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Application of an optimal estimation inverse method 
to GPS/MET bending angle observations 

Paul I. Palmer and John J. Barnett 

Department of Physics, Clarendon Laboratory, Oxford, England 

Abstract. Palmer et al. [2000] describes an optimal estimation inverse method for radio 
occultation (RO) bending angle measurements to retrieve simultaneously temperature, 
humidity, and surface pressure; outlines quality control procedures for retrieved profiles; 
and investigates the results from numerical simulations. Here we present retrievals that use 
bending angle observations from the Global Positioning System Meteorology (GPS/MET) 
satellite instrument and a priori information from the European Centre for Medium-Range 
Weather Forecasts analyses. Retrieved profiles are compared with correlative radiosondes, 
United Kingdom Meterological Office (UKMO) model analyses, and retrievals from the 
conventional inverse method. Retrieved temperature profiles are generally colder than 
analyses but agree with the conventional inverse method to within 1 K. Water vapor 
retrievals are generally drier than the UKMO analyses and wetter than the radiosonde 
profiles. Quality of retrieved surface pressure values are related to the extent to which RO 
observations reach into the troposphere. Low-latitude retrievals make large adjustments to 
surface pressure and tropospheric temperatures, which are directly linked to the lack of 
water vapor above 300 hPa in the inverse model, consistent with previous studies. A study 
of individual occultations at low and high latitude shows that the optimal retrievals are able 
to resolve small-scale atmospheric structure exhibited by the conventional inverse method 
and collocated radiosondes, not shown by analyses. 

1. Introduction 

The Global Positioning System/Meteorology (GPS/MET) 
experiment is a modified GPS receiver aboard the MicroLab- 
1 satellite (launched in April 1995). The GPS/MET instru- 
ment uses the radio occultation (RO) technique to obtain 
meteorological data. Transmitted signals from the GPS satel- 
lites passing through Earth's atmosphere are delayed due to 
refraction effects. This phase delay can be inverted to obtain 
vertical profile information about the neutral atmosphere. 
The cumulative effect of the atmosphere on the ray path 
taken by the GPS-transmitted signal can be expressed in 
terms of the total refractive bending angle as a function 
of the impact parameter. The impact parameter may be 
defined as the perpendicular distance between the local 
center of curvature of the Earth at the tangent point of the 
ray and the asymptotic straight line followed by the ray as 
it approaches the atmosphere. Kursinski et al. [1997] give a 
detailed description of the method used to measure the RO 
atmospheric observables for the Earth. 
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Initial GPS/MET data showed that the retrieved profiles 
compared well with collocated radiosondes and numerical 
weather prediction (NWP) analyses [Kursinski et al., 1996; 
Ware et al., 1996]. Further validation of these data have 
been undertaken by Rocken et al. [1997]. Rocken et al. 
[1997] used a variety of correlative data and found that 
GPS/MET data agreed within 1 K with the best correlative 
data sets between 1 and 40 km. The GPS RO data have an 

all-weather capability (i.e., it is not affected significantly 
by clouds or aerosols) and is also self-calibrating. Unlike 
most other remote sensing techniques, which measure the 
amplitude of a signal, GPS RO measures a time delay 
for which measurement techniques are potentially much 
more accurate (and already need to be in place for correct 
GPS operation). Vertical resolution of RO measurements of 
Earth's atmosphere, which varies from 0.5 km near surface 
to 2 km in the upper troposphere and stratosphere [Kursinski 
et al., 1997], is limited by diffraction. Radio occultation 
observations of Earth's atmosphere using the GPS therefore 
represent an important data type for NWP and a potential 
tool to monitor climate variability. 

