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ABSTRACT: Tropospheric delay affects the propagation of the microwave signals broadcast by the Global Positioning
System (GPS) satellites. Geodetic processing software enable estimation of this effect on the slanted signal paths connecting
the satellites with the ground-based receivers. These estimates are called slant delay (SD) observations and they are
potentially of benefit in numerical weather prediction.

The three-dimensional variational data assimilation system of the High-Resolution Limited-Area Model (HIRLAM 3D-
Var) has been modified for data assimilation of the SD observations. This article describes the ground-based GPS observing
system, the SD observation operator, the estimation of the observation- and background-error standard deviations, the
methodology of accounting for the observation-error correlation, and the tuning of the background quality control for this
observation type.

The SD data assimilation scheme is evaluated with experiments utilizing hypothetical observations from a single receiver
station, as well as a single-case experiment utilizing real observations from a regional GPS receiver network. The ability of
the data assimilation system to extract the asymmetric information from the SD observations is confirmed. In terms
of analysis increment structure and magnitude, SD observations are found to be comparable with other observation
types currently in use, provided that the observation-error correlation is taken into account. Copyright © 2007 Royal

Meteorological Society
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1. Introduction

The geodetic applications of the Global Positioning Sys-
tem (GPS) are based on measuring the carrier phases
of the microwave signals broadcast by the satellites and
received by the ground-based receivers (e.g. Hofmann-
Wellenhof et al., 2001). The measurements are affected
by a number of uncertainty factors. One of these is the
tropospheric effect on the signal propagation, the so-
called tropospheric delay. In the case of a sufficiently
dense network of geodetic GPS receivers, the tropo-
spheric delay can be estimated as a by-product of the
geodetic processing. The tropospheric delay estimates can
be considered as meteorological observations containing
signatures of the atmospheric humidity field, and they
form the basis for the concept known as GPS meteorol-
ogy (Bevis et al., 1992). These scalar-valued observations
have dimension of length. For a near-zenith satellite and
a receiver at mean sea level, the tropospheric delay varies
between two and three metres.
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GPS meteorology provides potential for both subjec-
tive forecasting and nowcasting as well as for the numer-
ical weather prediction (NWP). The latter application is
strongly coupled with the process of data assimilation.
The data assimilation produces the maximum likelihood
estimate of the atmospheric state, which is used as the ini-
tial condition for the numerical forecasts. Development of
NWP systems towards fine-scale atmospheric modelling
sets requirements for the resolution of the observing sys-
tems. Ground-based GPS receivers are recognized as a
potential source of high spatio-temporal resolution obser-
vations of atmospheric humidity. The European meteo-
rological and geodetic communities are collaborating to
advocate the use of the ground-based GPS receiver net-
works as an observing system for future operational NWP
systems (e.g. Elgered et al., 2005; Vedel et al., 2006).
Such a system is now being set up in the E-GVAP
project (EUMETNET GPS Water Vapour Programme,
http://egvap.dmi.dk).

It is not yet known precisely how the GPS measure-
ments should be processed in order to provide the highest
benefit to NWP models. The currently used geodetic soft-
ware support processing of zenith total delay (ZTD),
which is an estimate of the tropospheric delay in a vertical
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column above each receiver station (e.g. Elgered et al.,
2005). By using surface meteorological data of pressure
and temperature, ZTD can be separated into hydrostatic
and wet contributions (zenith hydrostatic delay, ZHD and
zenith wet delay, ZWD), and the latter further converted
into integrated water vapour (IWV) (Bevis et al., 1992).
These estimates are essentially weighted means of the
vertical projections of the corresponding quantities along
the individual slanted signal paths.

It is obvious that part of the meteorological informa-
tion is lost in the ZTD processing. A single ZTD estimate
gives no indication about the azimuthal asymmetry, infor-
mation that is contained in the raw GPS measurements.
This asymmetry is typically most significant in the vicin-
ity of strong horizontal humidity gradients, such as frontal
regions, often accompanying severe weather phenomena
(e.g. Koch et al., 1997). In such cases, the use of the
ZTD estimates can be considered suboptimal. It would
be more beneficial to process the raw GPS measurements
in a manner which conserves the asymmetry. One possi-
bility to achieve this is to estimate the tropospheric delay
along the individual signal paths. Efficient meteorolog-
ical use of such slant delay (SD) observations requires
further development of the data assimilation systems.

