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Abstract

Radio occultation experiments have been simulated for the Arctic region on the basis of the regional atmospheric model

HIRHAM4. Irregular structures in the atmosphere produce a violation of the quasi-sphericity in the radio signal propagation and

exert a strong influence on the accuracy of atmospheric profiles retrieved by the radio occultation technique. Errors in radio

occultation data are spatially localised and associated with gradients in atmospheric structures. Local errors reach 2% in retrieved

profiles of refractivity corresponding to an error of 6 K in temperature. Therefore mesoscale variations in atmospheric parameter

gradients in a specified region must be taken into account when interpreting radio occultation data.

We show, that a correction functional can be developed using the refractivity index field calculated from the regional model in

order to improve the radio occultation retrieval of atmospheric parameters. This functional is constructed from instantaneous model

outputs, as well as from temporally averaged fields of refractivity using data of the HIRHAM4 model for the Arctic atmosphere.

The correction functional derived from monthly averaged data reduced the retrieval errors of refractivity, temperature, and pressure

in the troposphere, in particular, temperature retrieval errors are reduced up to 1 K. Application of this kind of functional depends

on whether the model used for the construction of the functional is able to simulate the real mesoscale atmospheric structures.

� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Satellite radio occultation (RO) data are effectively

used for the derivation of vertical profiles of meteoro-

logical parameters and for the estimation and verifica-

tion of meteorological data and Earth climate models.
Low-orbiting satellites with GPS receivers, like GPS/

MET, CHAMP and Oersted, allow to reconstruct pro-

files of atmospheric parameters by means of the occul-

tation technique. Of particular importance is the use of

the occultation techniques in the Arctic region due to

coarse observational data.

A classical method for the profile reconstruction is

based on the Abel transform, assuming a quasi-spherical
atmosphere. The reconstructed atmospheric profiles

of a non-spherical atmosphere are ‘‘averaged-weighted’’

profiles. A comparison of the capabilities of the various
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diagnostic systems was performed by Gorbunov and

Kornblueh (2001). If the employed atmospheric model

adequately describes the real atmosphere, the calculated

profiles will agree with the experimental ones. The

comparison of the ‘‘averaged’’ profiles with the experi-

mental ones allows to intercompare different models of
the atmosphere and to verify and validate the data

produced by these models. Also other methods exist for

such a data analysis, for example the non-linear optimal

estimation inverse method (Palmer et al., 2000) and the

four-dimensional variation (4Dvar) method (Zou et al.,

1999).

When RO data are used, reconstructed height profiles

of the refraction index and corresponding atmospheric
parameters are contaminated by errors. Significant error

sources are tropospheric gradients in the atmospheric

fields, multi-path propagation of the signal due to the

complex mesoscale structure of the humidity field,

influence of the ionosphere and irregular ionospheric

structures. The appearance of multi-path propagation is

typical for tropical regions where most of the occulta-

tions observed by the GPS/MET and CHAMP missions
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do not reach the Earth’s surface. In the Arctic region,

however, the atmospheric humidity is generally low and

multi-path propagation is encountered quite seldom.

Due to this fact, the quality of tropospheric data is much

higher in the Arctic.

The most significant error source for the reconstruc-

tion of atmospheric parameters in the Arctic tropo-
sphere are horizontal gradients. These gradients will be

discussed in the present paper. The analysis is carried

out by means of numerical simulations based on the

regional model HIRHAM4 that has a high horizontal

resolution in space (see Fig. 1) and time. The Arctic

region is marked by a pronounced orography with

mesoscale features. This orography is used in the model

and allows the realistic examination of radio occulta-
tions. The error sources including horizontal gradients

in the atmosphere were previously discussed in some

publication (e.g. Kursinski et al., 1995, 1997; Bengtsson

et al., 1996; Rocken et al., 1997; Gorbunov and Soko-

lovskiy, 1993, 2001; Zou et al., 1999; Healy, 2001;

Palmer et al., 2000; Healy and Eyre, 2000).