The radio occultation observation is primarily affected 
by temperature and water vapor along the ray path taken 
through the neutral atmosphere. There is no information 
inherent in this observation which allows the separation 
of temperature and humidity. The conventional method of 
inverting bending angle measurements to obtain temperature 
and humidity involves the use of an integral transform to 
obtain a profile of reftactivity as a function of geometric 
height [Fjeldbo and Eshleman, 1968]. The hydrostatic re- 

17,147 



17,148 PALMER AND BARNETT: APPLICATION OF AN OPTIMAL INVERSE METHOD TO GPS/MET DATA 

lation is then used to obtain pressure and temperature from 
refractivity via density. In the presence of small amounts of 
water vapor a correction can be made in this retrieval step, 
involving an interative procedure assuming a priori water 
vapor information. If the water vapor contribution to the 
bending angle observation becomes too large (e.g., in the 
tropics), this "low water vapor correction" is inadequate, 
and the partial water vapor pressure should be retrieved, 
assuming a priori temperature information. This represents 
a suboptimal method of retrieving temperature and humidity 
since there is no guarantee of consistency between the 
retrieved temperature and the humidity values. We denote 
this method of inverting bending angle observations the 
analytic inverse method since it is largely based on an 
analytic integral transform. Inadequate modeling of refrac- 
tivity inhomogeneities along the transmitter-receiver path 
(hereinafter referred to as horizontal gradients) can cause 
large retrieval errors when using the analytic inverse method 
[Ahmad and Tyler, 1999]. For Earth's atmosphere, where 
a reasonable prior knowledge of horizontal gradients is 
available, the analytic inversion does not represent the most 
suitable inverse method for radio occultation observations. 

The suboptimal way the analytic method retrieves tempe- 
rature and water vapor simultaneously using prior values, 
together with the inability of the analytic method to account 
for horizontal refractivity inhomogenieties, represents two 
key disadvantages to the analytic inverse method. 

Eyre [1994] addresses these issues and suggests a statisti- 
cally optimal retrieval approach, using variational methods, 
to enable the direct assimilation of bending angle [Palmer 
et al., 2000], refractivity [Healy and Eyre, 2000], or retrieved 
profiles of temperature and humidity into a NWP model. 
The bending angle observations have the advantage of being 
in a "raw" form, so modeling their error characteristics 
is relatively straighforward since they can be considered 
independent and therefore uncorrelated with each other. In 
the strictest sense, the measured phase delay signal is the 
"raw" observation. Bending angle measurements are found 
to have a small, local correlation between successive levels 

due to filtering of the phase measurements [Luntama, 1997], 
but to a good approximation can be considered uncorrelated. 
Refractivity measurements have the advantage of a simpler 
forward model which can be readily differentiated to allow 
the tangent linear operator to be expressed analytically, thus 
allowing a more expedient retrieval. However, refractivity 
error estimates are more difficult to model since the errors 

on bending angle measurements become highly correlated 
due to the application of the integral transform. Temperature 
measurements offer an even simpler forward model, but 
the suboptimal method of retrieving temperature and water 
vapor using the analytic inverse method leads to errors that 
are difficult to model correctly. The choice of the variable 
to assimilate directly then becomes a trade-off between the 
complexity of the forward model and the accuracy with 
which the error estimates can be modeled. 

Zou et al. [1995] investigated the potential impact of 
atmospheric RO refractivity measurements, in the context 

of a four-dimensional variational data assimilation method, 
and found that the accuracy of the derived water vapor 
field was significantly better than that obtained through the 
analytic retrieval technique. Assimilation of the refractivity 
measurements also provided useful temperature informati- 
on. Kuo et al. [1998] concluded that RO refractivity mea- 
surements are likely to have a significant impact on short- 
range operational NWP, with the caveat that the number 
of GPS receivers will have to be increased before the full 

potential impact of this measurement could be realized. 
Poli et al. [2000] performed some preliminary analysis of 
the GPS/MET observations using the optimal estimation 
inverse method (also known as one-dimensional variational 
assimilation) described by Healy and Eyre [2000], which 
assimilates refractivity observations. Poli et al. [2000] use 
the NASA Data Assimilation Office GEOS model to form 

the a priori. By comparing retrieved profiles with colloca- 
ted radiosonde profiles, they show that GPS measurements 
significantly improve the analyses of temperature in the 
troposphere and lower stratosphere compared to the a priori 
used. 