So far, the majority of the ground-based GPS data
assimilation experiments have been conducted using the
ZTD, ZWD or IWYV estimates (e.g. De Pondeca and Zou,
2001; Pacione et al., 2001; Vedel and Huang, 2004; Vedel
and Sattler, 2006 and references therein). In general it
is found that the data assimilation of the ZTD has a
weak, but mainly positive, impact on NWP forecasts
of humidity and precipitation. Ha et al. (2003) studied
data assimilation of slant wet delays with hypothetical
data in a mesoscale NWP system. Hypothetical SD
observations were used also by MacDonald er al. (2002)
for diagnosing a three-dimensional humidity field. These
studies show promising results for retrieving the humidity
field on the basis of the SD measurements, even though it
has not yet been demonstrated that the data assimilation
of real SD observations actually improves the NWP
forecast scores.

Methodology for data assimilation of SD observa-
tions has been implemented in the High-Resolution
Limited-Area Model (HIRLAM; Undén et al., 2002) as
preparation for impact studies. This article reviews the
implementation. The variational data assimilation in the
HIRLAM framework is described in Section 2. Section 3
discusses SD as an observation type. The data assimila-
tion aspects specific to SD are covered in Section 4. The
experiments evaluating the SD data assimilation system
are described in Section 5. A summary and the main con-
clusions are given in Section 6.

2. The HIRLAM 3D-Var

The hydrostatic HIRLAM limited-area NWP system
is developed in a co-operation between the national
meteorological services of Denmark, Finland, Iceland,
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Ireland, the Netherlands, Norway, Spain and Sweden
(Undén et al., 2002). There is ongoing co-operation
between the HIRLAM and ALADIN (Bubnova et al.,
1993) consortia aiming at the joint development of a
non-hydrostatic mesoscale NWP system.

The analysis system of HIRLAM is based on the vari-
ational data assimilation technique (Gustafsson et al.,
2001; Lindskog et al., 2001), in either three (3D-Var)
or four dimensions (4D-Var). While the currently opera-
tional implementations use 3D-Var, the 4D-Var set-up is
being fine-tuned for operational use in the near future.

The incremental formulation (Courtier et al., 1994) is
applied in the HIRLAM 3D-Var in order to reduce the
computational load of the analysis problem. The back-
ground field x;, is updated with the analysis increment §x
corresponding to the minimum of the incremental cost
function

J(8x) = l(SXTB—‘ax
2

+%(H[Xb] + Hox — y) 'R (H[xp] + Héx — y),
(D

where y represents the observations, B and R are the
error covariance matrices for the background and the
observations, respectively, and H is the observation oper-
ator producing the model state in observation space.
The incremental formulation allows one to update the
high-resolution background with a low-resolution analy-
sis increment, i.e. the dimensions of x;, and &x need not
be the same.

The incremental cost function (1) is based on the
assumption that H is linear for realistic §x in the
neighbourhood of x,. The linearized version of the
observation operator H is thus applied for projecting the
analysis increment to observation space. Moreover, the
iterative minimization of (1) makes use of the adjoint of
the tangent-linear observation operator H', as seen from
the cost function gradient

VsxJ =B 18x + H'R'(H[xy] + HSx —y), ()

which is calculated at each iteration step.

The analysis increment §x of the HIRLAM 3D-Var
consists of the increments of horizontal wind components
(u and v), temperature (7T'), specific humidity (¢) and
logarithm of surface pressure (In ps). Introduction of a
new observation type requires the development of the
observation operator (H, H, H") and the estimation of
the observation-error statistics for R.

3. Processing of the SD observations

The nominal constellation of the GPS system consists
of 24 satellites in circular orbits with a radius of about
26 600 km. The satellites broadcast a modulated signal on
two carrier-wave frequencies in the microwave domain.
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The most accurate positioning applications make use of
the phase pseudoranges, i.e. phases of the received car-
rier waves. The charged particles at high atmospheric
altitudes affect the wave propagation causing the iono-
spheric refraction. This frequency-dependent effect can
be largely eliminated by computational methods in case
the receiver has a capacity of measuring the carrier-wave
phases at the two frequencies (e.g. Hofmann-Wellenhof
et al., 2001).

The GPS processing deals with the raw pseudo-
range measurements. Within the processing, a number of
unknown parameters are either estimated or eliminated.
The tropospheric delay is one of the contributing effects
in the measurements. It is generally not possible to
directly estimate the SD along each individual signal
path. Therefore, SD processing is usually done as a two-
step procedure (de Haan et al., 2002).

