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Summary

This report summarizes progress on task 1 of the “Optimidirecking Strategies for Radio Occultation”
project. Fifty-five refractivity one-dimensional (1D) files and two-dimensional (2D) slices at measurement
locations have been selected, for use in realistic wave®gimulations of GPS radio occultation measure-
ments. The dataset include some cases of challenging neeasoir conditions, such as severe multipath and
de-focusing of the signal. The 1D profiles have been assigreategory number between 1 and 4. Category
1 profiles are considered to be the easiest measurementioonadind category 4 are the most difficult. The
category value of a profile is determined by the maximum otifriy gradient above 100 m. The probability
density functions of the maximum refractivity gradientadd@he geographical distributions of the four cate-
gories, are presented. The results with 1D profiles inditetthe most challenging atmospheric conditions
for GPS radio occultation measurements are cases of lovd dover at low latitudes. In contrast, convective
conditions appear to produce relatively smooth profilescivehould be straightforward to measure.

The 2D dataset enables the impact of horizontal refragtgriadients to be investigated.

1 Introduction

When making GPS radio occultation measurements it is kndweth gome atmospheric conditions produce
complex signal dynamics, which can be difficult for the GP&eieers to track. It is important to test GPS
receiver performance in these situations, in order to haveralerstanding of the measurement errors. The
aim of task 1 of this study is to derive a set of refractivityeedimensional (1D) profiles and two-dimensional
(2D) slices from ECMWF model output, for use in realistic waptics simulations of radio occultation events.
These simulated observations can be used to test GPS recwidels.

ECMWF has tried to include a reasonable number of “challggigprofiles in the dataset. These include cases
where vertical gradients in the water vapour produce sewettpath and de-focusing, and conditions that lead
to ducting of the signals. ECMWF does not have a wave optiogda model, so we have used simplified
geometrical optics bending angle models to help identiséhinteresting cases.

The dataset contains 55 casesEach 1D profile has been assigned a “category” between 1 :aodtdgory

1 is considered the most straightforward measurement tonslj and category 4 is the most difficult. The

probability of finding each 1D category, and their geographdlistributions has been investigated. The results
suggest that the most challenging measurement conditiensases of low cloud in the tropics, rather than
cases with where the vertically integrated moisture isdsirg

The 2D slices provide information on which cases are likelpe affected by horizontal gradients. We suggest
using the variation of the impact parameter along the raly aata means of identifying such cases.

Clearly, the value of this dataset depends on how physicadlijstic the profiles derived from the ECMWF out-
put are, and in particular the representation of the plapdraundary layer (PBL) and low cloud, because these
can lead to difficult measurement conditions. The paramatian of the dry boundary layer and stratocumulus

in the ECMWF model is described by Kohleral. (2011) and comparisons against observations are presented
by Hannayet al. (2009) and Wyanét al. (2010). ECMWEF generally performs well in comparisons witiser-

IThere are actually only 54 cases because of an error whichsy@ase 40 and Case 49 are identical (See appendix)
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vations, when compared with other models. For example, Bhaahal. (2009) state that the ECMWF model
produces the best results in terms of the PBL height an mixinthe “East Pacicific Investigation of Climate”
(EPIC) measurement campaign.

The 1D profile selection process is outlined in sect®nlin section3, we suggest four categories of 1D
profile, and present an example of each category. The pidpatginsity functions of the maximum refractivity
gradients and the spatial distribution categories areepted sectiorl. The corresponding 2D slices will be
discussed in sectidb, and the concluding remarks are given in secon

2 Profile selection

This section describes the 1D profile selection. The profitesderived from operational short-range forecasts
produced with the ECMWF Integrated Forecast System (IFSECE 36R1. This has a spectral resolution of
T1279 in the horizontal, with 91 levels in the vertical, frahe surface up to 0.01 hPa.

Using 1D profiles in simulations studies is clearly a simgdifion, but it has the advantage of removing retrieval
errors caused by horizontal gradients from the inverselgnojand it should be possible to invert the simulated
bending angles with an Abel transform, to recover the oabiefractivity profile. This provides a useful
consistency test for the simulations. Cases where hoakgnadients are likely to have a significant impact
will be discussed in sectiob.