Palmer et al. [2000] describe the optimal estimation 
inverse method used to invert the GPS/MET bending angle 
observation, discussed quality control issues that arise using 
this method and investigate results from an ensemble of 
simulated retrievals. Palmer et al. [2000] show that GPS RO 
bending angle observations have the potential to improve 
NWP analyses of temperature and water vapor between the 
upper stratosphere and throughout the troposphere. Surface 
pressure is also retrieved using this method. Palmer et al. 
[2000] found that retrieved surface pressure values are more 
accurate when bending angle measurements reached near- 
surface altitudes. The work presented here is the second part 
of the overall evaluation of the optimal estimation inverse 
method outlined by Palmer et al. [2000], in which we apply 
this method to real GPS/MET bending angle observations 
and compare retrieved profiles of temperature, humidity, and 
surface pressure to correlative data. 

A brief description of the optimal estimation inverse me- 
thod used is presented in section 2. The GPS/MET data set 
used is described in section 3. Details of the retrievals using 
the optimal estimation inverse method and the GPS/MET 
data set are discussed in section 4, and the correlative data 
used to evaluate these retrievals is described in section 5. 

Results from the intercomparison are shown and discussed 
in section 6. We conclude the paper with a discussion of the 
results shown. 

2. Description of the Optimal Estimation 
Inverse Method Used 

Here we outline the optimal estimation inverse method 
described by Palmer et al. [2000] (further information can be 
found in the work of Rodgers [2000]). The rationale behind 
optimal estimation is to minimize a cost functional J (x) (or 
to solve VxJ(X)=0), which measures the degree of fit of 
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Figure 1. Square root values of the principal diagonal of the ECMWF forecast error covariance matrix. 
Figures l a and lb show the assumed uncertainty for prior temperature and in(specific humidity), 
respectively, with the assumed prior uncertainty for the surface pressure element inset of Figure 1 b. 

estimates of the atmospheric state to the measurements, to 
some prior information and possibly to some other physical 
or dynamical constraints. In this case, J (x) is given by 

J(x) : [yO _ y(x)jTE-•[yO _ y(x)] + 

where yO and y(x) represent the observation vector and 
the estimated observation vector, calculated fi'om the state 

vector using a forward model; E describes the error cha- 
racteristics of the observations yO; x b and x represent the 
background (also known as the a priori) and updated state 
vectors, respectively; and C describes the error characteri- 
stics of the a priori state vector. 

The observation vector yO that comprises GPS/MET ben- 
ding angle observations is discussed in section 3. The size 
of yO is typically 100-200 elements, spanning a vertical 
range 0-60 km. The estimated observation vector y(x) 
is calculated using the forward model described by Eyre 
[1994]. 

The measurement error covariance matrix E comprises 
the observation noise, errors associated with forward mode- 

ling parameters, and forward model error (which includes 
representativeness error [Lorenc, 1986]). The observation 
errors are taken from Luntama [ 1997] which include thermal 
noise, residual errors from the ionospheric correction, local 
multipath, orbit determination accuracy, and clock insta- 
bilities of the receiver and the GPS satellites and ground 
stations. Syndergaard [1999] attributes GPS/MET bending 
angle fluctuations in the upper stratosphere (of the order of 
10 -s radians) to residual errors from the receiver satellite 
clock in the calculation of the phase delay of the measured 
signal. A suitable error is attached to reflect the upper 
atmosphere measurements. 

The a priori state vector contains 40 temperature ele- 
ments (1000-0.1 hPa), 15 in(specific humidity) elements 
(1000-300 hPa), and a surface pressure element. Specific 
humidity is expressed as the natural logarithm of specific 
humidity because forecast errors in this quantity are more 
constant than in specific humidity. The simulation study 
in the Palmer et al. [2000] work used NWP analyses 
from the UK Meteorological Oftice (UKMO) to form the 
a priori and first guess. Because of known biases (relative 
to European Centre for Medium-Range Weather Forecasts 
(ECMWF) NWP analyses) at the model top for the time 
period described by the data set used here (summer 1995) 
(S. Milton, UKMO, personal communication, 1998), we 
have used ECMWF NWP data to form the a priori profiles, 
in conjunction with the error statistics of the a priori data. 
CIRA 1986 climatology is assumed above the ECMWF 
model, accounting for the latitudinal and seasonal variation 
of the profiles. This climatology provides reasonable a priori 
information in the upper stratosphere. 