Here we propose the methods to correct vertical

atmospheric profiles by using the instantaneous or
averaged field of index of refraction produced by the

HIRHAM4 model. The presence of irregular structures

in the region under study is characterised by gradients in

the corresponding fields. A series of different approaches

for GPS data analysis and/or assimilation have been
Fig. 1. The area covered by the regional model HIRHAM4. Black

squares indicate the locations of weather stations. x- and y-axes give

the indices of the model grid points. The model covers an area of

5500· 5000 km which corresponds to 110· 100 grid points. The point

ð1; 1Þ has the coordinates (53.5� N; 44.72� W), the point ð110; 1Þ has

coordinates (53.85� N; 44.23� E), the point ð1; 100Þ has coordinates

(53.82�N; 134.62�W), and the point ð110; 100Þ has coordinates (53.17�
N; 135.11� E).
proposed earlier. Such general approaches are based on

minimizing the corresponding functionals including the

measured refraction angle, or the difference between

model and retrieved values of refractivity (Zou et al.,

1999). However, in some regions where refraction fields

have comparatively stable spatial structures with typical

gradients, simplified approaches to the correction pro-
cedure are applicable. Such a simplified approach is

proposed here, involving no variation procedures that

require considerable computation time. Our approach is

based on the construction of a correction functional

using the HIRHAM4 model data. Applying this func-

tional to real experimental data depends on whether the

model is able to simulate the real mesoscale atmosphe-

ric structure.
2. Regional atmospheric model HIRHAM

Dethloff et al. (1996) and Rinke et al. (1999) integrated

the regional atmospheric model of the Arctic HIRHAM4

with a high horizontal resolution of around 50 km. This

model was driven at the lateral and lower boundaries by
time-dependent ERA data (Gibson et al., 1997). It cap-

tures the horizontal mesoscale structures of atmospheric

circulation patterns and storm tracks with very high

accuracy, as estimated in Dethloff et al. (2002). They

showed that the HIRHAM4 model reasonably repre-

sents the synoptic situations that lead to precipitation in

the Arctic and around Greenland. Maxima of precipi-

tation and accumulation occur at the south-western and
south-eastern coasts of Greenland and are connected

with cyclonic activity and the main storm tracks around

Greenland. The state-of-the-art model HIRHAM4 rep-

resents the spatial variations of Greenland precipitation

quite realistically since it is able to reasonably represent

the synoptic situations that lead to precipitation.

Further results of model simulations in the Arctic, the

validation against ECMWF analyses and station data,
and intercomparison with the regional model ARCSyM

over the Arctic were described by Dethloff et al. (1996),

Rinke et al. (1997, 1999, 2000), and Kattsov et al.

(2000). The sensitivity of the Arctic atmospheric simu-

lations to initial and boundary conditions was investi-

gated in Rinke and Dethloff (2000).

The following output parameters of the model have

been used:

1. The field of the atmospheric pressure pð0Þij in r-coordi-
nates that allows to compute the pressure at 19 vertical

levels of the model up to 25 km height, in accordance

with the equation pðkÞij ¼ rk � pð0Þij where the pressure at

the level k in the grid point ði; jÞ is defined through the

pressure at the ground level and the coefficients rk

given in the model, while 16 i6 110, 16 j6 100 and
0 < k6 19.
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2. The fields of temperature T ðkÞ
ij and humidity wðkÞ

ij at the

same 19 model levels are provided with a 6-h tempo-

ral resolution.

The system of equations of momentum, heat, state

and continuity used in the model is solved on a hori-

zontal grid with a 50 km mesh. The area covered by the

model in the Arctic region is 5500 · 5000 km which
corresponds to 110 · 100 points. Geographic coordinates

of the HIRHAM4 region are indicated in Fig. 1. The

point ð1; 1Þ has the coordinates (53.5� N; 44.72� W), the

point ð110; 1Þ has coordinates (53.85� N; 44.23� E),

the point ð1; 100Þ has coordinates (53.82�N; 134.62�W),

the point ð110; 100Þ has coordinates (53.17� N; 135.11�
E), and the point ð56; 51Þ corresponds to the North Pole.

