framework for co-operative programmes
in the various fields of basic meteorological activi-
ties.)

In Germany, where many stations participate in the
E-GVAP network, the receivers are distributed with
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Fig. 38.7 The E-GVAP project is an example of a net-
work of GNSS receivers consisting of several subnetworks
where data processing is distributed to several centers. This
example is from 2013 and the number of stations continues
to increase (after [38.30])

a rather high spatial resolution and baseline lengths of
the order of 40 km. An example of GNSS-based results
of the IWV is shown in Fig. 38.8.

Assimilation of the estimated IWV was first con-
sidered when using GNSS data for weather forecasting.
However, it was almost immediately realized that be-
cause the necessary information, in terms of pressure
and temperature fields, is already available in the nu-
merical weather model it is an advantage to instead
assimilate the ZTD.

The method of three-dimensional variational data
assimilation (3D-Var) is often used with a typical up-
date period of 3 h. However, the four-dimensional vari-
ational data assimilation (4D-Var) method offers to
benefit from the much higher temporal resolution of the
GNSS results. The timing of the passage of weather sys-
tems and different dry and wet air masses is crucial for
short-term weather forecasts [38.31].

There have been many assessments of the impact
on the quality of weather forecasts when using GNSS
data. Assimilation of ZTDs has, for example, shown im-
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Fig. 38.8 The IWV over Germany on Feb. 28, 2010, 00:07
coordinated universal time (UTC), derived from ground-
based GNSS stations. The white circles denote the loca-
tions of GNSS receiver sites (courtesy of G. Dick, GFZ)

provements in precipitation and cloud cover forecasts
(see [38.32] and [38.33], respectively).

A further refinement may be to assimilate slant
delays [38.34]. These delays may be estimated by
combining the ZTD with estimated linear gradients.
An alternative in order to study small-scale variations
in the atmospheric water vapor (without assimilation)
is to apply tomographic methods to very dense ground-
based networks. Having all GNSS receiving antennas
on the ground will, however, imply a weak geometry
for the inversion algorithms used in tomography. This
can to some extent be compensated for by introducing
constraints on the variability in the water vapor density
between the different volume pixels defined and used in
the estimation method [38.35,36]. The geometry is, of
course, improved if the receivers are located in a land-
scape where the height differences are large as this will
directly yield differential IWV values for different at-
mospheric layers. Such studies have, for example, been
performed on Hawaii [38.37].

In the future, one can imagine that the raw GNSS
observations are assimilated, effectively meaning that
the entire GNSS data processing is executed in the nu-
merical weather model.
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38.1.4 Applications to Climate Research

Water vapor in the atmosphere is of great relevance
also for climate research because it is a very impor-
tant parameter in the water cycle as well as an efficient
greenhouse gas. An increase of 20% of the IWV in the
tropics has a larger impact than a doubling of the carbon
dioxide concentration [38.38].

One key question is to quantify the positive feed-
back due to an increase in the IWV. A study of both
the short-term and the long-term feedback concluded
that the time series of observed water vapor need to be
longer than 25 years in order to accurately determine
the effect [38.39]. The GNSS ground-based networks
established in the mid-1990s will, hence, have the po-
tential to be useful for such applications in the 2020s.

Within the Global Climate Observing System
(GCOS), there is a specific international reference ob-
serving network called the GCOS Reference Upper
Air Network (GRUAN). One component in GRUAN
is ground-based GNSS observations in order to pro-
vide IWV time series at selected reference sites where
several independent observing techniques are avail-
able [38.40].

We first present some examples of GNSS results
focusing on different timescales: trends over decades,
annual components, and diurnal components. These
may be used for climate monitoring and for eval-
uating of climate models which concludes this first
part of GNSS meteorology using ground-based net-
works.

Long-Term Trends
There is a demand for long and stable time series for
monitoring and therefore there is a need to assess the
uncertainty at an absolute level, or at least as a stability
measure, over decades. Since errors in the empirically
determined constants &y, k», and k3 will not influence
the uncertainties in the observed trends, for this appli-
cation, it is more appropriate to refer to requirements on
the long-term stability than on the absolute accuracy.

The difficulty to estimate trends that are of the order
of a few percent over decades is illustrated in Fig. 38.9.
The variability is huge — not only on a day-to-day basis
but also over the seasons and from one year to another.
Therefore, it is important to note that estimates of linear
trends by no means shall be expected to be identical for
adjacent periods of several years.

In addition to the large variability in weather, an ad-
ditional issue is change (controlled or uncontrolled) in
the electromagnetic environment of the receiving an-
tenna. Examples of such changes are installations of
different types of antennas and radomes, as well as their
orientation. For the case of estimating a trend in the ver-
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Fig. 38.9a,b Time series of the water vapor content at
Kevo, Finland (a) and Cagliari, Italy (b). A model in-
cluding a mean value plus a linear trend (red line) and
a seasonal component (yellow line) is fitted to the hourly
estimates (blue dots)

tical coordinate, when there are reasons to believe that
the trend is constant over the length of the time series,
one may choose to estimate an additional offset at the
time of the intervention (see Fig. 38.10 and [38.41] for
more details).

As already mentioned, it is not reasonable to assume
that a true trend in the IWV should remain constant over
many years, in spite of the fact that an estimated linear
trend is an obvious parameter to estimate as an indicator
of a change in the climate.

A similar method was assessed in [38.42], where
an effort was made to model the impact of a change
of radome at Onsala, Sweden, on February 1, 1999. It
was more reliable in this case to study the mean differ-
ence of the wet delay between the GNSS and the VLBI
techniques and to apply the observed change in offset



Monitoring of the Neutral Atmosphere

38.1 Ground-Based Monitoringof the Neutral Atmosphere

V (mm)
40T Vertical
20 Lkl P
{ [, it “'”rl' Wi
ol Lk
-20 ‘|'”“ i A il
—40 Rate 8.38 0.2 (mm/yr)
1994 1995 1996 1997 1998 1999 2000

Year

Fig. 38.10 Estimates of the vertical coordinate using GPS
data from the station Sveg, Sweden (courtesy of Scherneck
& Haas)

as a constraint when estimating a trend from the full
time series, thereby indirectly using the VLBI technique
as an independent data source to calibrate the absolute
scale of the IWV from the GNSS data.

A possibility of handling false jumps in the IWV
time series when no independent results are available
could be to make use of the correlation between esti-
mates of station coordinates and the propagation delay.
This idea requires further studies.

Annual Components in the IWV
Annual components in the IWV show large differences
over the globe caused by different weather patterns re-
lated to the seasons. Through continuously operating
ground-based networks and a homogeneous process-
ing, GNSS is a tool to continue such systematic studies.
For example, 13 years of data from 155 globally dis-
tributed GNSS sites were studied in order to conclude
that the large seasonal amplitudes occurred at mid lati-
tudes [38.43].

Also, more local studies, with a higher spatial reso-
lution, have been carried out. For example, a 10 year
long period was studied using GNSS data from the
Iberian peninsula in [38.44] and [38.45] revealed a sys-
tematic deviation in the southwest of Spain during the
summers.