The a priori error covariance matrix C (Figure 1) is 
generated from radiosonde-forecast differences between 
surface-50 hPa, and upper stratosphere values were found 
by linear regression. This matrix is based on Eyre [1989] 
and attuned to the ECMWF NWP model. The temperature 
and In(specific humidity) interquantity covariance values 
have been set to zero. These interquantity covariances are 
not well known and assuming zero covariance between 
them is more conservative than an erroneous covariance. 

The surface pressure element is uncorrelated with both 
temperature and in(specific humidity). It is necessary to 
consider the errors associated with the CIRA climatology 
used to form the a priori above the ECMWF analyses. 
We have retained those values defined by Palmer et al. 
[2000]. In general, if the standard deviation values from the 
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diagonal elements of the forecast error covariance matrix are , that either did not converge or converged on to a solution 
smaller than the uncertainties assumed for the climatology, 
then the climatological errors are used at the levels in the 
upper atmosphere described by the CIRA climatology (off- 
diagonal elements remain the same): at latitude t9, for 101 _> 
45 ø, rr = 15 K (winter) and 5 K (summer) and for 101 _< 45 ø, 
cr = 5 K. The uncertainty of the a priori temperature for the 
ECMWF NWP data is generally less than that of the UKMO 
a priori temperature used in the simulation study [Palmer 
et al., 2000], so the GPS/MET retrievals are more tightly 
constrained to the a priori temperature. There is less a priori 
constraint to the water vapor and surface pressure. 

Palmer et al. [2000] uses the Levenberg-Marquardt (LM) 
iterative method to minimize J(x) [Press et al., 1992]: 

Xi+ 1 X b q-[(1 q- -1 q- KTE-•K] -1 
[(KTE- (yO _ y(xi))) + 
(7C + KTE-1K)(xi - xb)], (2) 

where K is •7x•y(xi), 9/ is a nondimensional weighting 
factor (for increasing values of 7, this minimization method 
degenerates into the method of steepest descent), and all 
other variables are as before. We retain the normal defi- 

nitions for the a priori and the first guess throughout the 
paper. The a priori is the best estimate of the state before 
the measurements are made, which is used here to forward 

model the observations. The first guess is the starting point 
for the iterative LM algorithm. For the work shown here, the 
first guess is the a priori. 

3. Description of the GPS/MET Data Set Used 

In general, useful data from the GPS/MET receiver are 
found during "prime times", corresponding to time periods 
when the military anti-spoofing encryption of the GPS signal 
is disabled. Rocken et al. [1997] report four such periods 
since the launch of the GPS/MET instrument in April 1995 
to February 1997. The purpose of the work shown in this 
paper is to demonstrate the potential of the bending angle 
observations, using the optimal estimation inverse method, 
rather than to validate the observations themselves, so only 
a relatively small data set (560 occultations) is used for 
the statistics shown. The 10-day data set used here is from 
prime-times 1 (May 1995) and 2 (June, July and August 
1995) and represents some of the earliest data available 
[Kursinski et al., 1996]. The selection of the data were 
largely based upon receiver signal to noise and the rela- 
tively large number of occultations that reach near-surface 
altitudes. Processing of the atmospheric time delay from 
GPS/MET instrument used here was carried out by the 
Jet Propulsion Laboratory (JPL) to compute bending angle 
values as a function of impact parameter and is similar to 
that methodology described by Rocken et al. [1997]. 

4. Computing Optimal Estimates From 
GPS/MET Bending Angle Observations 

Convergence criteria and quality control procedures out- 
lined by Palmer et al. [2000] were used to filter out profiles 

with an unrealistic X 2 value (a X 2 value higher than the 
theoretical value, given the degrees of freedom, at the 99.9% 
level)' 118 retrievals failed this quality control, representing 
21% of the total number of occultation profiles in the data set 
used. All failed profiles were due to the solution converging 
on to unrealistically high X 2 values, as opposed to non 
convergence. These profiles are omitted from subsequent 
comparisons with correlative data. 