Positions of main weather stations are shown in Fig.
1 by small squares. Radio occultation data is recorded in

this region currently by two satellites, Oersted and

CHAMP. They can provide data with high temporal

and spatial resolution in this region.
Fig. 2. The geometric scheme of a radio occultation. ‘‘GPS’’ indicates

the GPS satellite with the sender, ‘‘LEO’’ indicates the Low Earth

Orbiter satellite with the GPS receiver, a gives the refraction angle (see

text).
3. The radio occultation method

The RO method is known as a source of information

about the height profile of the refraction index (Fjeldbo

and Eshleman, 1965; Phinney and Anderson, 1968). In

the simplest scheme of the occultation technique, one

satellite is observing radio rise or radio set of another

one, which carries a transmitter of electromagnetic

waves. In the experiment the amplitude and group de-

lays are measured as well as phase delays, that are
connected with the Doppler refraction frequency shift

on the GPS frequencies of L1 ¼ 1:57542 GHz and

L2 ¼ 1:2276 GHz. The vertical profile of the refraction

angle is related to the profile of the refraction index

through the Abel transform under the assumption of

spherical symmetry. From the latter one can obtain the

height profiles of density, temperature and pressure in

the atmosphere and the electron concentration in the
ionosphere.

This method is of special importance for monitoring

the state of the atmosphere (Kursinski et al., 1995;

Rocken et al., 1997; Kursinski et al., 1997) and the

ionosphere (Leitinger et al., 1997; Hajj and Romans,

1998; Schreiner et al., 1999; Syndergaard, 2000).

The simulation scheme takes into account the influ-

ence of inhomogeneous atmospheric and ionospheric
structures on the signal (Vorob’ev and Krasilnikova,

1993; Gorbunov, 1994, Zakharov and Kunitsyn, 1998),

and multi-path propagation in the media (Gorbunov

and Gurvich, 1998; Zakharov and Kunitsyn, 1999;

Gorbunov, 2001). The wave optics approach was used

by Gorbunov (2001) and Gorbunov and Kornblueh

(2001) to reproduce more accurately multi-path propa-

gation effects.
3.1. Solution of the forward problem

The equation for the ray propagating in a medium

with a spatial distribution of the refraction index nð~rÞ
in Cartesian coordinates takes the well known form

d2~r
ds2

¼ nrn; ð1Þ

where the introduced symbols are used in ordinary

sense: the coordinate vector~rðsÞ ¼ fxðsÞ; yðsÞ; zðsÞg of a

ray trajectory is defined by the parameter s, ds ¼ ds=n,
where s is the coordinate along the length of the ray
path. Eq. (1) can be solved for a given distribution of

nð~rÞ numerically by means of a Runge–Kutta–Feldberg

method of 4th order with an adaptive choice of the

integration step (Forsythe et al., 1977). Boundary con-

ditions are defined by the position of the satellites. The

refraction angle a is determined as the angle between

vectors tangential to the trajectory in the points of sa-

tellite locations of the GPS transmitter and the low earth
orbital receiver (LEO). The superscript t denotes the

tangential component of the vector, where the roof sign

denotes the angle between the vectors, see Fig. 2.

aðpÞ ¼ ð~utGPS;~u
t
LEOÞ: ð2Þ

The impact parameter p is obtained from the ray re-

fraction law, and the formula for determining this

parameter can be written as

p ¼ nð~rGPSÞ � j~rGPS �~utGPSj
¼ nð~rLEOÞ � j~rLEO �~utLEOj; ð3Þ

and, with sufficient accuracy, one can set nð~rLEOÞ ¼
nð~rGPSÞ ¼ 1. Calculations of the Doppler shift were

carried out in accordance with Vorob’ev and Krasil-

nikova (1993) for each operating frequency transmitted
from the GPS satellite. The error in simulating the for-

ward problem was determined from the relative error of

the integration and was less than 10�10. This value cor-

responds to an absolute value less than 2–3 mm. In the
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case of a spherically symmetric medium, this error will

produce a 0.1% reconstruction error for the profiles

of atmospheric parameters.
3.2. Calculation of the refraction index field

To solve Eq. (1), one has to define the spatial field of
the refraction index distribution nð~rÞ. The atmospheric

output fields from the HIRHAM4 model were used.