Diurnal Components in the WV

The diurnal variability in the IWV is driven by the in-
coming solar radiation. Hence, it is more dominant in
the equatorial region, and as we go away from the equa-
tor, the amplitude decreases and vanishes in the areas
close to the poles. For the same reason, and because the
absolute humidity typically increases with the tempera-
ture, it is also expected to be larger during the summer
compared to the winter. The knowledge of its ampli-
tude and phase can be a useful tool in order to assess
the accuracy of numerical weather models used both for
forecasting and in climate research.

In a global study using 1 year of data from 151 Inter-
national GNSS Service (IGS) sites, diurnal amplitudes
between 0.2mm and 10.9mm in the ZTD were ob-
served [38.46]. This corresponds to approximately from
less than 0.1 up to 1.7 kg/m?. A similar study also us-
ing a US network [38.47] obtained similar results and
also assessed the accuracy of three different reanalysis
products.

In a study using 14 IGS sites in the equatorial
region, diurnal amplitudes up to 3kg/m> were ob-
served [38.48]. The amplitudes were larger for sites
that are not close to the sea, which is expected, in
general, because of the lower diurnal variability of the
temperature close to the sea compared to more inland
areas.

It may be worth noting that the diurnal compo-
nents at mid to high latitudes is hidden by the much
larger moving mesoscale weather systems. This to-
gether with the fact that the diurnal variation of the
solar radiation has a much smaller amplitude means
that typically many years of GNSS data must be
averaged in order just to detect the diurnal compo-
nent [38.49].

Evaluation of Climate Models
We have already touched upon the application of using
the GNSS data in order to evaluate numerical climate
models for the trends, annual, and diurnal components
in IWV time series.

An additional study that focused both on the val-
idation of seasonal and interannual variations in the
IWV was presented in [38.50]. The authors of this study
found, in general, an agreement at the submillimeter
level for the precipitable water in Europe and North
America between GNSS and a numerical weather pre-
diction model from National Centers for Environmental
Prediction (NCEP). On the other hand, the model was
found to underestimate the seasonal signal by up to 40%
and 25% for the equatorial region and Antarctica, re-
spectively.

In [38.51], a regional climate model was evaluated
in terms of the IWV differences between GNSS ob-
servations and the climate model. It was found that
a couple of GNSS sites showed large differences, which
in turn were attributed to a cold temperature bias and an
underestimate of the diurnal temperature range for the
model in that area. It was also noted that the model pro-
duced a positive bias in the IWV at sites close to the sea
(the surface tile of the model gridpoint has a water cov-
erage > 60%), possibly due to the fact that evaporation
in the model has a too high influence on the IWV mean
value for the gridpoint.

As mentioned several times already, climate studies
require long-term averages. It therefore seems appro-
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priate to note that so far the potential of ground-based
GNSS has been demonstrated, but there is a limita-
tion today on the studies that are meaningful due to the
length of available time series. This situation will how-
ever improve over the years to come.

The next section will deal with the occultation
geometry in GNSS meteorology. Thereafter, we will
conclude the chapter by summarizing the GNSS ap-
plications for the remote sensing of the neutral atmo-
sphere.

38.2 GNSS Radio Occultation Measurements

38.2.1 Introduction and History

On July 17, 1995 the U.S. Air Force announced

[...] that the Global Positioning System satellite
constellation has met all requirements for Full Op-
erational Capability.

Already before this announcement on April 5, 1995 the
LEO MicroLab-1 satellite was launched and recorded
for the first time at all signals from setting GPS satel-
lites, which tangentially traversed the Earth’s atmo-
sphere. The main purpose of these observations was
atmosphere sounding using the innovative GPS RO
technique within the GPS/MET(GPS/METeorology)-
Experiment [38.52, 53].

GPS/MET was a real story of success. For the
first time, globally distributed vertical profiles of atmo-
spheric temperature, water vapor, and electron density
were successfully derived from spaceborne GPS data.
The GPS (or, more generally, GNSS) RO technique be-
came reality as a new and innovative remote-sensing
method. The properties of this calibration-free at-
mospheric limb-sounding technique (e.g., all-weather-
capability, high accuracy, high vertical resolution, low-
cost realization) promised to have a great potential
for atmospheric and ionospheric research, numerical
weather forecasts, space weather monitoring, and cli-
mate change detection [38.54].

Around 20 years later, it can be stated, that GNSS
RO kept this promise and is widely recognized as
an established atmospheric remote-sensing technique.
A major and prominent example for this development
is the beginning of the operational use of GNSS RO
data to improve global numerical weather forecasts
(e.g., [38.55,56]). Figure 38.11 shows a schematic il-
lustration of the GNSS observation geometry. A GNSS
receiver aboard an LEO satellite tracks the signals
(carrier-phase and amplitude) of an occulting GNSS
satellite, that is, within the period directly before satel-
lite set or before satellite rise. These are the occultation
events and last typically 1-2 min for atmosphere sound-
ing from the Earth’s surface up to around 100km.
During these events, the signal goes through different
vertical layers of the atmosphere and is modified in

a characteristic way. By appropriate inversion of the
time series of the signals during the occultation, vertical
profiles of atmospheric parameters, as refractive index,
temperature, or water vapor can be derived. GNSS RO
can also be used to derive vertical electron density pro-
files, as described in more detail in Chapt. 40 of this
book. A key observable is the bending angle « of the
signal path from the occulting GNSS to the LEO satel-
lite, which is assigned to the impact parameter a and
the point of the closest approach of the signal path to
the Earth’s surface ry. Additional LEO measurements
from a referencing GNSS satellite and GNSS ground
station data from the occulting and referencing satellite
are used for the calibration of the atmospheric excess
phase of the occultation measurements, which is the
base for the bending angle derivation. More details are
given in Sect. 38.2.2.

38.2.2 Basic Principles and Data Analysis

Derivation of the Atmospheric Excess Phase
The GNSS RO technique is based on precise dual-
frequency (for ionosphere correction) phase measure-
ments of a GNSS receiver in an LEO, which is tracking
setting or rising GNSS satellites. Combining these mea-
surements with the satellites’ position and velocity
information, the phase path increase due to the atmo-
sphere during the occultation event can be derived. This
phase path increase is called atmospheric phase delay
or atmospheric excess phase, dA and the geodetic key
observable of GNSS RO and its derivation here briefly
reviewed.

The observed phase L for each frequency of the
occultation link (see in Fig. 38.11 between occulting
GNSS satellite and LEO) in units of meters can be writ-
ten as

L=p+c(dt—-dT)-dl+dA+¢ . (38.12)
Here, p denotes the true range between the transmitter
and receiver taking into account the signal travel time,
c is the velocity of light, dt and dT are the transmitter
and receiver clock errors, respectively, dI and dA are the
phase delays due to ionosphere and neutral atmosphere
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Fig. 38.11 The principle of GNSS RO
measurements aboard a LEO satellite
such as CHAMP (CHAllenging Min-
isatellite Payload). A key observable
is the atmospheric bending angle o
of the signal path from the occulting
GNSS to the LEO satellite. Under

ground
station

(e.g., CHAMP)

along the ray path, respectively, and € is a residual er-
ror composed of, for example, measurement noise and
uncorrected multipath.