It seems reasonable to assume that the most difficult measateonditions are caused by large gradients of
water vapour producing complex signal dynamics (e.g. Sasidiy, 2003), and the selection methodology has
been based on this assumption. We have selected 55 casdsihishe Appendix. Many of the profiles will

produce complex simulated observations, but a number @drezases have also been included for calibration
purposes. These include measurements in polar regionsrand@serts,where the water vapour content is low.

The 55 cases have been chosen by looking at maps of GRAS anillC@Bservation locations superimposed
on the following fields produced by the model:

e |ow cloud cover

total precipitable water

rain rate integrated over a six hour window

convective available potential energy

surface pressure

The observation locations used in this work are the “repitasige” locations given in the header of operational
BUFR files, and no attempt has been made to include tangenmtt girdfi.

An example of the maps used to identify interesting caseiwé&ngn Figuresl and2 for July 22, 2010. These
show the GRAS (squares) and COSMIC (circles) observatioations superimposed on the NWP fields. For
example, CASE 42 was selectd@ASE_42_al pha_20100722.112647. dat ) using these figures because
it was situated in a region of low cloud cover (latitude@a83.9 (degrees), longitude(lon)=54.6 (degreés))

2All latitudes and longitudes will be given in degrees in théport. The latitudes range from 90 degrees to -90 degrebs. T
longitudes range from 180 degrees to -180 degrees, withainegalue denoting west of 0 degrees longitude.
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Thursday 22 July 2010 00UTC ECMWF Forecast t+12 VT: Thursday 22 July 2010 12UTC Surface: Low cloud cover
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Figure 1: The GRAS (squares) and COSMIC (circles) obsesuwatsuperimposed on the (upper) NWP model low cloud
fraction and (lower) Convective Available Potential Enei@/kg). The cloud fraction is a scalar between 0 and 1,
denoting the fraction of the grid-box covered in cloud.
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Thursday 22 July 2010 00UTC ECMWF Forecast t+12 VT: Thursday 22 July 2010 12UTC Surface: Total column water vapour/Surf: Mean sea level pressure
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Figure 2: The GRAS (squares) and COSMIC (circles) obsemaatsuperimposed on the (upper) NWP model total column
water vapour (kgn?) and (lower) total precipitation (mm) accumulated over Gire The plots also shows the surface
pressure map (hPa).

Task 1



RO Dataset ECMWF

Once an interesting case has been identified, the one-dione@h&I\WP profile information is extracted on the
91 model levels between the surface and 0.01 hPa at the aliserlocation. The refractivity on the model

levels is defined as
776P 3.73x 1CPe

T T T
whereP, T ande are the model pressure, temperature and vapour pressspectigely.

N= (1)

The bending angles are calculated by evaluating the stah@gding angle integral with the ROPP 1D operator
approach (Healy and Thépaut 2006)

w  dim
_ X
a(a) = Za/a )i 22)172 dx 2

wherea is the total ionospheric-corrected bending angle (radljanis the refractive index derived from the
model andk = nr, wherer is the radius value of a point on the ray-path. The bendindgartgservation operator
only assumes a continuous refractivity profile — refrattiviarying exponentially between the model levels —
but does not assume continuous refractivity gradientssactiee model level boundaries. Note that having
continuous refractivity gradients is a standard assumptiavave optics forward models, because wave optics
calculations require the second derivative of the refviagtprofile. The simulated bending angles produced
with the 1D operator are available as part of the profile @dafa® the implications of these different assumptions
can be tested.

Bending angles are calculated with an impact parameteratéma of 25 m, from the surface to 20km. This
vertical sampling is used in order to investigate possibldtipath, de-focusing, and the arrival times for the
the simulated bending angles. The de-focusing factor (bladg 1978)DF, is proportional to the gradient of
the bending angle with respect to the impact parameter,
1

PP T 16a/0a )
assuming the distance between the tangent point and the t E©330km The de-focusing factor is useful,
but it can be noisy and difficult to interpret. An alternatajgproach is to use the bending angle arrival times
can be estimated from the measurement geometry. For thegaugf this calculation, we assume circular
orbits with representative values for the radius and véexof the GPS and LEO satellites. The GPS radius
and velocities are; = 2660(km andv; = 3.9kms ™%, and the corresponding LEO values are= 701%m and
v, = 7.5kmst. For convenience we assume that the satellites move in ippdisections, but this is just
a convention, because the observation operator used tdasinthe bending angles makes no distrinction
between rising and setting occultations, and this assemputoes not affect the interpretation of the arrival
times.