In the first step, ZTD is estimated as part of the geode-
tic network solution simultaneously with the satellite and
receiver positions and the clock errors. Accurate estima-
tion of ZTD requires separation between ZHD and ZWD.
The separation makes use of surface pressure data at the
receiver locations. Pre-defined hydrostatic and wet map-
ping functions (my and m,,) are used for relating the
ZHD and ZWD to the corresponding contributions of
slant delay at zenith angle ¢. Once the zenith delays are
solved, the symmetric part of SD, SDS, is obtained as

SD* =mn(¢) ZHD +myw(¢) ZWD. 3)

In the second step, the least-squares residuals of the
network solution, obtained in the first step, are interpreted
as the asymmetric part of SD, SD?. The final SD is then

SD = SD®* 4+ SD*. “)

The undesirable slowly varying effects of (e.g.) signal
multipath propagation and antenna phase-centre varia-
tions can be reduced by utilizing multipath maps that are
generated by averaging the data over several days prior
to the measurements. Due to the observing geometry, in
high latitudes there are relatively more data available at
large zenith angles.

The SD processing method is still subject to critical
discussions among GPS scientists. The simulation study
performed by Elosegui and Davis (2004) shows that a
large part of the asymmetric information, contained in the
raw measurements, is lost during the processing of SD.
This is a consequence of the least-squares fitting method,
which aims at finding the parameter values that provide
a best fit to all observational data. Obviously, this is a
severe limitation for the information content of the SD
observations and possibly also for their value to the NWP
models.

As the information content of the SD observations
is somewhat questionable, it is critical to assess the
asymmetry properties of the observations before drawing
conclusions from extensive assimilation experiments.
Such an assessment has been conducted recently by
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Eresmaa et al. (2007) from the observation modelling
perspective. The conclusions suggest that the asymmetric
contribution to the SD observations is of the order of
a few parts per thousand of the total SD, and it is
most significant at large zenith angles. Moreover, the
asymmetry contained in the SD observations is found to
be related to real atmospheric asymmetry in the vicinity
of the GPS receiver stations.

Another point of concern is the observation-error cor-
relation, which is expected to be significant. The simul-
taneous processing of all raw delay measurements makes
the ZTD observations in the receiver network mutually
dependent, implying correlated observation errors. Fur-
thermore, several SD observations are generated from a
single ZTD observation. Consequently, the ZTD obser-
vation errors propagate through the mapping functions
to the SD observations making the SD observation errors
correlated at one time instant at one receiver station. This
implies that the corresponding SD observations are mutu-
ally dependent.

4. SD data assimilation characteristics

This section reviews the specific actions taken in order
to enable the SD data assimilation with the HIRLAM
3D-Var system. Since the SD observation operator has
already been discussed in detail by Eresmaa and Jarvinen
(2006), it is described only briefly here.

4.1. Observation operator

The observation operator is built upon the definition

SD = /(n —Dds = 10*6/Nds, (5)

where n is the real part of the atmospheric refractive
index, N = 10° (n — 1) is refractivity, s is the signal path
from the satellite to the receiver and ds is a signal path
element in length units. This definition for tropospheric
delay is commonly used in geodetic literature (e.g.
Hofmann-Wellenhof et al., 2001).

The observation operator consists essentially of three
algorithms. First, the slanted signal path, s, through the
NWP model grid is determined. The signal path is defined
as a set of coordinates (latitude ¢, longitude A and height
above the mean sea level &) for the intersections with
the NWP model levels. The algorithm for the signal path
determination makes use of the concept of geometrical
path (GP) given by the satellite azimuth and zenith angles
corresponding to the satellite—receiver geometry. The
refractive bending of the signal path is taken into account
by an explicit correction on top of the GP approximation.
(Initial tests with an alternative approach for the signal
path determination by ray tracing (Rodgers, 2000; Healy,
2001) seem to produce similar results when applied to
HIRLAM.)

Second, the NWP model state is projected from the
model grid to the signal path intersections using bi-linear
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interpolation in the horizontal. Once the model variables
are interpolated, refractivity N at the intersections is
obtained through

N = kip (ky — k1) gp
T (0.622+0.378¢)T
k
3qp - (6)
(0.6224+0.378¢) T

where p is pressure, T 1is temperature, g is spe-
cific humidity and the empirical coefficients are k; =
77.60 K hPa~!, k, = 70.4 K hPa~! and k3 = 3.739 x
1075 K2 hPa~! (Bevis efal, 1994). Relation (6) is
derived from the ideal gas assumption.

Third, the refractivity is integrated using the model
state variables to yield SD. The refractivity integration is
done layer by layer in the vertical. For each layer of depth
h, the parameters a and b of the exponential function

N = exp(a + bh) @)

are uniquely determined from values of N at the bottom
and the top of the layer. Use of these parameters allows
piecewise analytical integration.