They include fields of pressure pðkÞij , temperature T ðkÞ
ij , and

humidity wðkÞ
ij at all 19 height levels at altitudes up to

25 km.

The refraction indices at the grid points of the model

can be calculated in accordance with the known rela-

tionship (Bean and Dutton, 1968)

nðkÞij ¼ 1þ N ðkÞ
ij ¼ 1þ c1 �

pðkÞij

T ðkÞ
ij

þ c2
pðkÞWij

T ðkÞ
ij

� �2
; ð4Þ

where the numerical values of the parameters are
c1 ¼7:76 � 10�5 KhPa�1, c2 ¼ 0:373 K2 hPa�1. Function

pðkÞW ;ij which describes the water vapour pressure at a

given temperature T ðkÞ
ij and humidity wðkÞ

ij is defined as

pðkÞW ;ij ¼
wðkÞ

ij � pðkÞij

Rdw þ ð1� RdwÞ � wðkÞ
ij

;

where Rdw ¼ Rd=Rw ¼ 0:622 is a ratio of the gas constant

for dry air Rd to that for humid air Rw.

To determine the geometric height z in the atmo-

sphere, a reference geoid was used in the model. Geo-

metrical difference in altitudes between two height levels

z2 � z1 for the pressure levels pðz1Þ and pðz2Þ set in a

model respectively, are determined as (Wallace and
Hobbs, 1977)

z2 � z1 ¼
Z P2

P1

Rd � gðz;u; kÞT
dp
p
; ð5Þ

where gðz;u; kÞ is the gravity acceleration as a function

of the height z, latitude u and longitude k.
The height dependencies of the calculated refraction

index were obtained for each grid point ði; jÞ. In the
calculated height profiles, certain basic height levels

have been chosen, to provide convenience for further

processing and to minimize the interpolation errors.

The number of levels can vary within some limits but

does not exceed 32. The refraction index values at

these levels for a fixed grid point ði; jÞ are determined

by a cubic spline function built over the whole en-

semble of the data obtained in accordance with (5).
Outside the region where the data were delivered by

the HIRHAM model, CIRA data were used up to 80

km altitudes (Rees, 1988). Ionospheric influences are

considered by using the IRI-95 model (Bilitza, 1990;

http://nssdc.gsfc.nasa.gov/space/model/models/iri.html).
To calculate the ray trajectory when solving Eq. (1), it

is necessary to obtain the refraction index values at an

arbitrary point inside the region described in the HIR-

HAM model. For this purpose, a bicubic spline inter-

polation scheme (Ahlberg et al., 1967) was constructed

on the spatial grid of the data for their approximation.

The used approximation provides continuous values of
the function nð~rÞ and its first derivatives onð~rÞ

ox ,
onð~rÞ
oy ,

onð~rÞ
oz .

3.3. Solution of the inverse problem

In modelling the forward problem (1)–(3), the

dependencies of the refraction angle a on the impact

parameter p were obtained for two sounding frequen-

cies. Correction for the ionospheric influence on recon-
structing the atmospheric profile was carried out using

the two-frequency method (Vorob’ev and Krasilnikova,

1993). The use of the Abel transform assuming spherical

symmetry of the atmosphere allows the reconstruction

of the height profile of the refraction index (Fjeldbo

and Eshleman, 1965; Phinney and Anderson, 1968),

niðaÞ ¼ exp
1

p

Z H

a

aiðpÞdpffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 � a2

p
" #

; a ¼ rniðzÞ; ð6Þ

where H P 80 km is the upper boundary. The inverse

problem was solved according to the known relationship

(6), which comprises the reconstruction of the height

profiles of the parameters of the neutral atmosphere and

of the electron concentration in the ionosphere. Local

hydrostatic equilibrium was assumed and the equation of

state was used. The obtained profiles of nðxÞ and mete-
orological parameters were compared to the model ones.
4. Discussion of main results