From geometrical considerations, the bending angle (irans)l can be written as
a(a)=0+sin t(a/r)+sint(a/r)—m (4)

enablingf — the angle between the satellites — to be calculated. Wehmamdstimate the arrival time by
dividing the angular separatiofl, by the angular velocity
o 6
a Vt/rt +Vr/rr

wherety is an arbitrary constant, usually taken to be time calcdl&be an impact height of 20 km.

too (5)

Plotting a (t;) at the 25 m impact height sampling rate is particularly use@cause it provides an indication
of multipath, when more than one ray arrives at the receigerfgivent,. It also highlights where signal
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de-focusing is likely to lead to low amplitudes at the reeeinif we interpret the time separation between
consecutive points as being related to the energy in thakigaching the receiver at that time. Some examples
are given in sectio, and see Figur&0in particular for an example of multipath and de-focusing.

3 Suggested Categories

Each 1D profile in the dataset has been assigned a “categalye between 1 and 4. The category value
is determined by maximum refractivity gradient above 100the statistics of this parameter, including the
probability density functions as a function of area and @eaare given in sectiod.

The maximum refractivity gradient indicates how difficultwill be to make a measurement, because large
gradients produce multipath and de-focusing of the sighia& 100 m lower limit is used to screen out surface
ducts.

The four categories used are:

e Category 1(Standard): The maximum refractivity gradient above 10Gness than half that required
for ducting(—)dN/dz< 0.157/2 (N unitsm™1)

e Category 2 (Intermediate): Maximum refractivity gradient above 100i310.157/2 < (—)dN/dz <
0.1(N unitsm™1)

e Category 3(Challenging): Maximum refractivity gradient above 100910il1 < (—)dN/dz< 0.157 (N
unitsm1)

e Category 4 (Elevated Duct): The maximum refractivity gradient abo®® In is(—)dN/dz> 0.157 (N
unitsm1)

An example for each category taken from the 1D profile datavidehow be given.

3.1 Category 1

CASE 3 CASE 03.ref 1d 20100701 114419. dat ) is a GRAS measurement located in Antarctica (lat=-
83.4,lon=81.2) on July 1, 2010 at 11.44 UTC. The occultasitips at an impact height of 3.5 km because of
the height of the orography over Antarctica. The profile aor® a surface duct, and this is an example of a
situation which would have been classified as category 4jthaat been for the 100 m limit when searching
for the maximum gradient. FiguRshows the refractivity derived for CASE 3. The refractiwiglues are low,
because the profile is extremely cold and dry. In fact the maxi refractivity value is only 213 N units. The
bending angle as function of impact parameter is shown inrgig. The bending angle values are low, and
there are no features that would lead to significant muhipatde-focusing. In summary, there are no obvious
reasons why the CASE 3 conditions would be difficult to measand it should be used to calibrate more
difficult cases.

Another interesting example of a category 1 profile is CASHS4e Appendix). In this instance, a GRAS
measurement is located near the centre of the model repaéieanof Hurricane IGOR. The surface pressure
is 978 hPa, and the profile is very moist producing a refragtivalue at the surface of 392 N units, but the
refractivity and bending angle profiles are remarkably siimoo
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Figure 3: The refractivity profile for CASE 3.
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Figure 4: The bending angle as a function of impact paramiteCASE 3.
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Figure 5: The refractivity profile for CASE 7.

3.2 Category 2

CASE 7 CASE_07_ref 1d_20100701.121607. dat )isa GRAS measurement located near Taiwan (lat=21.4,@2h4]}
on July 1, 2010 at 12.16 UTC. It contains high levels of watgpour, and this results in a high value of re-
fractivity at the surface of- 395 N units. However, the refractivity profile is quite smod@Figure5), and

the bending angle profile is reasonably straightforwardyFeés6 and7). This is an example of a case where
extremely high water vapour content does not imply pariduldifficult measurement conditions.