To investigate whether a particular geographical region 
is responsible for these failed retrievals, they are separated 
into polar, midlatitude, and tropics by virtue of their mean 
latitude 0 (corresponding typically to the midtroposphere). 
For this purpose the polar regions are defined as It91 _> 
70 ø , the tropics region is defined as 81 < 30 ø' and the 
midlatitude region is defined between the polar region and 
the tropics. The percentage of profiles that fail in each 
defined region shows a large disparity between the polar 
regions (4%) and the tropics (27%) (compare midlatitude 
15%). We find that the majority of the retrievals that fail 
quality control in the tropics have large X 2 values that derive 
from large a priori-observation differences in the lower 
atmosphere (less than 15 km). A possible reason for these 
failed retrievals is that modeled and observed water vapor are 
too different for the a priori and observation error constraints 
to reconcile. Estimates of bending angle errors introduced 
by horizontal refractivity structure along the receiver line of 
sight direction are derived from midlatitude temperature and 
humidity fields [Palmer, 1998] and describe typical errors in 
that region. This error dominates the error budget described 
by C in the lower atmosphere, even for midlatitudes [Palmer 
et al., 2000]. Aside from extreme case scenarios these 
global errors are found to be sufficient for the purpose of 
demonstrating the inverse method [Palmer et al., 2000]. The 
x2-based quality control has proven to be invaluable for 
the one-dimensional inverse problem by indentifying and 
removing spurious retrievals. 

5. Description and Preparation of Correlative 
Data 

To validate optimal estimation retrievals, several different 
sources of correlative data are used. Although the optimal 
estimate has been computed for 1000-0.1 hPa [Palmer 
et al., 2000] (reflecting the vertical range of occultation 
data), statistics are shown for 1000-10 hPa which reflect 
the vertical range described by analyses and radiosondes. 
Bending angle observations have relatively little impact 
on optimal retrievals above 10 hPa [Palmer et al., 2000], 
because of the large stratospheric observation noise value 
assumed [Syndergaard, 1999]. 

5.1. Radiosondes 

Radiosonde data have been used to validate the GPS/MET 

radio occultation observations because they typically pos- 
sess high vertical resolution, resolving features with vertical 
scales of a few tens of meters. However, the distribution 

of radiosondes is sparse (particularly in the Southern He- 
misphere) and their temporal coverage is not continuous, 
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with typically only two launches per day (nominally at 
0000 and 1200 UT). The global corrected radiosonde data 
set used here is originally from the National Centers for 
Environmental Prediction (NCEP). 

The nearest radiosonde to each collocation is found first 

by considering the nearest launch time. Second, the nearest 
radiosonde in space is found using the mean latitude and 
longitude of the occultation and the geographic position of 
each radiosonde and computing the great circle distance. 
Only radiosondes that are within 5=3 hours and a distance of 
300 km from the observations are used in this study. Using 
this method, a total of 50 radiosondes are "close enough" for 
this comparison study. 

5.2. NWP Analyses 

Because closely correlative radiosonde profiles are rare, 
NWP analyses are also used to validate the retrievals. It is 
noted that NWP models use atmospheric observations, for 
example, radiosondes, to initialize model fields, therefore 
any NWP model output should not disagree too much with 
reasonably collocated radiosondes. Although the majority of 
NWP centers generally use the same set of global observa- 
tions, their different analysis methods and dynamical repre- 
sentations should mean that analyses from different NWP 
models are largely independent. This point is particularly 
important since model analyses are used for the retrieval 
a priori (and first guess). 

The UKMO NWP data from short-range forecasts pro- 
vided by the UKMO unified model [Ct•llen, 1993]. The 
model from which the data are derived has 19 levels, 

which are expressed on hybrid-sigma pressure coordinates 
(surface-10 hPa). The model version has a resolution of 
0.833 ø (180ø/217) latitude and 1.25 ø (360ø/288) longitude. 
Model fields are interpolated in time and in space to occul- 
tation event positions, using the mean latitude and longitude 
of each occultation. 

5.3. Analytic Inverse Method Retrievals 

The analytic inverse method represents the conventional 
method of retrieving profiles of refractivity from radio occul- 
tation observations [Fjeldbo and Eshleman, 1968] and, sub- 
sequently, profiles of temperature or specific humidity. This 
is a useful source of comparative data since results from this 
method have already been compared against independent 
sources of atmospheric information [Rocken et al., 1997]. 
Retrievals from the analytic inverse method are not strictly 
independent from the optimal estimation retrieval since they 
use the same bending angle observations. However, the 
two inverse methods should be sufficiently different that a 
comparison provides useful information. 