For the analysis of the GPS/MET and the initial
CHAllenging Minisatellite Payload (CHAMP) mea-
surements [38.52,57], a double-difference technique
was used to eliminate the GNSS transmitter and LEO
receiver satellite clock errors: the signals from the oc-
culting GNSS satellite were differenced with those from
a reference GNSS satellite. These satellite measure-
ments were synchronized with simultaneously recorded
data provided by a fiducial ground network [38.58].
The corresponding observation geometry is depicted in
Fig. 38.11.

The double difference,

AAL = (Lco—Lcr) = (Leo — Lar) , (38.13)

is formed from simultaneous CHAMP and ground sta-
tion measurements of signals from both the occulting
and the referencing GNSS satellite during an occulta-
tion (e.g., [38.58]). The subscripts C, O, R, and G de-
note CHAMP, occulting and referencing GPS satellite,
and the ground station, respectively. The corrections
of relativistic and light time effects have to be taken
into account [38.59]. Equation (38.13) shows that in the
double-difference method, both the transmitter clock er-
rors dtg and receiver clock errors dtg cancel. While
the double-difference method eliminates the satellite
clock errors, other errors are introduced by the three
auxiliary satellite links involved. These errors are un-
calibrated atmospheric and ionospheric contributions
and additional noise. Furthermore, for differencing with
nonsynchronous receiving times of occultation and ref-
erence satellite, the ground receiver clock drifts and also
multipath wave propagation at the ground station loca-
tion have to be taken into account (e.g., [38.60]).

assumption of spherical symmetry an

Occulting ¢ )
GPS impact parameter a can be assigned.

LEO measurements from a referenc-

ing GNSS satellite and GNSS ground
station (dashed lines) are used for
calibration of the RO measurements.

Due to the termination of Selective Availability
(SA) on May 2, 2000, which reduced the apparent
variations in the GNSS transmitter clocks by various
orders of magnitude, and due to the higher stability
of presently available LEO satellite clocks, the appli-
cation of single- and even zero-differencing analysis
techniques represents the current state of the art for
GNSS RO data analyses [38.61, 62].

For example, the space-based single difference,

AL = (Lco - Ler) (38.14)

is the difference between phase measurements of
CHAMP from the occulting GNSS, Lco, and the ref-
erencing GNSS, Lcg, respectively. In this scheme, the
GNSS satellite clock errors remain and need to be cor-
rected for, what is feasible after the termination of
SA even with the standard data products of the IGS.
For GNSS RO satellites with ultra stable oscillators
(USOs), as, for example, GRACE-A or Metop, even
the forming of single differences is not required and the
phase data of the occultation link Lco can be directly
used for the derivation of dA. With single and zero dif-
ferencing, the level of random noise in dA should be
lower and also systematic errors from the calibration
links are avoided.

More details of the excess phase calibration are
given in several publications, for example, [38.59, 61].
Figure 38.12 shows the atmospheric phase delay and the
corresponding amplitude (signal-to-noise ratio, SNR)
for a typical TerraSAR-X occultation measurement.
Typically, occultation measurements for the neutral at-
mosphere (0—120 km altitude) last around 1-2 min, and
the atmospheric excess phase is around 1km in the
vicinity of the Earth’s surface.

Derivation of Vertical Atmospheric Profiles
The calibration of the atmospheric excess phase can
be regarded as a geodetic task and is the basis for the
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(a) and the corresponding atmospheric
excess phase (b) for a typical
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mathematic-physical calculations to retrieve the verti-
cal atmospheric profiles. The first step consists in the
derivation of atmospheric bending angles, which are
obtained from the time derivative of the atmospheric
excess phase using the Doppler shift equation (e.g.,

[38.63])

(38.15)

fi=f (C—(Uz'mz)nz _1) '

c—(vy-mp)n

In (38.15), v, are the velocity vectors of GPS and
LEO satellite respectively, m, » are the unit wave vec-
tors and n; » are the refractivity at the satellite positions
as shown in Fig. 38.13. The Doppler shift f; is related
to the phase L by

_ fedL

38.16
c dr ( )

Ja

with the carrier frequency f. and the vacuum light ve-
locity c. L can be expressed as

L=Ly+dALo (38.17)

Thus, the Doppler shift f; is represented by two terms

Jfa=fao+faa (38.18)

The first term in (38.18), fyo, is equal to the frequency
shift in the absence of the atmosphere and depends
on Ly. It can be calculated using the precise orbit in-
formation of the satellites (position and velocity). The

SLTA (km)

second term, f;4, depends on the time derivative of the
measured atmospheric excess phase Ap o of the occulta-
tion link between GPS and LEO. The bending angle is
(Fig. 38.13)

a=¢+¢pr+60— (38.19)
¢ and ¢, are unknowns; thus, one more equation is
needed to calculate both ¢; and ¢,. Assuming local
spherical symmetry of the refractivity n = n(r), Snell’s
law applies

rln(rl) sin¢1 = an(l’z) sin¢2 . (38.20)
Equations (38.16) and (38.20) are nonlinear and cannot
be solved analytically. It can be solved with an iterative
method, as, for example, described in [38.63]. Starting
with some increment A, = ¢ — oo (¢20 is equal to ¢,
in the absence of the atmosphere and can be calculated
with satellite’s orbit information) with (38.20) the cor-
responding A¢; can be calculated. Then the vectors m
and m, are constructed. Applying (38.15) Af = fa —fao
is calculated and compared with the observed value f;4.
Depending on the deviation of Af from f;4, the incre-
ment A¢, is modified and the procedure is repeated
until ¢ and ¢, for each sample and with (38.20) the
appropriate « is found.

The ionospheric correction is performed by the lin-
ear combination of the bending angle profiles obtained
for each individual signal frequency (e.g., GPS L1 and
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Fig. 38.13 Derivation of the bending angle « from the
Doppler shift (a: impact parameter; ry: radius of the point
of closest approach). For details, see the text

L2; [38.64]).
/i /3
Lc(r>=f121f22L1(r>—f12jf22L2(r) (38.21)
/i /3
ac(a) :f12 ifzzal(a)—flzi Zzag(a) ) (38.22)

The ionosphere correction in (38.22) avoids the effect
of dispersion (L; and L, have separate signal paths),
which forms the major error budget of (38.22) because
the linear combination of the bending angles (38.22) is
formed at the identical impact parameter for both fre-
quencies.

Vertical profiles of the atmospheric refraction index
n can then be retrieved from the ionosphere corrected
bending angle profiles by the inverse Abel transform

a(x) &
N

n(rg) =exp | — (38.23)

for the given point of the closest approach of the sig-
nal path to the Earth’s surface ry, bending angle «, and
impact parameter a.