3.3 Category 3

CASE 12 CASE_12_ref 1d_20100701235317. dat )is a COSMIC-5 measurement located at (lat=-6.4,lon=-
85.9) on July 1, 2010 at 23.53 UTC. The location has low cland, the maximum refractivity gradient is 0.137
N unitsm~* about 1.8 km above the surface. The humidity profile deceeesgidly across the temperature
inversion at the top of the cloud, but then increases againtlais leads to conditions where refractivity in-
creases with height (see Fig8ke The refractivity profile produces a very challenging biegdangle profile,

as shown Figur®. The largest bending angle is greater than 0.05 rad, ancktitiriy angle vertical gradients
are large, implying significant de-focusing. Plotting thending angle as a function of arrival time is instruc-
tive, as shown in Figur&0. More than one ray arrives between 12 s to 15 s, implying Bggmt multipath.
There is a gap between 22 s to 28 s suggesting a low amplitude at the receiver, andthieesignal returns.
The gap is associated with bending angles which have a tahgat near the maximum refractivity gradient,
because of atmospheric defocusing of the signal. An altigen@ay to look at this is that the large refractivity
gradients produce large bending angle values, which mtsgedate in the measurement, when the signal to
noise is low, because of the measurement geometry.

In CASE 12, an obvious question is whether the bending areylegng after 40 s are measurable, or are
they lost because of low signal to noise? It should be empbddhat this is not a multipath issue that can
be overcome with a retrieval based on wave optics. Simpleng&ical considerations mean that these large
bending angles arrive late at the receiver (or, equivalentith low Straight Line Tangent Altitude) and they
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Figure 6: The bending angle as a function of impact paramfeteCASE 7.
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Figure 7: The bending angle as a function of arrival time fok&E 7.
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Figure 8: The refractivity profile for CASE 12.

have low amplitude, so they are difficult to measure.

3.4 Category 4

CASE 5 CASE.ref 1d 20100701 235317. dat ) is located at (lat=-29.06,lon=-75.8) on July 1, 2010 at
11.59 UTC. The profile has a ducting layer near 1 km above tHaci(see Figurél). The ducting layer is
caused by the reduction of water vapour across a tempeiat@msion. Ducting layers produce a singularity in
the 1D bending angle integral (the ray bending tends to igfinnd therefore the arrival time tends to infinity)
and it is not possible to calculate the bending angles belmh a layer with the 1D operator. Consequently,
the bending angle calculation stops (Figi2, suggesting the loss of signal. Note how the separatiomdsat

the bending angle arrival times increases in FigiBéefore the signal is lost. We are not able to say anything
useful about the signal at the receiver emerging from belewvducting layer using this simplified approach,
but wave optics codes show that some signal can emerge frlanv bach a layer.

Studies suggest that the well known refractivity bias inttbpics occurs primarily in regions of semi-permanent
stratocumulus that produce ducting conditions (&ti@l. 2010, Von Engeln and Teixeira 2004).

10 Task 1



RO Dataset

CCECMWF

CASE 12

15]

10 -

Tangent height (km)

ol -
0.00 0.02 0.04 0.06
Bending angle (rad)

Figure 9: The bending angle as a function of impact paramfteCASE 12.
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Figure 10: The bending angle as a function of arrival time @ASE 12.
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Figure 11: The refractivity profile for CASE 5.
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Figure 13: The bending angle as a function of arrival time @ASE 5.

Table 1: The globally averaged probability of occurrencetad four categories of refractivity gradient (given as a-per
centage), for the four seasons covering the period Decem#009 to November 30, 2010.

Season| Category 1| Category 2| Category 3| Category 4
DJF 47.7 16.1 22.9 13.3
MAM 45.4 16.7 24.5 13.4
JIA 43.4 18.0 25.5 13.1
SON 44.6 17.2 25.1 13.1

4 Probability density functions of the maximum refractivity gradients

The probability density functions (PDFs) of the maximumiahackfractivity gradients produced by the ECMWF
model have been estimated as a function of season and refi@se PDFs are useful because they indicate
how frequently the challenging measurement conditiondikely to occur. The results presented here suggest
that the frequency of category 3 and category 4 profiles iafgignt.