A relatively simple approach has been adopted for the ana- 
lytic inverse method, in which ECMWF analyses are used to 
initialize the hydrostatic relation at the NWP model top [c.f. 
Steiner et al., 1999]. The ancillary data used to account for 
the presence of water vapor on the refracted signal in the 
lower atmosphere are collocated UKMO analyses. Values 
of In(specific humidity) (from partial water vapor pressure) 
are also retrieved using this method but are restricted to 

the tropics so reasonably large values of water vapor are 
guaranteed. 

6. Intercomparison Results 

The statistical comparison shown in this section is based 
on the 10-day data set described in section 3. The impact of 
the observations on reasonable a priori estimates is examined 
by computing the mean bias (retrieval minus a priori) and its 
standard deviation. The optimal estimates are then compared 
with several sources of correlative data by looking at the 
ensemble mean bias values and their standard deviations. 

Two occultation events are examined in detail with corre- 

lative data to gain further insight into the potential of the 
observations using the retrieval method. The mean of a 
vector x and its standard deviation crx is given by 

/v 

2 = •/•xi, (3) 
i:1 

: :v - - (4) 
i:1 

These definitions will be retained throughout the paper. 

6.1. Impact on a Priori Estimates 

The mean bias and its standard deviation of (retrieval 
minus a priori) are computed so that the extent to which 
the optimal estimation retrieval deviates from the a priori 
used can be estimated. Palmer et al. [2000] showed that the 
surface pressure retrieval accuracy was related to whether 
the bending angle observations reached the surface and that 
only surface pressure retrievals that correspond to bending 
angle profiles terminating in the lower atmosphere should 
be considered. Only occultations that extend to altitudes less 
than 700 hPa will be considered, resulting in 26% of the 
occultations being retained. 

Figure 2 shows that the mean temperature differences 
between the retrieval and its a priori are largest general- 
ly at heights typical of the tropopause, consistent with 
the observations resolving the tropopause more accurately 
than the NWP model and toward the top of the ECMWF 
model. Mean In(specific humidity) differences show little 
structure; typically, retrievals have less (more) water vapor 
below (above) 700 hPa. Table 1 shows the surface pressu- 
re retrieval-a priori statistics. The global mean bias is - 
2.2 5= 5.7 hPa. These values represent large deviations from 
analyses. These differences are examined further by sepa- 
rating the occultations into polar, midlatitude, and tropics 
geographic regions using the definitions defined in section 4. 
Statistics from midlatitude retrievals are not shown because 

they exhibit similar structure and magnitude to the overall 
statistics. 

Polar temperature retrievals show a cold bias (0.5 K) 
in the lower troposphere and a warm bias (1 K) in the 
upper troposphere/stratosphere. Polar In(specific humidity) 
retrievals show there is more (15%) water vapor in the 
retrievals at altitudes above 700 hPa and less below (10%). 
Cold, dry conditions in polar atmospheres allow the radio 
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Figure 2. Optimal retrieval - a priori statistics. Figures 2(a)-2(1) are sectioned into three lines, each with 
four plots. The first (third) and second (fourth) plots on each line correspond to the mean difference and 
its standard deviation between the retrieved and a priori temperature (in(specific humidity)). The dashed 
horizontal line denotes 300 hPa. A positive bias is where the a priori is smaller. 

occultation technique to penetrate close to the ground, thus 
containing a relatively large amount of surface pressure 
information [Palmer et al., 2000]. Retrieved surface pressure 
values have a large negative mean bias of 4.94-2.9 hPa. 