The observation operator has been validated against
observational SD data. The model counterparts are pro-
duced for an SD dataset consisting of nearly 400000
observations with satellite zenith angle cutoff of 80°. The
observations are processed for 17 permanent receiver sta-
tions in Northwest Europe and they cover the time period
1-24 May 2003. The dataset is processed at the Techni-
cal University of Delft, the Netherlands. The root-mean-
square difference between the observed and the modelled
SD is about 2 cm near the zenith and about 10 cm at the
zenith angle of 80°. Also the tangent-linear observation
operator and its adjoint are implemented and evaluated
with appropriate tests.

One practical issue is recognized as a potential problem
specific for the SD observations. Due to the high demands
on the computational efficiency, the current NWP sys-
tems are usually implemented on parallel computers, such
that each processor handles only one geographical area,
i.e. subdomain, at a time. It can occasionally happen that
the SD signal path at a large zenith angle intersects two
or more subdomains. For such observations, the forward
model and the data assimilation code will be significantly
more complicated. In the current HIRLAM implementa-
tion, those observations are simply rejected in the data
assimilation. The drawback from this simple solution is
that the details of parallelization affect the selection of
observations and further the resulting analysis. The par-
allelization of the SD data assimilation in HIRLAM is
still an open technical question.

4.2. Estimation of the error standard deviations

The data assimilation algorithms are derived from the
assumption that the observation- and the background-
error distributions are Gaussian with expectation value
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zero. The observation- and background-error standard
deviations (o, and op) need to be explicitly specified.
In case the assumption of unbiased observations cannot
be justified, a bias correction algorithm also needs to
be implemented. The HIRLAM data assimilation system
does not yet include a bias correction for SD.

The statistical properties of the observation minus
model background (OmB) departures provide the basis
for estimation of o, and o},. The standard deviation of the
OmB departure contains contributions of both the obser-
vation and the background errors. The contribution of the
background error is determinated by the randomization
method (Andersson et al., 2000). This method makes use
of a sample of Gaussian random vectors (here 500), each
representing the background error in the model grid-point
space. The randomization method simulates the propaga-
tion of the background errors from the model grid-point
space to observation space by applying the tangent-linear
observation operator to each of the Gaussian random vec-
tors. The estimation method assumes horizontal homo-
geneity and independence of azimuth angle.

The standard deviation of the OmB departure shows a
strong dependence on the satellite zenith angle (Eresmaa
and Jarvinen, 2006). Therefore, o, and o}, are estimated
separately for nominal zenith angles 0°, 15°, 30°, 40°,
50°, 60°, 65°, 70° and 75°. The estimation procedure is as
follows:

(1) The variance of the OmB departure is calculated at
each nominal zenith angle. Only the departures for
which the zenith angle is within 0.5° of the nominal
zenith angle are used.

The randomization method is applied in order to
obtain the background-error variance at each nominal
zenith angle.

At each nominal zenith angle, the background-error
variance is subtracted from the OmB variance in
order to obtain the observation-error variance. The
observation and background errors are assumed to
be uncorrelated.

0, and o}, at the nominal zenith angles are calculated
as the square roots of the corresponding variances.

2

3)

)

Finally, functional models for o, and o}, are constructed
assuming the form

c

cos¢ +d ®)

f@&)=

as a function of zenith angle ¢. The parameters ¢ and d
are determined separately for o, and o}, using the least-
squares fitting method. The input data for the fitting is
obtained in the form of o, and o}, at the nominal zenith
angles.

The results of the fitting are ¢ = 11.27 mm and d =
—5.669 x 1072 for o,, and ¢ =7.550 mm and d =
2.654 x 1073 for o,. Figure 1 shows the fitted curves as a
function of zenith angle. For all zenith angles, o, exceeds
op. Moreover, the ratio o,/0y, increases with increasing
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Figure 1. Standard deviations of SD OmB departure (solid line), SD
background error (dashed line) and SD observation error (dash-dotted
line) as functions of zenith angle.

zenith angle. This is interpreted as follows. With increas-
ing zenith angle, the SD observation becomes increas-
ingly sensitive to various noise terms, such as the signal
multipath. Such sensitivity is absent from the SD model
counterparts. Therefore, the increase with zenith angle is
faster for o, than for oy,. Consequently, the SD observa-
tions receive relatively smaller weight in the data assim-
ilation than the model background, especially at large
zenith angles.

It should be noted that the randomization method only
projects the background-error statistics from grid-point
space to observation space. The obtained o}, values are
therefore realistic only as far as the background-error
covariance matrix is realistic. An alternative procedure to
compute the error standard deviations based on the NMC
method by Parrish and Derber (1992) has been applied
by de Vries (2006) with generally supportive results.