The PDFs have been derived for the four seasons DJF, MAM, 3d/S®ON for the period December 1, 2009
to November 30, 2010. They have been generated by samplihg&tdred random locations on the earth at
00Z and 12Z each day, resulting in 1000 sampled locationslger

Tablel summarises the percentage of each category found for edleh séasons and the corresponding PDFs
of the maximum gradient are shown in Figur4 The challenging category 3 and category 4 profiles account
for around 24 % and 13 % of the samples, respectively, in eaaba®. It is also found that in 7 % of the
cases refractivity increases with height, as a result ofubldopeak in the humidity profiles. These profiles are
likely to produce considerable multipath, because of tingel@hange in the refractivity gradient with height
(multipath is related to the second derivative of the raivitg profile). In addition, they are not well handled

in the ROPP observation operators where a negative gradiassumed.

Task 1 13
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A breakdown into the latitude bands for DJF is shown in FigléWe will only show the DJF plot in detail in
the remainder of this section, but the main conclusions@uealey valid for other seasons). The largest gradients
tend to be found in the tropics, and consequently the modheoPDF is clearly shifted to higher values. It
also is evident that warmer, moister conditions in the sumimeenisphere tend to produce larger refractivity
gradients, meaning that the gradients in the southern Ipleris are larger than in the northern hemisphere for
DJF. However, it does not seem follow that the largest réfriae and bending angle gradients are correlated
with the largest column integrated water vapour values.at, ffrom a 1D profile perspective, these results
suggest that regions associated with high column integjnatter vapour and large scale convection tend to
produce reasonably smooth refractivity profiles, whichuithdoe relatively easy to measure.

Figure 16 shows the distribution of category 1 and category 2 pointshfe DJF season, superimposed on the
total precipitation produced by the model, averaged oveisdason (Superimposing on to the average column
integrated water vapour would produce a similar picturditpiaely). Each point is the location of a category

1 or category 2 profile on the respective plot. The categorpihte tend to be found in the cold and dry
regions at the higher latitudes, and there is a higher deimsibhe winter hemisphere. However, there is a clear
pattern in the distribution of the category 1 points in thapics, where they tend to be found at the ITCZ,
and generally where there are high moisture levels andpitatiton. Category 1 profiles in the tropics are
associated with convection, and conversely they do notaagpeegions of low cloud produced by large scale
descent. Category 2 points have a lower density than catdgat high latitudes, but follow the same general
pattern in the tropics, being found in convective regions,rot in regions of large scale descent.

Figure 17 shows the spatial distribution of the category 3 and catedoprofiles, superimposed on the the
model low cloud fraction, averaged over DJF. The more chgitegy conditions occur mainly at low latitudes.
The category 3 profiles are distributed more evenly, withcétegory 4 profiles primarily occurring in regions
of semi-permanent low cloud, off the west coast of the cemtis. In DJF, for cloud-fractions 0.95 in the
tropics, the probability of encountering a category 3 oegaty 4 profile increases to 24.1 % and 32.2 %,
respectively (compare with values given Talije Furthermore, category 4 profiles are notably absent from
the ITCZ region. These results confirm the picture that cotiwe produces smooth vertical profiles that are
relatively easy to measure, whereas the refractivity @efilroduced in regions of large scale descent can be
problematic for GPS-RO. We can illustrate this by plottihg PDFs for two regions in the same latitude band
in the Tropics. Area 1 is a low cloud region and it is defined 0 lat > -20) and (-80> lon > -100).
Area 2 is convective region defined as (=tQat > -20) and (-160> lon > -180). The PDFs are illustrated in
Figure18. They are much noisier than earlier PDF plots because thpleamamber is only~ 450, but they
clearly illustrate how the measurement conditions en@redtin a given latitude band in the tropics can differ
considerably as a result of the underlying climatology &figion.
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Figure 14: The globally averaged PDFs of the maximum refvégt gradient for the four seasons, spanning December
1, 2009 to November 30, 2010.
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Figure 15: The PDF of the maximum refractivity gradient fbetnorthern hemisphere extra tropics (dotted), tropics
(solid) and southern hemisphere extra tropics (dashed).
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Figure 16: The spatial distribution of the category 1 andezgiry 2 profiles, super-imposed on the total precipitation
accumulated over 6 hours (mm), averaged over the DJF season.
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Figure 17: The spatial distribution of the category 3 andemgiry 4 profiles, super-imposed on low cloud fraction,
averaged over the DJF season. The cloud fraction is a scagring between 0 (cloud free) and 1 (total cloud cover).
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Figure 18: The PDF of maximum refractivity gradients in Ateésolid) and Area 2 (dotted).
5 Two-dimensional aspects