After accounting for ionospheric bending as de-
scribed above, the atmospheric refractivity (N = (n—1)-
10°) is related to pressure (p in mbar), temperature (T
in K), and water vapor pressure (p,, in mbar) via the
Smith—Weintraub equation [38.65]

N=7762 43731022 . (38.24)
T i

For dry air, the density profiles are obtained from the
known relationship between density and refractivity.
Pressure and dry temperature

Ty= 77.6% (38.25)

are obtained from the hydrostatic equation and the
equation of state for an ideal gas. There are numerous
publications, describing these retrieval steps in very de-
tail, for example, [38.54, 60, 66].

When water vapor is present, additional informa-
tion is required to determine the humidity and density
from refractivity profiles, due to the joint contribution
of the dry and wet term to the refractivity in (38.24).
Temperature profiles from operational meteorological
analyses (e.g., of the European Centre for Medium-
Range Weather Forecasts, ECMWF) are used to derive
humidity profiles from the calculated refractivity in
an iterative procedure [38.67]. This algorithm suffers
from a high sensitivity to even small errors in the anal-
yses temperatures, resulting in large uncertainties of
the derived water vapor profiles [38.68]. More elabo-
rate retrieval methods are based on the estimation of
both temperature and humidity in parallel including the
error characteristics of the measurement and the back-
ground information, which is usually obtained from
meteorological analyses (optimal estimation, for ex-
ample, [38.69,70]). These methods show an increased
potential for obtaining water vapor profiles with high
accuracy.

By way of example, Fig. 38.14 shows vertical pro-
files of dry temperature and water vapor derived from
a TerraSAR-X occultation measurement. The deviation
(cold bias) of the dry temperature from the temperature
below 10km altitude is clearly seen and most obvious
below 3 km, where the major part of the atmospheric
water vapor is present. The magnitude of this deviation
can itself be regarded as a measure for the atmospheric
water vapor. It is noted that the key observables for the
assimilation of RO data into forecast models are the
bending angles or refractivities, rather than temperature
and water vapor. The separation of these observables
into dry and wet contributions, which finally provides
the temperature and water vapor, is performed dur-
ing the model analysis process using additional data
from other observing systems. Also, for several climate
change-related investigations, bending angle and refrac-
tivity data are used (e.g., [38.71]).

A major challenge in the GNSS RO data analysis is
the parameter retrieval in the lower troposphere. Sharp
refractivity gradients, mainly due to irregular water va-
por distribution, complicate the proper signal tracking
and the assumption of geometrical optics for analy-
sis cannot be applied in contrast to higher altitudes.
The application of the open-loop GNSS signal tracking
technique as well as the development and applica-
tion of advanced occultation data analysis techniques,
however, brought significant progress during the last
decade [38.72-76]. Another recent challenge is the data
analysis in the upper stratosphere, where the occulta-

123

'8¢ | b Med



12y Part G I GNSS Remote Sensing and Timing

2°8€| D Med

a) Altitude (km) b) Altitude (km)
14 ‘ 14
12 12
10 10
A
2
0

Fig. 38.14a,b Typical vertical dry
(black) and wet (light brown)
temperature (a) and water vapor
profiles (b) derived from GNSS
RO data. The example is from the
TerraSAR-X (TSX) mission (July
19, 2010, 02:47 UTC, 31.43°N
145.67°E). Only the troposphere is
shown. The RO data are compared
with corresponding values from
ECMWEF analyzes (brown dotted line)
(courtesy of S. Heise, GFZ)
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tion signal is very weak and measurement errors (e.g.,
ionosphere) start to dominate the neutral atmosphere
signal [38.66, 77].

38.2.3 Occultation Missions

A nearly complete and recent (as of 2016) list of
satellite missions with GNSS RO instruments is given
in [38.78]. Here, we give more details on selected mis-
sions of most importance for the development of the
GNSS RO technique.

Initial GNSS RO data were recorded within the
GPS/MET experiment aboard the MicroLab-1 satellite
from 1995 to 1997 [38.52,53]. However, the analy-
sis of these data was primarily focused on the four
prime-times, that is, periods of 2—3 weeks, when an
anti-spoofing (A/S) encryption of the GPS signals was
disabled and MicroLab-1 was oriented so that GPS
satellites were occulted in the aft or anti-velocity direc-
tion toward the Earth’s limb.

The German CHAMP satellite, launched on July
15, 2000 provided for the first time continuous and
also near-real-time GPS RO data [38.57,79]. These
were especially used for various assimilation studies
to investigate the potential improvement of RO data
to numerical weather forecasts [38.80, 81]. In addition,
CHAMP provided the first long-term set of GPS RO
data covering the 2001-2009 period. In view of its high
precision, it was used for initial climate-change-related
investigations [38.82-84]. Furthermore, it triggered an
international comparison of analysis results from dif-
ferent RO processing centers to define the structural
uncertainty of GNSS RO data [38.85-87]. The CHAMP

6 8 10

Specific humidity (g/kg)

RO experiment can therefore be regarded as a big
success and as a forerunner for several succeeding
missions. However, the daily number of available oc-
cultation measurements was limited to about 150.

Gravity Recovery And Climate Experiment
(GRACE) is a US/German twin-satellite mission with
focus to the detection of climate-relevant long-term
variations of the Earth’s gravity field determination,
which was launched on March 17, 2002. The two
spacecraft are equipped with the same BlackJack
GPS RO flight receiver provided by Jet Propulsion
Laboratory (JPL) as CHAMP. Continuous GPS RO
measurements were activated on May 22, 2006 aboard
the GRACE-A satellite [38.79], which provides around
130 near-real-time occultation profiles until today (as of
end 2015). Recently, the GRACE Follow On (GRACE-
FO) mission was confirmed, which is foreseen for
launch in 2017 and will also include a GNSS-RO
instrument according to the current planning.

A breakthrough for the number of daily occultations
and for improved data quality in the lower troposphere
was the launches of the U.S./Taiwan six-satellite-
constellation FormoSAT-3/COSMIC (April 15, 2006;
[38.55]) and of the two European Metop satellites
(October 19, 2006 [38.88] and September 17, 2012).
FormoSAT-3/COSMIC initially provided more than
2000 occultations daily in an open-loop tracking mode
for better data quality in the lower troposphere. By
2013, the number of daily RO measurements had
dropped to roughly half that value, since the nominal
life time of the mission was reached and several satel-
lites exhibit technical problems. Both Metop satellites
together provide continuously and with high reliabil-
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ity more than 1200 daily occultations. In addition,
the German twin-satellite constellation TerraSAR-X
(launched June 15, 2007) and TanDEM-X (launch June
21, 2010) provides a unique set of parallel occulta-
tion measurements [38.89] to investigate the accuracy
potential of the GNSS RO technique in more detail.
Data from TerraSAR-X are also provided in near real
time for operational use in numerical weather fore-
casts.