4.3. Observation-error correlation

As pointed out in section 3, the observation-error cor-
relations of SD are likely to be significant. Observation
errors are assumed to be uncorrelated for most observa-
tion types currently assimilated in the HIRLAM system,
the only exception being the Advanced TIROS Opera-
tional Vertical Sounder radiances (Schyberg et al., 2003).
The observation-error covariance in the HIRLAM context
is estimated for the ZTD (Eresmaa and Jarvinen, 2005). A
covariance model for the SD based on elevation angle and
site separation has been derived by de Vries (2006). The
SD data assimilation system allows specification of the
local error correlation properties between the SD obser-
vations at the same receiver station.

The dimension of the correlated blocks in the R matrix
is of the order of 20 to 200, depending on the assimilation
time-window length and the observation thinning details.
The observation-error correlation is accounted for by
following the procedure introduced in Jérvinen et al.
(1999).
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Let us define the departure d between the analysis and
the observations as

and the effective departure d as
d=R"d.

The observation part of the incremental 3D-Var cost
function (1) then becomes

1 1
J, = —d™R'd = -d"d, )
2 2

and the observation part of the cost function gradient (2)
becomes
VsxJo = H'R 'd = H"d. (10)
Once the observation-error covariance matrix has been
specified, the effective departure is obtained by solving
the linear system
Rd =d, (11)
for d. In the HIRLAM implementation of SD data assim-
ilation, (11) is solved by making use of the Cholesky
decomposition for R, which is positive-definite. This pro-
cedure allows calculation of the cost function and its
gradient in a general case of correlated observation errors.
The sparseness of R, due to (e.g.) the lack of temporal
correlations in the 3D-Var context, makes the decompo-
sition tractable even in the case of many hundreds if not
thousands of observations.

4.4. Observation quality control

The background quality control (BgQC) aims at identifi-
cation and rejection of observations contaminated with
non-Gaussian gross errors. The BgQC will reject the
observation y; if it does not satisfy the inequality

(Hi[xp] — y;)?

<UL, (12)
Ooi + 0

where H;[Xp] is the non-linear model counterpart to y;,
0,.; and oy, ; are the error standard deviations of the obser-
vation and the model counterpart, respectively, and L is
the rejection limit (Jarvinen and Undén, 1997; Lindskog
et al., 2001). The BgQC is tuned in HIRLAM for the SD
observations by specifying L for this observation type.

Andersson and Jarvinen (1999) showed how the rejec-
tion limit L can be tuned using a large number of OmB
departures. First, a normalized departure z; is calculated
for all observations y; as

yi — H;[Xp]
,/cr(ii —}—crlil-
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A frequency histogram of the normalized departures
is then constructed and it is compared with the normal
distribution. Deviations from the normal distribution are
expected to occur at the tails of the histogram; the
rejection limit L will be chosen to correspond to the
normalized departure value at which the frequencies
considerably exceed the expected frequency of the normal
distribution. In order to emphasize these deviations, a

transformation

is applied on the regular histogram. In (14), f and f
are the numbers of data in each bin of the regular and
transformed histograms, respectively. A normal distribu-
tion with zero mean transforms into two straight lines
intersecting at the origin.

Figure 2 shows the frequency histogram and the trans-
formed histogram for the normalized departures of SD at
the zenith angle intervals 25—35° and 65-75°. The num-
ber of observations in the latter interval is almost twice
the number of observations in the former interval. The
transformed histograms coincide with each other. In fact,
the histograms are nearly identical for all zenith angle
intervals (not shown). A simple test (not shown) indi-
cates that a combination of a normal and a flat probability
distributions (5% of sample from the flat distribution)
results in a statistically similar sample to Figure 2. On
the basis of Figure 2, the range of accepted normalized
departures is chosen to be —3 < z; < 3, implying L =9
as a rejection limit.

Variational quality control (VarQC; Andersson and
Jarvinen, 1999) is not applied in the experiments
described in this paper.

(14)

5. Evaluation of the SD data assimilation system

The SD data assimilation system is evaluated using
two approaches. First, analysis increments resulting from
data assimilation of hypothetical SD observations are

4000
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(e} | \
5 2000 \
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2 1000 F ‘
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studied. Second, real SD observations are assimilated
and the analysis increments are compared with the
analysis increments obtained from assimilating either
radiosonde or ZTD observations. The data assimilation
experiments are conducted using HIRLAM with a 9 km
horizontal grid spacing and 40 levels in vertical. The
analysis increment resolution is 44 km. The adopted
physical parametrizations include the Soft Transition
Condensation (STRACO) scheme for cloud condensation
in large and convective scales (Undén et al., 2002). As
part of the system evaluation, a rough estimate is obtained
for the SD observation-error correlation.