Firstly, we analyse the fields of gradients of atmo-

spheric parameters and their influence on the gradients

of the refraction index. This allows to estimate the ef-
fects such gradients can have on the retrieval of atmo-

spheric parameters by the RO technique. Then we

simulate RO events and determine their errors. Finally,

a method for correcting the RO refractivity index pro-

files (a correction functional) is developed and the

functional is derived for the monthly averaged data

of February 1997.
4.1. Analysis of atmospheric parameter and refractive

index gradients

Using data from the atmospheric model HIRHAM4,

we have calculated fields of the spatial gradients of

refractivity N , as well as of the atmospheric para-

meters temperature T , pressure p and humidity w. Fig.
3 provides examples of cross sections and maps of

http://nssdc.gsfc.nasa.gov/space/model/models/iri.html


Fig. 3. Cross sections (left row, subplots a1–a4) and horizontal fields at 1000 m altitude (right row, subplots b1–b4) for the gradients of four

parameters, namely oN=ox, oT=ox, op=ox, and ow=ox as calculated with the HIRHAM4 model for 1 February 1997. The cross sections are along the

y-axis at grid points x ¼ 60, the altitude scale is indicated in geometric height H [m] and in pressure p [hPa], while the horizontal fields (maps) give the

gradients at the model height level 4, which is at 1000 m.
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these gradients for the data of 6 UT, 1 February 1997.

Figs. 4 and 5 display the errors induced by these gra-

dients on the simulated RO experiments, presented for

two height levels in Fig. 4 and for two cross sections

in Fig. 5.

We find that the different gradients rN , rT , rp, rw
have a similar structure. The amplitudes of changes in
the refraction index gradient decrease with increasing

height. The relief structure (land and ocean areas,

coastal lines and mountains) produces traces with spe-

cific horizontal and vertical gradients up to the tropo-

pause level at about 10–12 km altitude. The behaviour

of the gradients o½n; T ; p;w�=oy is similar to those for

o½n; T ; p;w�=ox. Monthly averaging distinctly reveals

structures stable in time, like the zones associated with
the intrusion of warm humid air masses to the Green-

land coast and along the Gulf stream. These stable zones
Fig. 5. Altitude distribution of the relative error of the reconstructed refractio

y-axis at grid points x ¼ 60 (left plot) and along the x-axis at grid points y ¼
along the cross sections.

Fig. 4. Horizontal distribution of the relative error of the refraction index a

3000 m (right plot) for the data of 1 February 1997. Black and grey contou
can be traced through various height levels and in the

maps of simulated errors of the RO experiments, when

comparing Figs. 3–5. Table 1 provides numerical values

of the gradients with minimum, maximum, and most

probable numbers with the occurrence probabilities

at altitudes of 1, 3 and 8 km.

The analysis of instantaneous data with the time
resolution of 6 h, and for daily, weekly or monthly

averaged data shows that the reconstruction errors

produced by atmospheric gradient structures can reach

6 K in temperature. The reconstruction errors increase

at low altitudes below 4 km, due to the influence of

the orography and of the humidity component on

the accuracy of reconstruction of other atmospheric

parameters. This analysis allows to develop a correction
functional for RO data in regions with inhomogeneous

structures (see Section 4.3).
n index for 1 February 1997 along two cross sections, namely along the

15 (right plot). Black shadows sketch the profile of the Earth’s surface

t model height levels 4 and 8, corresponding to 1000 m (left plot) and

r lines indicate the Earth’s orography.