As noted in sectio2, the 1D refractivity profile dataset is useful because iusthbe possible to forward model
to phase and amplitude using a wave optics propagator, amditikrert this information initially to bending
angle as a function of impact paramete(a), and then back to a refractivity profile using an Abel transfo
Ideally, the refractivity derived with the Abel transformauld agree with the original refractivity profile used
in the wave optics simulations, so the consistency of thatienls of the forward and inverse problems can
be tested. However, GPS-RO measurements are two-dimahsimh measurements. The horizontal scale-
length of a measurement can be estimated to first order bynasguthat the atmospheric refractivity falls
exponentially with height, with a scale height-o®6 km. This implies a Gaussian harizontal weighting function
where approximately 68% of the bending takes place over &d0&ction of path, centred on the tangent point
location. It is therefore useful to quantify how horizomtaliations of the refractivity might affect the signal
propagation. For example, it may be that some sharp vegrealients have a limited extent in the horizontal,
and the wave optics calculations with the 1D profiles overede the signal de-focusing.

A dataset of 2D slices of the NWP model atmosphere, correipgrio the 1D profiles, has been constructed.
The slice is defined by the representative location of themlasion used in the 1D profile selection (section
2), and the azimuthal angle of the occultation, which is Ugugilven in the header of the operational BUFR

file. The azimuthal angle defines the angle of the 2D plandivelto north. Each 2D slice contains a set of 121
profiles separated by 25 km in the horizontal, so the totattwadthe slice is 3000 km. The refractivity of each

profile within the slice is calculated using equatibnNote that the central profile of a slice — profile number
61 — is the refractivity profile information used in the capending 1D file.

The ROPP 2D bending angle operator (Heatlyal. 2007) has been used to simulate the bending angles for
each slice. This calculation is based on a numerical solwfdhe differential equations defining the ray-path
in circular polar co-ordinates @nd6) (e.g., page 149, Rodgers, 2000)

dr

s CoSsQ (6)
dé sing

Frr (")
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dp . 1 on
se=-sm 7+ (3), @

wheres is the distance along the ray-pathis the refractive indexg is angle between the local radius vector
and the tangent to the ray-path. The forward model also atedithe change of the actual impact parameter,

a=nrsing, along the ray path
d(nrsing) <dn>
r

ds ~ \d6 ©

The ROPP 2D operator currently contains two important apprations, which have relevance to this work.
Firstly the bending angle calculation is started from treuaged tangent location, rather than one of the satel-
lites, and no attempt is made to find a ray path that interghetsatellites. The second major assumption is
that the tangent height used in the observation openatas, derived from the impact parameter provided with
the observationg, usingr; = a/n, wheren is the refractive index at the tangent point derived fromNivéP
model state. In reality, the “observed” impact parameiteis related to ther sing values at the GPS and LEO
satellites, rather than the value at the tangent pointilmtaand this is a source of forward model error. It can
be shown that the “observed” impact parameter provided thi¢grobservation is,

a=ya +(1-y)ay (10)

wherea, and ay are the values ofirsing at the LEO and GPS, respectively. The scalar is related to the
measurement geometry and it is typicaly 0.85 for realistic orbits (Healy 2001), and= 1 in the limit where

the GPS satellite is assumed to be stationary. This indo@agent height assignment is also made in the 1D
operator, and therefore it cancels out when looking at sted| (2D minus 1D) bending angle differences,
so these can be misleading when investigating the impacbridntal gradients. Therefore, we suggest that
the variation ofa = nrsing along the ray-path is a more appropriate variable to analysen investigating

the impact of horizontal gradients. We proviti — a) and (a — a) estimates by calculatingrsing at the
endpoints of the simulated ray-path.