The successor of the FormoSAT-3/COSMIC
mission FormoSAT-7/COSMIC-2 is foreseen to be
launched in 2016. This 12-satellite constellation will
provide multi-GNSS LEO data (GPS, GLONASS,
Galileo) from two different orbital inclinations.
Six satellites are planned to be launched into low-
inclination orbits in early 2016, and another six
satellites into high-inclination orbits in 2018. This
configuration will improve the global coverage of the
GNSS RO data, especially in the Tropics. The GNSS
RO payload, named TGRS for TriG (Tri-GNSS) GNSS
RO System, is being developed by NASA’s JPL and
will be capable of tracking up to 12000 high-quality
profiles per day once both constellations are fully
deployed. The third satellite of the Metop series will
be launched in 2018. The planning for the follow-on
system of the current EUMETSAT POLAR SYSTEM
(EPS) includes also considerations for GNSS RO
measurements. The EPS can be expected in the 2020
time frame.

In addition to these large and operational missions,
there are several smaller international missions, which
are in more detail overviewed in documents, generated
by the International Radio Occultation Working Group
(IROWG, [38.90]). The IROWG was established as
a permanent Working Group of the Coordination Group
for Meteorological Satellites (CGMS) in 2009 as part of
the activities of the World Meteorological Organization
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(WMO). The IROWG serves as a forum for operational
and research users of RO data.

Another RO-related activity is CICERO (Commu-
nity Initiative for Continuous Earth Remote Observa-
tion), which acts as a commercial provider of RO data.
CICERO plans to launch a demonstration satellite in
2016 followed by an operational six-satellite constel-
lation (CICERO-I) in the same year. Each satellite is
foreseen to provide more than 900 GPS occultations per
day.

CICERO-2, the planned extension up to 24 satel-
lites by 2019, will offer enhanced performance with
GPS/GLONASS/Galileo-enabled receivers. It poten-
tially will provide more than 1600 occultations per day
from each satellite.

38.2.4 Occultation Number
and Global Distribution

Figure 38.15 shows the number of daily occulta-
tions from the six-satellite FormoSAT-3/COSMIC and
Metop-A/B missions since the beginning of 2009.
The maximum number of daily FormoSAT-3/COSMIC
measurements was reached in early 2009 with up to
2500 profiles. At that time, the mission had already
accomplished the nominal lifetime of three years. Nev-
ertheless, it provided up to 2000 profiles daily even
seven years after launch. The decreasing number of
daily profiles and its quite large variation is associ-
ated with increasing technical problems of the satellites,
which are already in orbit more than double of the
nominal lifetime. The number of RO measurements,
provided by both Metop satellites, is very stable, and
around 1400 profiles daily are operationally available
in near-real time.

The number of daily vertical profiles available from
GRAS is before quality control, while the FormoSAT-

Fig. 38.15 Daily number of GNSS
occultation measurements from
GRAS-A (black), GRAS-B (red)
and FormoSAT-3/COSMIC (green)
between January 1, 2009 and
December 1, 2013. The sum of the
GRAS-A and -B data is indicated by

0
01-01-2009 26-12-2009 20-12-2010 14-12-2011

07-12-2012

01-12-2013 the dark blue line (courtesy of A. von
Date  Epgeln, EUMETSAT)
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3/COSMIC numbers are after quality control. Typically,
about 5-10% of the GRAS data are removed in quality
control in the assimilation process of the weather ser-
vices. Each of the GRAS receivers provides an almost
constant number of daily occultations of around about
650-700. Some longer term variations are driven by the
availability of GPS satellites for occultations, the short
spikes are caused by, for example, loss of satellite data
downloads or instrument updates.

Currently (as of end 2016), also GRACE-A and
TerraSAR-X provide near-real-time RO data, but the
daily number of around 150 measurements per satellite
is much lower compared to Metop and FormoSAT-
3/COSMIC.

A key property of the GNSS RO technique is the
global coverage of the measurements, but the distribu-
tion is not uniform and depends mainly on the orbital
geometry of the GNSS and the LEO satellites. As an
example, Fig. 38.16 shows the global distribution of RO
measurements from the FormoSAT-3/COSMIC mission
(LEO orbit inclination &~ 70°). The figure is based on
about 4.2 millions RO profiles obtained between 2007
and 2012. The spatial distribution is global and nearly
symmetric with respect to the Equator but not equally
distributed. Most significant are the variations with lat-
itude from = 800 occultations per pixel (Equator) or
even lower in the Polar regions to ~ 2500 at 25 and
50° N/S in the mid-latitudes.

The orbit inclination of the LEO satellite is a key
parameter to modify the global distribution of the RO
measurements. Low-inclination LEO orbits will result
in higher occultation density in the Equator region,
which is of major interest for the prediction of severe
weather events such as typhoons. Therefore, the first
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Fig. 38.16 Global distribution of GNSS RO data from the
FormoSAT-3/COSMIC mission. The plot is based on about
4.2 million measurements, obtained between 2007 and
2012. The colors indicate the number of occultations per
5 x 5° lat/lon grid cell (courtesy of C. Arras, GFZ)

six satellites of the 12 satellite FormoSAT-7/COSMIC-
2 constellation (Sect. 38.2.3) will be deployed in a 20°
inclination orbit. This will allow a higher equatorial
occultation density compared to its predecessor mis-
sion. Near-polar orbiting LEO satellites (e.g., CHAMP,
GRACE, Metop) exhibit a similar occultation distribu-
tion as shown in Fig. 38.16, but with more data available
in the Polar regions (not shown here).

38.2.5 Measurement Accuracy

Numerous validation studies were performed through-
out the last years to evaluate the quality of the various
occultation missions (e.g., [38.52,55,79, 88, 89,91]).
The vertical profiles of refractivity, temperature, and
water vapor were validated with data from different
meteorological analyzes and radiosondes. In addition,
co-located RO profiles, observed from two different
satellite platforms, were compared [38.89, 92]. The re-
sults indicate that especially temperatures in the upper
troposphere lower stratosphere (UTLS) region agree
well with the analyses and sonde data.