Table 1

Values of studied gradients at altitudes 1, 3, and 8 km (min, max, most probable, rms)

1 km 3 km 8 km

oN=oz [N -units/km]

min/max )93/3 )29/)19 )21/)13
most probable value )35 )23.5 )18
rms 9.8 1.8 0.91

oN=ox [N -units/km] )0.4/0.5 )0.023/0.037 )0.015/0.017
)0.0005 )0.0003 )0.001
0.01 0.005 0.004

oN=oy [N -units/km] )0.4/0.6 )0.2/0.3 )0.1/0.047
)0.0003 )0.0004 )0.001
0.01 0.006 0.005

op=oz [Pa/km] )120/25 )96/)80 )55/)48
)11 )89 )52
32 5 2

op=ox [Pa/km] )11/13 )0.25/0.36 )0.39/0.039
)0.02 )0.2 )0.03
0.01 0.01 0.008

op=oy [Pa/km] )12/20 )0.5/0.2 )0.36/0.085
)0.04 )0.05 )0.05
0.01 0.012 0.011

ow=oz [g/kg/km] )631/39 )0.009/0.063 )4.89E)05/2.46E)06
)0.2 )0.002 )1E)005
0.4 0.002 0.005

ow=ox [g/kg/km] )6/5 )0.0032/0.0033 )1.44E)04/1.53E)04
)1E)06 )2E)05 )4E)05
1.5E)06 8E)04 2E)05

ow=oy [g/kg/km] )6/6 )0.022/0.0082 )1.93E)04/2.01E)04
)2E)06 )2E)05 )2E)05
1E)03 8E)04 2.7E)05

oT=oz [K/km] )9/3 )11/)1 )9/3
)3 )6 )3
3.6 1.7 2.3

oT=ox [K/km] )0.8/0.5 )0.04/0.03 )0.019/0.02
)0.0004 0.0004 )0.0001
0.012 0.008 0.005

oT=oy [K/km] )0.4/0.7 )0.03/0.02 )0.07/0.07
0.0007 )0.0005 )0.0002
0.013 0.01 0.007
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The values of gradients of different atmospheric

parameters at the model defined levels are listed in Table

1. From the refractivity index fields n the values of

refractivity N has been calculated as N ¼ ðn� 1Þ � 106
(hereby defining the N -unit).

The range of temperature gradients oT=oðx; yÞ at 1 km
altitude was )0.8 to 0.5 K/km with the most probable

value )0.4 and 0.7 K/km respectively for x and y deriv-
atives for the HIRHAM4 data of 1 February 1997. The

ranges of pressure gradients op=oðx; yÞwere )11 to 13 Pa/

km and )12 to 20 Pa/km, respectively. The variations in

the humidity field ow=oðx; yÞ range from )6 to 6 g/kg/km.

Values for the root mean square (rms) of these values are
displayed in Table 1. The spatial localisation of error

regions is related to the position of gradient structures,

as revealed when comparing Figs. 3–5.

4.2. Modelling of radio occultation events

Errors of the retrieved atmospheric parameters were

mapped at the HIRHAM4 model levels in the Arctic re-
gion. The analysis makes it possible to propose a physical

explanation of the regions where the error exceeds the

‘‘background’’ value. This background error is defined by

the error in solving the spherically symmetric problem,

which was not higher than 0.2% in these investigations.
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The increase in reconstruction errors seems to be

caused by two main reasons. First, in a series of cases,

the relief shades the atmospheric profiles so that at some

altitudes for certain model grid points the reconstruction

data are missing. Second, the presence of spherically

asymmetric structures due to the influence of moisture

and heat inflow into the region causes errors in these
regions. In general, the errors in the reconstruction

of atmospheric parameters depend on the direction of

the sounding.