Table 3, given in the appendix, lists the largest difference betwi nrsing product at the ray endpoints
and the impact parameter valug, used to calculate the tangent point height, for each profilee sign of

the difference depends on the direction of the ray-pathutiindhe gradients and it is not important here; the
magnitude of the difference is related to the size of theigradntegrated along the ray-path. The differences
include -17 m for CASE 52, and 273 m for CASE 16. The horizongflactivity gradients in the 3000 km
plane for these cases are shown in Figl@e It is evident that CASE 52 has much smoother gradients than
CASE 16. We believe that the information in TalBevill provide a useful indicator as to whether horizontal
gradients are likely to be an important error source in thenged bending angles. However, this is essentially
a retrieval error, it is not clear whether large horizontadients and impact parameter differences imply that
the phase and amplitudes at the receiver will be more ditftouheasure. This will have to be investigated.

6 Concluding Remarks

A dataset of 1D profiles and 2D slices at 54 GPS-RO observi#tications has been produced. The dataset
should be suitable for advanced wave optics simulations.|@tations have been selected to include a signifi-
cant number of challenging conditions.

We have suggested four profile categories for the 1D profilesed on the maximum refractivity gradient found
above 100 m. The PDFs and spatial distribution of the categ@roduced by the ECMWF model have been
investigated and presented. The most challenging cate&yang category 4 profiles account for around 24 %
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Figure 19: The cross section of the refractivity for Case 1@l £ase 22, which have the largest and smallest impact
parameter variation, respectively. The contours are safgt by 10 N units, and 0 km in the horizontal is the location
used in the 1D simulation.
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and 13 %, respectively, when averaged over the globe. Thaltteoccur most frequently at low latitudes
in low cloud conditions, rather than high water vapour. Téw tloud is produced by large scale descent in
this produces sharp gradients in the bending angle, reguttisignificant de-focusing and probable multipath.
Conversely, the easier category 1 and category 2 profilag aogst often at high latitudes, but they also arise in
the tropics in convective regions. It appears that in the dddilp approximation convection produces relatively
smooth profiles of refractivity and, therefore, bendinglang

The inclusion of the 2D slices enables the impact of horialogtadients to be investigated. It is suggested
that the change in impact parameter along the ray-path€Baloln be used to identify cases where horizontal
gradients are likely to cause large retrieval errors. Hagavis unclear whether horizontal gradients produce
more difficult measurement conditions for the receiver, taiglshould be investigated.
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Figure 20: The spatial distribution of the seleced casese@ary 1 are shown in green, Category 2 are blue, Category 3
are red and Category 4 are black.

Appendix

A The Profile Dataset

The profile data set is listed in Tab®e The spatial distribution of the selected cases are show#igire 20.
The change in maximum change impact parameter caused aphtai gradients is given in Tab&

Two errors in the original data set should be noted. Fir&KSE 40 and CASE 49 are identical measurements,
so only one should be used. Both case 40 and 49 are still isdlid Table2 to preserve the numbering
convention used in other work packages.