An arbitrarily chosen single case, 10 May 2003 at
00 UTC, is used for both experiments. The synoptic
chart for this case (not shown) is dominated by a low
pressure south of Iceland accompanied by a trough at
the 500 hPa level extending to the North Sea. A weak
cold front extends from the south coast of Sweden
to the Netherlands separating the relatively dry air in
Scandinavia from the moister air in Central Europe.

5.1.  Data assimilation experiments with hypothetical
observations

In the first evaluation approach, the analysis increments
obtained from data assimilation of hypothetical SD obser-
vations are studied. A hypothetical GPS receiver is
located at 57.40°N, 11.93°E. In the first run, a single
SD observation at zenith angle zero is passed to the sys-
tem. The observation is chosen such that the OmB is
—30 mm, within the acceptable limits of the BgQC. The
data assimilation of this single observation is expected to
result in negative specific humidity analysis increments
in the region of the observation.

Figure 3 shows the vertical profiles of the specific
humidity background and the analysis increment at the
hypothetical GPS receiver. Most of the humidity lies
below the model level 30. Nevertheless, the analysis
increment is spread throughout the lower troposphere.
The strongest impact occurs at the model level 28
(=800 hPa). The vertical range of the impact extends
from the surface up to the model level 20, (=540 hPa).

G
(6]

\ --- Gaussian /

v B — 65-75 deg a
w 4 \ - /
g 25-35 deg
2
os 3
W <
=)
0w
00 2
LL
%)
Z
= 1
|_

0

4 2 0 2 4
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Figure 2. (a) regular and (b) transformed frequency histogram of the normalized OmB departure for SD at zenith angle intervals 25-35° (bold
dashed line) and 65-75° (bold solid line). The Gaussian distributions (thin dashed lines) are shown for reference.
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Since the observation is a line integral through the
atmosphere and only one observation is assimilated, the
vertical distribution of the analysis increment reflects the
specification of the background-error standard deviations
in the data assimilation system. In the HIRLAM system,
the maximum of specific humidity background-error
standard deviation is close to 800 hPa, in agreement with
Figure 3.

Figure 4 shows the distribution of the specific humidity
analysis increment on the model level 28. As expected,

BACKGROUND SPECIFIC HUMIDITY [g/kg]
6 5 4 3 2 1 0
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Figure 3. Vertical profiles of the background (dashed) and the analysis

increment (solid) of specific humidity at the hypothetical GPS receiver
location.

20°W 0°E
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the maximum impact coincides with the horizontal loca-
tion of the hypothetical receiver. The analysis increment
covers a circular area with radius of about 450 km,
which is interpreted as the effective radius of influence
for a single humidity observation in the HIRLAM 3D-
Var data assimilation system. The analysis increments of
other analyzed quantities are negligible (not shown) due
to the univariate nature of the humidity analysis in the
HIRLAM 3D-Var. Even though the SD observation oper-
ator imposes a dependency between humidity, pressure
and temperature, the impact of SD data assimilation is
mainly in the specific humidity field. This is because the
background-error standard deviation for specific humid-
ity is relatively large compared with those for pressure
and temperature.

The second experiment aims at demonstrating the abil-
ity of the data assimilation system to produce asymmetric
analysis increments from a set of SD measurements at
a single receiver station. It is assumed that eight GPS
satellites are simultaneously observed at the hypothetical
receiver station. The properties of these observations and
the corresponding OmB departures are listed in Table L.
Note that the real GPS satellite constellation will never
provide exactly this observation geometry; it is con-
structed only for the purpose of illustrating the capability
of the SD data assimilation system to extract asymmetric
information. With the NWP model grid spacing of 9 km,
the signal paths of a pair of SD observations at opposite
azimuth angles (e.g. observations 3 and 7 in Table I) are
separated from each other by one grid point at 730 hPa
and two grid points at 520 hPa. The observations are
constructed such that they indicate existence of a sharp
gradient in the humidity background error; in the east
(west), the observed delay is larger (smaller) than the
background delay. The observation errors are assumed
uncorrelated.