Between approximately 8 and 25km altitude, that
is, in the UTLS region, mean temperature deviations
are <1K, and rms errors fall within the 1-2 K range.
Also, only very small biases of about £0.1% and rms
uncertainties of < 0.5% are observed for the refractiv-
ity (see, for example, Fig. 38.17 for TerraSAR-X). The
deviations at these heights could be either due to analy-
sis/sonde data or the RO retrievals.
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Fig. 38.17 Statistical comparison of refractivity profiles
from TerraSAR-X with corresponding ECMWEF data be-
tween November 26 and December 2, 2011. Thick and thin
black line indicate bias and rms (1 — o), the red line shows
the number of compared data versus altitude (courtesy of
F. Zus, GFZ)
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A negative refractivity bias and significant loss of
observations in the lower troposphere, especially at
low latitudes, are observed in the RO retrievals and
were in focus of numerous scientific studies, for exam-
ple, [38.72-76]. One reason for this was found to be
the application of the so-called phase lock loop (PLL)
tracking mode of the occultation receivers of the early
RO missions, such as GPS/MET or CHAMP. In the
PLL mode, the phase of the RO signals is modeled
(projected ahead) by extrapolating the previously ex-
tracted phase. This technique works well for standard
GNSS observations (single-tone signals with sufficient
SNR), but often fails for the occultation-geometry-like
observations in the moist lower troposphere. Here, mul-
tipath propagation causes strong phase and amplitude
fluctuations, which results in significant errors of the
extrapolation-based phase model, a loss of SNR and
finally loss of lock of the occultation signal. For this
reason, the PLL. mode does not allow in many cases
a penetration of the occultation signals deep into the
troposphere and is also the reason for systematic track-
ing errors. PLL mode receivers are also limited to
the tracking of setting occultations only. An alterna-
tive tracking technique, open-loop (OL), that is, the
raw sampling of the complex signal, was already ap-
plied to the data analysis of the planetary occultations
and that also allows us to analyze rising occultation
events [38.93]. However, a raw sampling of the sig-
nal is practically not feasible for routine GNSS RO
sounding. Therefore, a model-based OL-tracking tech-
nique (e.g., [38.73]) was developed for the application
in the moist troposphere for both rising and setting oc-
cultations and is used for several recent missions, for
example, FormoSAT-3/COSMIC. In addition to these
improvements of the occultation signal tracking, also
the wave-optics-based retrieval techniques for the data
analysis in the lower troposphere were improved during
the years (e.g., [38.74-76, 94]).

The increased deviations above ~ 25 km are also in
the focus of recent investigations by RO and analysis
specialists (e.g., [38.77]). On the one hand, GNSS RO
retrievals become more difficult at these altitudes due
to very small atmospheric excess phases; on the other
hand, the analyses and the radiosondes exhibit problems
at these altitudes.

The TerraSAR-X and TanDEM-X tandem satellite
configuration (mean distance ~ 20km) provided for
more than one year continuously vertical profiles at
close quarters, recorded from different satellite plat-
forms. This is a unique data set to investigate the
accuracy potential of the RO technique and to determine
its precision. Figure 38.18 shows a statistical com-
parison of corresponding refractivity profiles [38.89].
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Fig. 38.18 Statistical comparison of the corresponding re-
fractivity profiles from TerraSAR-X and TanDEM-X be-
tween November 26 and December 2, 2011. Thick and thin
black lines indicate bias and rms, the red line indicates no
deviation (courtesy of F. Zus, GFZ)

Nearly no or only an insignificant bias at the lower
troposphere and above ~ 30km can be observed. The
standard deviation is &~ 0.1% in the UTLS, ~ 0.5% in
the lower troposphere, and above ~ 30 km. These find-
ings are in very good agreement with those in [38.92]
for co-located FormoSAT-3/COSMIC profiles during
the deployment phase of this multisatellite mission.

It is only briefly noted here that the high precision
of the GNSS RO data is a valuable property to calibrate
other satellite data from microwave sensors, which are
widely used for global weather forecasts [38.95].

38.2.6 Prospects of New Navigation
Satellite Systems

Similar to other GNSS applications, the availability
of new navigation satellite systems (such as Galileo,
BeiDou, and QZSS), along with the impressive renais-
sance of GLONASS and the modernization of GPS,
will also be of great benefit for GNSS RO science
and technology. GNSS RO will obviously profit from
the significantly increased number of transmitting satel-
lites. Even a single-satellite mission could potentially
increase the number of daily occultation observations
by a factor of 3 or 4, compared to only GPS. Besides
this quantitative aspect, the new GNSS signal structures
exhibit various advantages for the data quality of future
RO missions. One example is the use of a third carrier
frequency for improved ionospheric correction and bet-
ter RO data quality in the stratosphere (Sect.38.2.5). An
initial summary on the prospects of the new GNSS for
RO is given in [38.96].
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38.2.7 Weather Prediction

The highlight of the GNSS RO applications and the
breakthrough for its acceptance as an established at-
mospheric remote-sensing technique was the start of
the operational use to improve global weather fore-
casts. Forerunner for this development was the German
CHAMP satellite, which has been providing continuous
near-real-time GNSS RO data since 2003. The aver-
age delay between the measurement and corresponding
provision of globally distributed vertical atmospheric
profiles was reduced from 5h in 2003 to around 2 h in
2006 mainly by the implementation of optimized pre-
cise orbit determination procedures for CHAMP. These
near-real-time data from GFZ were used by the lead-
ing forecast centers to develop appropriate assimilation
techniques and to investigate and quantify the impact of
the RO data on the forecasts [38.81]. Currently, the RO
data are routinely used by the world-leading weather
centers to improve their global numerical forecasts.
Several NWP (Numerical Weather Prediction) cen-
ters have reported a positive forecast impact with GNSS
RO data (e.g., [38.80,97-99]), despite the fact that the
RO data numbers are low when compared with those
of satellite radiances (major part of satellite data used)
that are assimilated. For example, ECMWF assimilates
around 10 million of conventional and satellite obser-
vations per 12h period, of which 90% are satellite
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radiance measurements, and only around 2% are GNSS
RO-bending angles. The main GNSS RO impact is seen
for upper-tropospheric and stratospheric temperatures.
The GNSS RO measurements are beneficial because
they provide complementary information to the satellite
radiance measurements. Compared with satellite nadir
sounders, the GNSS RO measurements have excellent
vertical resolution and do not require bias correction, so
they anchor the bias correction applied to satellite radi-
ances and help identify NWP model biases [38.100].

Figure 38.19 shows the historical begin of the
assimilation of GNSS RO data from FormoSAT-
3/COSMIC, CHAMP, and GRACE-A on Decem-
ber 12, 2006. The major information is the reduc-
tion/elimination of the ECMWF bias in the background
and analysis temperature (~ 0.2K and ~ 0.4K) and
geopotential height (5—-10m) of the 100hPa pressure
level compared to radiosonde data, which can be re-
garded as truth at these altitudes.

38.2.8 Climate Monitoring

RO observations are well suited for establishing a sta-
ble, long-term record required for climate monitoring
(e.g., [38.82,101, 102]). Key properties for this appli-
cation are: global coverage, high accuracy, high verti-
cal resolution, and independence from weather. Most
important, however, is that the fundamental RO obser-
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vation is a measurement of time (determination of the
signal travel time), which is performed by atomic clocks
with unequaled accuracy and stability. During an oc-
cultation, the GNSS receiver measures the change in
the flight time of the signal transmitted by the occulted
GNSS satellite. The clocks aboard the GNSS trans-
mitters remain synchronized to the most stable atomic
clocks on the ground. The clock in a GNSS receivers
aboard an LEO satellite is synchronized, using the sig-
nals from up to 10 nonocculted GNSS transmitters in
view and is thus tied to the stable ground-based GNSS
time as well. Therefore, an extremely accurate measure-
ment of the signal flight time with long-term stability
can be achieved. Because the fundamental observation
is a measurement of time, RO is a promising technique
for climate monitoring.

The detection of climate trends is enormously im-
portant, especially because of their huge social and
economical consequences, but there is presently no
atmospheric instrument that can meet the stringent cli-
mate monitoring requirements of 0.5 K accuracy and
0.04 K decade™! stability [38.102].