A wide-scope numerical experiment has been carried

out aiming to explore the influence of the factors de-

scribed. A series of simulations of RO experiments, each

consisting of 11,000 single occultation events, were

analysed. All possible combinations of GPS satellites
and low earth orbital satellites were considered that

provide an occultation event corresponding to the model

grid points. The ray trajectory direction in the simula-

tion is such that its ground projection coincides with the

X - or Y -axis in a curvilinear coordinate frame of the

HIRHAM4 model. Each RO experiment contains

information about Doppler frequency shift and corre-

sponding refraction angle as a function of the impact
parameter over the altitude range 0–80 km with a height

increment less than 200 m, which numerically corre-

sponds to the Fresnel radius for the operating frequen-

cies.

Next, the inverse problem, the refraction index profile

was reconstructed by means of Abel inversion over a

height interval up to 25 km. T , p, and w profiles were

non-linearly interpolated to the height levels of the model
at the grid points and were compared with the model

data at these grid points. The procedures for solving the

forward and inverse problems had been applied succes-

sively for all sets of the HIRHAM4 model data for

February 1997 with 6 h steps in time. Simulations have

been carried out for 112 sets of output fields T , p, w of the

model. Similar calculations were performed for a series

of monthly averaged atmospheric fields.
The structure of the maps shown is similar––both

for atmospheric parameter fields and for the recon-

struction errors in the described experiment. The map

in the horizontal plane (x; y coordinates) represents a

two-dimensional cross section at a given height level

and contains 11,000 data grid points of the model.

Vertical cross sections in z; x and z; y planes are cor-

responding sections along the remaining coordinate
(that is shown as a parameter) and contain 3300 and

3000 data points.

Fig. 4 provides an example of maps of the refrac-

tivity error retrieved for two height levels at 1000 and

3000 m, where the sounding path direction is along the

y-axis. Fig. 5 shows examples of error maps for two

height cross sections in accordance with sounding

directions at x ¼ 60 (Fig. 5a) and y ¼ 15 (Fig. 5b). The
increasing errors in some regions are in accordance
with the existing gradient structures in the atmospheric

data.

The analysis of the HIRHAM4 model data shows,

that fluctuations in the refraction index above 3 km are

caused mainly by variations in the temperature field.

Due to the low Arctic humidity content it follows from

formula (4) that at height levels above 3 km for relative
errors the relationship jdNerrorj=N � jdTerrorj=T is valid.

Figs. 4 and 5 portray typical spatial distributions of

errors at several height levels. It can be seen that errors

decrease with increasing height. Note that the errors

reach 1% within areas containing orographic pertur-

bations and, as a result, disturbances in atmospheric

fields.
4.3. Construction of the correction functional

The need to improve the occultation retrieval can be

reduced to the problem of finding the correcting func-

tional. If T represents the ray tracing operation to ob-

tain a vertical profile of the refraction angle aðhÞ from a

given refraction index field Nð~rÞ and A denotes the in-

verse operation (6) to obtain a retrieved vertical profile
of refraction index N ret from a given refraction angle

aðhÞ, we can write

N ret ¼ AaðhÞ ¼ ATNð~rÞ:

Local errors of reconstruction dN ¼ N � N ret for the

given profile r ¼ fxi; yj; hg are defined as dN ¼ N �
N ret ¼ ðI� ATÞN where I is unity operator. However,

we cannot determine dN because the field N is unknown.

Therefore one should state a problem of finding an
approximation dN corr ffi dN . It should be mentioned that

dN is defined only by transverse gradients of the re-

fraction field. Indeed, when N is divided into a spheri-

cally symmetric part N0 and an addition DN associated

with transverse gradients, the equality dN ¼ ðI�
ATÞN ¼ ðI� ATÞDN is valid since ðI� ATÞN0 ¼ 0. If

the function DN ¼ N � N0 is close to DNmod ¼
Nmod � Nmod

0 , that is, the structure of model gradients
Nmod follows the major features of real field gradients,

one can use dN corr ¼ Nmod � ATNmod as an approxima-

tion of dN . Let us name this approximation dN corr ¼
Nmod � ATNmod a correction functional. The term ‘‘func-

tional’’ is used here because dN corr depends on both the

refraction field and on the direction of sounding. The

correction functional makes it possible to perform a

correction of the retrieved vertical profiles using the
model data and ray tracing data.