20°E

60°N

50°N

Figure 4. The specific humidity analysis increment on the model level 28 resulting from data assimilation of a hypothetical single SD observation
at (57.40°N, 11.93°E). The contour interval is 0.1 g kg~!, negative contours are dashed and the zero contour is omitted.
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Table I. Azimuth («) and zenith angles ()
and OmB departures for the eight hypotheti-
cal observations.

o () 0 OmB

(mm)

1 0 60 0
2 45 60 99
3 90 60 70
4 135 60 99
5 180 60 0
6 225 60 -99
7 270 60 =70
8 315 60 -99

Figure 5 shows the vertical cross-section in the zonal
direction through the hypothetical receiver station. The
analysis increment has a dipole structure with a zero
increment along the vertical at the receiver station. The
signal path of all hypothetical observations is within the
influence radius of the other observations. Therefore, the
positive increments in the east are largely cancelled out
by the negative increments in the west, and vice versa.
The maximum and minimum increments now occur at
the model level 27, i.e. slightly higher in the model
atmosphere than in the single observation experiment
described above. This is understood as a consequence
of the fact that the increments mostly cancel out at low
altitudes, where the signal paths are relatively close to
each other.

The distribution of the specific humidity analysis
increment at the model level 27 (=770 hPa) is plotted
in Figure 6. The analysis impact is consistent with
the observations indicating the sharp gradient in the

10
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background error of specific humidity. It is concluded
that the SD data assimilation system is capable of
extracting asymmetric information from asymmetric SD
observations. Whether this information is present in real
SD observations is another matter.

5.2. Data assimilation experiments with real
observations

The second approach for the data assimilation system
evaluation makes use of real SD, ZTD, and radiosonde
observations. The objective in this experiment is to com-
pare the different observation types in terms of overall
magnitude and structure of specific humidity analysis
increments. Given comparable observing networks, the
analysis increments corresponding to each observation
type should be comparable in a properly tuned data assim-
ilation system.

The SD observations are gathered over a 3-hour period,
centred at the analysis time 00 UTC, 10 May 2003. In
the original dataset, the observations are made every 30 s.
In order to reduce the number of data, only the hourly
observations, valid at the analysis time and £1 hour, are
used. As a result there are 336 SD observations, generated
from 47 ZTD observations, at 16 receiver stations. The
background is taken at appropriate time (the so-called
FGAT option) using 2-, 3- and 4-hour forecasts initiated
at 9 May 2003, 21 UTC.

Concerning the radiosonde reports, all the observed
quantities, including geopotential, temperature, specific
humidity and wind, are assimilated. Only a suitable
subset of all available radiosonde data is used. The
assimilated reports are selected subjectively in such a way
that the resulting radiosonde observing network covers
approximately the same geographical area in Northwest

15 4

20 1

25 1

MODEL LEVEL

30 A

35 1

40

—-1000 -500

0 500 1000

DISTANCE FROM THE RECEIVER STATION [km]

Figure 5. Vertical cross-section of the specific humidity analysis increment resulting from the data assimilation of eight hypothetical SD
observations observed at a single receiver station. The contour interval is 0.02 g kg~!.
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20°E

60°N

50°N

Figure 6. The specific humidity analysis increment on model level 27 resulting from the data assimilation of eight hypothetical SD observations
observed at a single receiver station at (57.40°N, 11.93 °E). The contour interval is 0.02 g kg~!, negative contours are dashed and the zero
contour is omitted.

20°W 0°E

20°E

60°N

50°N

Figure 7. The specific humidity analysis increment on model level 27. Only the SD observations are assimilated, and observation errors are

assumed uncorrelated. The contour interval is 0.2 g kg™!

, negative contours are dashed and the zero contour is omitted. The black dots indicate

the ground-based GPS receiver station locations.

Europe and has a station density similar to the available
GPS receiver network. The total number of assimilated
radiosonde reports is 13 with 450 in situ humidity
observations on different pressure levels.

5.2.1. Tests with uncorrelated observation errors

The experiment consists of performing a set of analy-
ses with different observations but with the same back-
ground. In the first analysis, only the SD observations
are assimilated, assuming uncorrelated observation errors.
In the second analysis only the radiosonde observations
are assimilated, also assuming uncorrelated observation
errors. The specific humidity analysis increments cor-
responding to the two analyses are shown in Figures 7

Copyright © 2007 Royal Meteorological Society

and 8 for the model level 27. The dots in these figures
indicate the locations of the GPS receiver stations and the
radiosonde stations, respectively. The two analysis incre-
ments show similar structures. For instance, the positive
and negative increments in the middle of the observing
network occur in nearly the same locations. It is con-
cluded that the two observing systems recognize the same
error in the background humidity field. However, the
magnitude of the SD analysis increment is larger than the
magnitude of the radiosonde analysis increment through-
out the area.

In the third analysis, only the ZTD observations
are assimilated, again assuming uncorrelated observation
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Figure 8. As Figure 7, but only the radiosonde observations are assimilated. The black dots indicate the radiosonde observation locations.
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Figure 9. As Figure 7, but only the ZTD observations are assimilated.

errors. The magnitude of the resulting specific humidity
analysis increment (Figure 9) is reduced compared with
the SD analysis increment (Figure 7), but the general
shape remains similar. There are variations in the relative
magnitudes of the maxima and minima, which are
probably due to the variations of the ratio between
the numbers of available SD and ZTD observations in
different parts of the observing network.