Global Temperature Trends
The upper troposphere and lower stratosphere (UTLS)
are the key regions of the atmosphere with impor-
tant links to the stratosphere—troposphere exchange as
well as climate research. The determination of the
UTLS temperature and tropopause (TP) height trends
is crucial for the monitoring of climate-change pro-
cesses (Sect. 38.2.8). Global high-resolution tempera-
ture observations in the UTLS region are only avail-
able from GNSS RO data. Here the CHAMP mission
has generated the first long-term RO data set (2001-
2008) that is continued with data from other mission
(GRACE, FormoSAT-3/COSMIC, MetOp, TerraSAR-
X). The UTLS region is also the vertical atmosphere
region, where GNSS RO exhibits the highest accuracy
(Sect. 38.2.5), another important property for the use in
UTLS climate studies.

A global pattern of atmospheric temperature trends
between 5 and 25 km is shown in Fig. 38.20. The figure
was derived from CHAMP, GRACE-A, and TerraSAR-
X GPS RO data between 2001 and 2013. The TP
altitude is indicated with a white line. A slight over-
all warming in the upper troposphere (above 5Skm to
the TP) can be observed with largest values in the sub-
tropical region of the southern hemisphere (SH). In the
lower stratosphere from the TP up to 25 km predomi-
nant negative temperature trends (cooling) are detected.
The equatorial TP region and the lower SH stratosphere
reveal warming [38.82, 83, 103].

The results of these studies indicate the great po-
tential of the very precise GNSS data to monitor even
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Fig. 38.20 Global temperature trends in the upper tropo-
sphere and lower stratosphere based on CHAMP, GRACE,
and TerraSAR-X GPS RO data (2001-2013). The solid
white line denotes the mean TP height (courtesy of
T. Schmidt, GFZ)

small atmospheric temperature trends. This is also one
reason for the current use of GPS RO data to validate
a new model system for of mid-term climate forecast,
which is, for example, currently developed in Ger-
many.

To ensure a high data quality, especially for the
RO climate applications, the international RO science
community started in 2009 an important activity. RO
products from different processing centers are com-
pared regularly for the determination of the structural
uncertainty in climate data records and the stability of
trends (Fig. 38.21). These multicenter-based results en-
sure a high quality of the RO data analysis and provide
more complete and reliable climatological information
as derived from the results of only one center [38.85,
86].

The Tropopause:

Indicator for Climate Change
The TP region separates the troposphere and strato-
sphere that have fundamentally different characteristics
with respect to chemical composition and static sta-
bility. Therefore, the determination of TP parameters,
such as altitude or temperature, on a global scale is
an important goal for many branches in atmospheric
research [38.104]. With regard to the current climate
change discussion, TP parameters have received more
attention in recent years since they are used to de-
scribe climate variability and change. The global mean
TP altitude shows an increase in re-analyses and ra-
diosonde observations over the last decades and seems
to be a more sensitive indicator for climate change than
the Earth’s surface temperature [38.105]. Another ap-
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Fig. 38.21 Structural uncertainty in RO temperature
records from different processing centers: DMI Copen-
hagen (yellow), GFZ Potsdam (blue), JPL Pasadena (red),
UCAR Boulder (black), and WEGC Graz (green). Shown
are difference time series of temperature anomalies for
each center (with respect to the all-center mean) for the up-
per troposphere (left) and the lower stratosphere (right), for
northern mid-latitudes (top) and the tropics (bottom). The
overplotted difference trends are close to zero and indicate
the stability of the RO data record (courtesy of A. Steiner,
Wegener Center)

plication area of TP studies deals with the role of the
TP region in the stratosphere—troposphere exchange. In
this context, multiple tropopauses or TP break regions
are important because in these regions most of the ex-
change processes take place (e.g., [38.106]).

One important data source for the determination
of TP parameters is radiosondes. Despite good verti-
cal resolution of the radiosonde data, global coverage is
impossible. In contrast, the RO technique offers both
global coverage and good vertical resolution as well
and is therefore of particular relevance for detailed
TP studies. First GNSS RO results for the tropical
TP region were already published based on GPS/MET
data [38.107,108]. An example for the TP-related in-
vestigations is shown in Fig. 38.22 based on the investi-
gations described in [38.109]. A significant increase of
the global mean TP height of about 6 m/year between
2001 and 2011 was found associated with a warming in
the upper troposphere. This could be an indication for
a warming (extension) of the entire TP (connected with
the cooling of the stratosphere), but longer data sets are
needed to get more confidence of these early GNSS RO
results for climate change research.

Global tropopause height (m)
150
1

100
50
0
50

-100

-150 >
2001 2003 2005 2007 2009 2011 2013
Year

Fig. 38.22 Global TP height trend (black line) based on
CHAMP, GRACE, and TerraSAR-X GPS RO data (2001-
2011). The brown line indicates the monthly mean global
TP height, derived from these RO missions (courtesy of
T. Schmidt, GFZ)

Gravity Waves
Another important and climate change detection related
application of the GNSS RO data is the derivation of
atmospheric wave parameters on a global scale. Most
relevant in this respect are gravity waves (GWs, wave
phenomena, where the force of gravity tries to restore
equilibrium), which play an important role for the gen-
eral atmospheric circulation due to the related transport
of energy and momentum between different regions of
the atmosphere. Therefore, their analysis is of great in-
terest for local weather forecasts and global climate
modeling.

Early studies were initiated with GPS/MET
data [38.110] and focused on vertically propagating
waves. Recent studies (e.g., [38.111]) use much larger
databases from multisatellite constellations and indicate
the potential to derive also horizontal wave properties.
Figure 38.23 shows the momentum flux (MF) distribu-
tion for July as a mean of 4 years (2007-2010) within
the altitude range of 20-25km. High values of MF
along the southern Andes and at the east of the An-
des are due to strong steady west wind crossing the
mountains in that region. In the tropical regions, the
high gravity wave activity, which induces high val-
ues of MF, is due to intense convection. The northern
hemisphere is rather quiet in the local summer, there-
fore showing low MF values (Fig. 38.23). Atmospheric
waves, for example, tides, can also be detected in
spatiotemporal signatures of ionospheric irregularities
(Sporadic E layer), detected using the GNSS RO tech-
nique [38.112].