In addition, the 1D dataset originally contained two CASEs53nly the correct CASE 53 is now listed in
Table2.
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Table 2: The first 25 cases in the 1D profile dataset
Name | WMO Satellite identifier]  Date Time (UTC, hhmmss) lat (deg) | lon (deg) | Category
CASE01 742 20100702 005103 62.22 -18.36 1
CASE 02 745 20100701 111850 -35.44 47.51 1
CASE03 4 20100701 114419 -83.40 81.18 1
CASE 04 740 20100701 115259 12.43 -14.83 3
CASE 05 742 20100701 115902 -29.06 | -75.84 4
CASE.06 4 20100701 120755 38.41 116.39 1
CASE 07 4 20100701 121607 21.40 121.10 2
CASE 08 742 20100701 122734 -61.12 | -16.06 1
CASE09 743 20100701 124358 24.17 7.71 1
CASE 10 743 20100701 125339 25.26 -20.34 4
CASE 11 744 20100701 235625 24.95 -86.34 3
CASE 12 744 20100701 235317 -6.37 -85.90 3
CASE 13 742 20100701 231607 21.47 81.91 2
CASE 14 740 20100701 233043 34.47 116.75 4
CASE 15 742 20100702 111659 -22.46 | -76.51 4
CASE 16 741 20100702 122723 -41.31 | -130.25 3
CASE 17 743 20100702 124305 -15.25 11.41 4
CASE 18 4 20100702 115522 23.50 121.42 3
CASE 19 742 20100702 235621 60.65 -16.38 1
CASE 20 743 20100703 002106 -35.80 | -146.90 1
CASE 21 744 20100703 125841 21.75 79.79 2
CASE 22 744 20100703 115446 -20.74 | -71.30 3
CASE 23 4 20100703 120252 10.54 -54.76 2
CASE?24 4 20100703 123907 -73.07 | -42.51 2
CASE 25 743 20100703 125037 5.14 -161.06 2
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Table 2: The 1D profile dataset continued
Name | WMO Satellite identifier] Date Time (UTC, hhmmss) lat (deg) | lon (deg) | Category
CASE 26 744 20100704 002905 26.89 | -116.80 4
CASE 27 740 20100703 234052 5.47 -50.68 3
CASE 28 4 20100704 005803 1.62 -39.12 1
CASE 29 4 20100704 005913 6.46 -73.14 1
CASE.30 4 20100704 115443 -40.39 | -24.15 3
CASE31 743 20100704 114806 -17.67 8.98 4
CASE 32 4 20100704 125412 19.55 123.71 1
CASE.33 4 20100704 111409 30.30 121.08 1
CASE 34 4 20100704 115047 20.81 -20.46 4
CASE 35 744 20100721 210620 19.78 108.79 1
CASE 36 741 20100721 212016 22.05 90.12 1
CASE 37 743 20100722 130452 34.62 130.82 3
CASE 38 743 20100722 115640 20.07 -19.05 4
CASE 39 745 20100722 121148 -25.43 11.59 4
CASE. 40 743 20100722 114349 21.82 -34.72 4
CASE 41 740 20100722 111813 -41.12 49.97 3
CASE 42 741 20100722 112647 -33.91 54.64 3
CASE 43 744 20100722 121513 30.83 | -137.84 4
CASE 44 4 20100722 115834 46.16 -48.60 3
CASE 45 4 20100722 120017 86.56 39.99 1
CASE 46 741 20100722 112052 29.67 14.51 1
CASE 47 4 20100722 123640 -40.32 | -44.04 1
CASE 48 4 20100722 120448 20.80 -16.30 2
CASE 49 743 20100722 114349 21.82 -34.72 4
CASES0 744 20100825 235214 23.75 -55.30 1
CASE51 4 20100916 124640 20.72 -56.80 1
CASE52 743 20100123 233806 41.79 -69.40 2
CASES53 740 20100123 232651 19.74 74.69 2
CASE54 745 20100123 231220 45.00 -25.25 2
CASES55 744 20100123 231028 -63.52 92.02 2
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Table 3: The maximum change in impact parameter caused bydmdal gradients integrated along the ray-path

n)

Name | Change in impact parameter (I
CASEO01 -152.05
CASE02 -111.99
CASEO03 -12.11
CASE04 -141.97
CASE.05 -27.03
CASE.06 -403.02
CASE07 93.44
CASE08 58.68
CASE09 40.12
CASE. 10 -76.25
CASE 11 -72.61
CASE 12 -188.19
CASE 13 -125.88
CASE 14 73.20
CASE 15 23.18
CASE 16 272.73
CASE 17 -61.64
CASE 18 -259.88
CASE 19 -44.42
CASE 20 67.13
CASE 21 -105.80
CASE 22 -196.73
CASE23 -66.23
CASE?24 28.17
CASE 25 -189.99

26

Task 1



RO Dataset ECMWF

Table 3: The maximum change in impact parameter caused bydmdal gradients integrated along the ray-path contin-
ued.

Name | Change in impact parameter (m)
CASE 26 -83.72
CASE. 27 53.65
CASE 28 -46.68
CASE 29 -94.13
CASE.30 91.56
CASE 31 40.81
CASE 32 -99.63
CASE 33 -257.15
CASE 34 -64.36
CASE 35 -101.50
CASE 36 -49.37
CASE.37 -77.61
CASE 38 -46.44
CASE 39 -66.35
CASE 40 -43.81
CASEA41 -36.44
CASEA42 -111.92
CASE 43 224.73
CASE 44 192.49
CASE 45 63.91
CASE 46 119.86
CASEA47 -137.41
CASE 48 -260.49
CASE 49 -43.81
CASES50 64.24
CASES51 -133.05
CASE52 -16.88
CASES53 67.39
CASEb54 113.42
CASES55 50.29
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