5.2.2.  Tests with correlated observation errors

The effect of specifying the SD observation-error corre-
lation is studied next by performing a number of analy-
ses. The observation-error correlations between different
receiver stations are assumed zero. The observation-error
correlation between any two observations from the same
receiver station is accounted for and characterized by a

Copyright © 2007 Royal Meteorological Society

positive correlation coefficient p. The elements of the
observation-error covariance matrix R are determined by

iti # Jj,

Rij = p0,,i00,;
ifi = J,

Ri,]' =05

where o0,; and o, ; are the specified observation-error
standard deviations for observations i and j, respectively.
Setting p =0 implies uncorrelated and p =1 fully
correlated observation errors.

The effect of varying p on the analysis is studied.
With increasing p, the magnitude of the specific humidity
analysis increment decreases systematically (not shown).
The decrease is not uniform; in this single analysis, it is
steeper above southern Germany than above the North
Sea. The structure of the SD analysis increment with
increasing SD observation-error correlation approaches
that of the ZTD analysis increment.

Q. J. R. Meteorol. Soc. 133: 969-980 (2007)
DOI: 10.1002/qj



DATA ASSIMILATION OF GPS SLANT DELAYS

By comparing the analysis increments corresponding
to different values of p with the analysis increment
corresponding to radiosonde or ZTD data assimilation,
it is concluded that a reasonable value for p appears to
be somewhere between 0.3 and 0.5. The value 0.3 is
chosen here as the most conservative value, i.e. p = 0.3
is the smallest observation-error correlation that appears
to reduce the unrealistically large magnitude of the SD
analysis increment. Figure 10 shows the corresponding
analysis increment. The magnitude of the increment is
now comparable with both the radiosonde and the ZTD
analysis. Note that this correlation coefficient estimation
is not intended to be conclusive, but rather a test of the
sensitivity of the SD data assimilation system on assumed
local SD observation-error correlation. Error correlation
between SD observations from different receiver stations
is also neglected at this stage.

Finally, the experiment with eight hypothetical obser-
vations from a single receiver station is repeated with
p = 0.3. The dipole analysis increment structure is pre-
served. It is concluded that by taking the observation-
error correlation into account, the data assimilation sys-
tem is equally capable of extracting asymmetric informa-
tion from SD observations.

6. Conclusions

This article describes the system development for data
assimilation of the SD observations in the framework of
the HIRLAM 3D-Var system. The system development
consists of constructing the observation operator, estima-
tion of the standard deviations for the observation and the
background errors in observation space, implementation
of the method to account for the observation-error cor-
relations and tuning of the background quality control.
The evaluation of the SD data assimilation system is per-
formed with experiments using hypothetical and real SD
observations as well as radiosonde observations.

20°W 0°E

979

The experiments with hypothetical data show that
the data assimilation of the SD observations results in
reasonable specific humidity analysis increments. As one
of the main benefits of the SD observations lies in their
ability to capture fine-scaled asymmetric atmospheric
humidity structures, it is encouraging to note that the data
assimilation system is able to retrieve the asymmetric
information contained in the hypothetical observations
(Figures 5 and 6).

Real SD observations are assimilated in an arbitrar-
ily chosen single case. The resulting specific humidity
analysis increments have a similar spatial structure to
those obtained with a comparable radiosonde or ZTD
observing networks. However, assuming uncorrelated SD
observation errors leads to too large analysis increments.
The analysis increment is decreased to a proper level, as
determined by the analysis increments corresponding to
radiosonde and ZTD observations, by accounting for the
local error correlation between the SD observations from
a single receiver station. As a rough estimate, a value
of 0.3 is concluded to be appropriate for the correlation
coefficient. The error correlation between the SD obser-
vations from different receiver stations is neglected in
this study.

The data assimilation system will be subject to fur-
ther development issues. These are planned to include a
detailed investigation of the SD observation-error statis-
tics, implementation of a bias-correction algorithm, and
modification of the program code in order to enable
parallel computing in a proper way. Furthermore, it is
becoming evident that the current methodology for SD
processing does not fully support the SD data assimi-
lation (Elosegui and Davis, 2004). Emphasis will there-
fore be put on the processing methods in order to make
best possible use of the inherently asymmetric atmo-
spheric measurements at the ground-based GPS receiver
stations.

20°E

60°N

50°N

Figure 10. As Figure 7, but the SD observation-error correlation coefficient is set to 0.3.
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