The Planetary Boundary Layer
Recently scientists recognized more and more impor-
tance of the dynamics of the planetary boundary layer
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Fig. 38.23 Horizontal momentum flux (MF, a measure for
horizontal energy transport by gravity waves) distribution
generated from groupings of three co-located GPS RO pro-
files from the FormoSAT-3/COSMIC mission as 4-year
mean values (2007-2010) for July for the altitude range
of 20-25 km (courtesy of A. Faber, GFZ)

(PBL) inversions to the overall climate system. The
PBL is the lowermost atmospheric layer directly af-
fected by the Earth’s surface. Commonly, the boundary
between this turbulently mixed layer and the stably
stratified atmosphere above is characterized by a tem-
perature inversion and the decrease of relative and ab-
solute humidity, especially in the moist tropics and sub-
tropics. The top of the PBL is sharper and horizontally
more homogeneous in the subtropics, where it is often
called a trade wind inversion, than in the tropics and
over oceans compared to land. The depth of the PBL is
an important parameter for numerical weather predic-
tion and climate models. The key property of GNSS RO

Latitude (°)
90

0 30 60 90 120 150 180 210 240 270 300 330 360
Longitude (°)

for monitoring the PBL is global coverage and high ver-
tical resolution; especially, the top of the PBL is asso-
ciated with sharp vertical refractivity gradients, which
can be clearly identified with GNSS RO (Fig. 38.24).

Several studies from different research groups were
performed in recent years [38.94,113,114]. For ex-
ample, in [38.113], three-year climatologies of mean
PBL heights, derived from GNSS RO (Fig. 38.24) and
ECMWF Reanalysis Interim (ERA-Int), show simi-
lar spatial and seasonal variations, but the GNSS RO
heights were higher by 500 m, and the standard devia-
tion was also higher from GNSS RO, especially in the
tropics, which was analyzed in more detail for various
regions, as the Pacific Ocean and the Sahara desert. The
results suggest that the underlying causes of the bias
between GNSS RO and ERA-Int likely vary from re-
gion to region. Another main result of this study is the
statement that GNSS RO profiles actually contain ver-
tically resolved information above and within the PBL,
information which can be difficult to obtain through any
other satellite measurement.

38.2.9 Synergy of GNSS Radio Occultation
with Reflectometry

Recently, GNSS signals reflected off the surface of
the Earth are in focus of intense international GNSS
research (GNSS-Reflectometry, GNSS-R). These sig-
nals promise a broad range and numerous geophysical
applications for remote sensing (e.g., [38.115,116])
and are in more detail focused in Chap. 40 of this
book. Whereas GNSS atmosphere sounding is already
fully recognized as an established atmospheric remote-
sensing technique, GNSS-R needs more and concen-
trated international research to exploit its full and

Fig. 38.24 Height of the mean global

PBL (resolution 5 x 5°, derived from

five years of GPS RO data from

0 the FormoSAT-3/COSMIC mission
(2007-2011) (courtesy of C.O. Ao,
JPL)
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- unique potential for the remote sensing of water, ice, ) )
] and land surfaces but also for atmosphere/ionosphere Latmghe( )
Fc; sounding. Important milestones for this development

— are the dedicated satellite missions CYGNSS (CYclone 60>
% Global Navigation Satellite System, National Aeronau-

W tics and Space Administration (NASA), [38.117]) and

GEROS-ISS (GNSS Reflectometry Radio Occultation
and Scatterometry aboard the International Space Sta-
tion; European Space Agency (ESA) [38.115]), which
focus on a global application of the GNSS reflectome-
try.

Part of these activities is the investigation of the po-
tential of the carrier-phase interferometry between the
reflected and direct occultation signals (coherent reflec-
tometry), which was initially demonstrated using the
measurements from GPS/MET and CHAMP [38.118—
120], see Fig. 38.25. These studies indicated that sub-
meter sensitivity on the surface heights can formally
be reached with this technique, which offers poten-
tial altimetric applications of ocean and ice surfaces.
Improved and specific GNSS-tracking software prob-
ably can improve this reached accuracy in future with
combined occultation/reflection experiments. A major
advantage of the coherent reflectometry compared to
nadir-viewing reflectometry is that only a low-gain
limb-viewing antenna is required, which allows the ap-
plication also aboard small satellites in future GNSS

38.3 Outlook

Ground- and satellite-based atmosphere sounding tech-
niques with their broad spectrum of applications, espe-
cially in weather forecast and climate change-related
research, were introduced. An overview of the main
applications is presented in Table 38.2. Today many
thousands of continuously operating ground-based sta-
tions exist. Some hundreds are coordinated globally by
the IGS and many more are coordinated on a regional
or local (national) level. For real-time applications such
as weather forecasting, the most important information
is the temporal variations, the timing of moving air
masses. This does not necessarily require an absolute
calibration and homogeneous processing. In this aspect,
the monitoring of the water vapor content over decades,
for climate change studies, is much more demanding in
terms of homogeneous networks and processing in or-
der to draw correct conclusions for the very tiny trends
that are expected.

The ground-based data have so far mainly been ac-
quired from sites on land. Platforms on ships or bouys,
have more logistics involved and suffer of some extent
from the need for simultaneous estimates of the ver-
tical coordinate. The concept has been demonstrated

301z

120 180
Longitude (°)
Fig. 38.25 Geographical distribution of 3783 occultation
events observed between 14 May and 10 June 2001. Blue
dots indicate 2571 observations without reflection signa-
tures; 1212 reflection events are marked as red circles.

Circle diameter is proportional to the reflected intensity
(courtesy of G. Beyerle, GFZ)

remote-sensing constellations. But for such application,
a more detailed evaluation of the accuracy potential of
the coherent reflectometry is required.

(see [38.121,122]) and assuming more efficient data
communication in the future this may offer a much im-
proved global coverage.

Beginning with the initial and very successful
measurements from GPS/MET and by the follow-on
missions, as, for example, CHAMP, GRACE, For-
moSAT-3/COSMIC and Metop, the innovative GNSS
RO method became an established atmospheric remote-
sensing technique within the last two decades. A se-
ries of new missions is planned and will be realized
within the coming years. Our general conclusion is
that GNSS atmosphere sounding, ground as well as
satellite based, underwent a revolutionary development
especially during the last decade and are now fully rec-
ognized atmospheric remote-sensing techniques. This
development is documented by a broad variety of sci-
entific and also operational applications, most visible is
the continuous use of ground- and satellite-based GNSS
data for the improvement of numerical weather fore-
casts since 2006.

The recent GNSS developments will further push
these activities. There are upcoming and modernized
transmitter systems, continuously increasing receiver
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Table 38.2 GNSS meteorology applications for remote sensing of the neutral atmosphere

Application

Weather forecasting

IWYV timeseries

Bending angle/Refractivity profiles
Climate

IWYV trends

Annual and diurnal IWV signals

Global Temperature trends

Tropopause characteristics

Atmospheric research

Atmospheric convection regional scale
Atmospheric waves

Complement other sensors (e.g., infrared)
Large scale atmospheric circulation
Planetary boundary layer

Tropical cyclones

Upper troposphere and lower stratosphere
3D-Distributions of water vapor
Spatiotemporal variability in the IWV

infrastructure, with the extension of ground networks
and more GNSS flight receivers, but probably also new
marine, ground and flight platforms in the near future,
not to forget the everyones receivers such as smart-
phones.

These developments will not only increase the num-
ber of atmospheric GNSS measurements, but probably
also will allow a better data quality. It will further
stimulate the existing applications but probably also
will open the door for new and innovative applications.
GNSS atmosphere sounding is a story of success, which
will be continuously updated.
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