N ¼ N ret þ dN ffi N ret þ dN corr

¼ N ret þ Nmod � ATNmod: ð7Þ

The quality of correction will depend on how adequate

the model is and how close the structure of model

gradients is to that of real field gradients.
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Fig. 6. Profile of the monthly averaged correction of the retrieved

temperature for February 1997 at a point close to the centre of the

Arctic (x ¼ 45, y ¼ 70). Thin horizontal lines give the rms values.
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The HIRHAM model is quite able to describe the
monthly averaged distributions of atmospheric para-

meter fields and the refraction index field. The error in

temperature, for example, is generally less than 1 degree

(Rinke et al., 1999). We apply the data from this model

to calculate time averaged corrections using relation (7)

in a temporally averaged form. If the correction values

considerably exceed the rms of the time averaged pro-

files, then the correction will not be efficient. In Fig. 6 an
example is shown of monthly averaged correction for

February 1997 of the retrieval temperature for a point

close to the centre of the Arctic (x ¼ 45, y ¼ 70). Here

the rms is not higher than 0.2 K although errors at lower

levels reach several degrees. In most cases (about 70%)

of such time averaging the rms did not exceed 0.5,. . .,1
K with correction values of up to 6 K.

For instantaneous values of atmospheric fields the
correction is not always efficient since the simulation of

instantaneous atmospheric fields by the HIRHAM4
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Fig. 7. Profile of the temperature correction after a spatial averaging

along a cross section (x: 65–66, y: 20–32), thin horizontal lines give the

rms values.
model is contaminated by different strong biases in dif-

ferent parts of the model area. However, here one can

apply the averaging (7) in the space domain. As is well

known, the refraction field N is reconstructed as

‘‘averaged’’ along the ray of about 600 km around the

ray perigee point. Fig. 7 shows an example of the cor-

rection of the vertical temperature profile after spatial
averaging within a strip (x ¼ 65–66, y ¼ 20–32). Here

the correction works efficient at lower levels. Such cor-

rection of instantaneous values of atmospheric para-

meters are useful only in rather extended regions (larger

than 500 km), such as the centre of the Arctic or along

the Gulf stream.
5. Summary

An interpretation of RO data combined with a re-

gional atmospheric model which successfully simulates

atmospheric large and mesoscale structures has been

proposed and tested. The irregular non-spherical struc-

ture of the atmosphere as the medium of radio signal

propagation has a key effect on the reconstruction
accuracy of vertical profiles of atmospheric parameters

studied in experiments with GPS systems. This cumbers

the interpretation, how mesoscale variations influence

the profiles of atmospheric parameters.

The data obtained in RO experiments contain errors

that are spatially localised and associated with gradients

in atmospheric data. The local errors in profiles of

temperature, pressure, and refractivity obtained by this
RO method can reach 2%. This corresponds for example

to an error of 6 K in temperature.

If the spatial size and amplitude of the mesoscale

atmospheric structures are known, one can construct a

non-linear functional dependency of the error of the

retrieved refractivity using the spatial and amplitude

parameters of the irregularity and its gradients. This

functional can be constructed from instantaneous model
outputs, as well as from temporally averaged fields of

refractivity. Such an averaged correction functional can

be constructed from data averaged over time intervals

ranging from days to months within a special region.

Here such a functional has been constructed from the

data of the HIRHAM4 model for the Arctic region for

the time averaged fields of February 1997. The correc-

tion functional derived from monthly averaged data
reduced the retrieval errors of refractivity, temperature,

and pressure in the troposphere. The retrieval errors of

temperature are reduced to less than 1 K. The applica-

tion of such a functional to experimental data depends

on the reliability of the model with respect to the real

atmospheric mesoscale structures. Such an approach is

justified in regions like the Arctic where the regional

atmospheric model has been successfully validated and
other data are sparse.
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