Retrieved temperature profiles in the tropics have a warm 
(cold) bias at altitudes below (above) 300 hPa. The 300 hPa 
altitude level represents the height at which the optimal 
inverse method starts to retrieve temperature and humidity 
simultaneously. The in(specific humidity) retrieval shows a 
large negative bias which increases as a function of depth. 
Reduction of the retrieval bias at the lowest altitudes is 
a direct consequence of the relatively small number of 
occultations reaching heights sufficiently near the surface. 
Few occultations reached pressures greater than 700 hPa, 

and retrieved surface pressure values have a large positive 
bias (>4 hPa). These features are consistent with those 
described by Kursinski et al. [2000] which they attribute to 
the lack of water modeled above 300 hPa. To compensate 
for the "missing" water vapor, the solution must increase the 
dry density above 300 hPa by increasing the pressure at these 
heights and decreasing the temperature between 200 hPa and 
300 hPa (•12 km). To increase the hydrostatic pressure at 
a particular height, the solution increases the temperature 
below 300 hPa (<0.5 K) and increases surface pressure by 
•3.8 hPa. 

We investigated several retrievals in the tropics using the 
matrix of contribution functions D [Rodgers, 1976], which 
describes how each measurement in the observation vector 
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yO contributes to the retrieved atmosphere state 5:, i.e., 
05:/0y ø. Retrievals involving bending angle profiles, which 
span into the lower atmosphere, generally have contribution 
functions that peak at levels corresponding to the measu- 
rement height at which they are measured, and the surface 
pressure contribution function strongly peaks at near-surface 
altitudes. For the tropical occultations examined, the surface 
pressure contribution function has a strong peak at 300 hPa, 
which decreases rapidly above and below this level. This 
result suggests that the surface pressure increment is asso- 
ciated with bending angle differences above 300 hPa. This 
result is consistent with the "missing" water vapor argument 
by Kursinski et al. [2000]. The large surface pressure and 
temperature compensation effect makes results at higher 
altitudes in the tropics difficult to interpret. 

6.2. Comparison with Correlative Data 

Figure 3 shows the statistics for all the occultations 
compared with all sources of correlative data. The impact 
of the observations on the a priori is not obvious if the 
occultation data are studied together. It is evident that there 
is a bias in the UKMO NWP model (triangles) at heights 
above 100 hPa. Further insight into the statistics is possible 
if occultations are separated into tropical and polar latitudes 
using the definitions in section 4. 

Polar optimal estimation retrievals agree well with the 
analytic retrievals (Figure 4) except at altitudes above 
50 hPa, owing to ECMWF analyses being used to form 
the first guess for the analytic inversion. Large differences 
between the a priori and the analytic retrieval at 100 and 
400 hPa are less pronounced in the comparison between 
the optimal estimation retrieval and the analytic retrieval. 
This is consistent with Figure 2 where the largest differences 
between the retrieval and a priori are at heights typical of 
the tropopause. Comparison with radiosonde data shows 
better agreement with the a priori than the optimal estimation 
retrieval, which is consistent with results shown by Rocken 
et al. [1997]. This is probably due to the radiosonde profiles 
being used to help initialize the NWP model. Water vapor 
differences between the different sources of data are slight. 

Optimal estimation retrievals in the tropics are shown in 
Figure 5. The positive (negative) bias above (below) 400 hPa 

shown between optimal estimation inverse method and the 
analytic retrievals is less than that shown between the a priori 
and analytic retrieval. In this region, there is improved agree- 
ment between optimal estimation retrieval and radiosonde 
data, relative to the a priori comparison with the radiosonde 
data, with a smaller bias and a reduced standard deviation. 

This is contrary to the water vapor comparison. The UKMO 
analyses are higher than both the ECMWF analyses and the 
optimal estimation retrievals using GPS/MET bending angle 
observations. Application of the GPS/MET observations 
using the optimal estimation inverse method has the effect of 
decreasing the amount of water vapor further. Reduction in 
the bias in the lower height levels reflects the small number 
of observations that are present below 700 hPa. 

Table 2 shows the surface pressure comparison between 
retrievals for which GPS/MET observations reach altitudes 

of less than 700 hPa, and UKMO and ECMWF analyses. 
Differences between the two analyses are less than 0.8 hPa 
(the ECMWF has a negative bias) and the standard devia- 
tion values are typically less than 4 hPa. In contrast, the 
difference between the retrieval and the UKMO analyses is 
typically greater than 4 hPa with standard deviation values 
5t-r• n• a, which is similar to the differences between the a priori 
(ECMWF analyses) and the retrieval. Tropical occultations 
have a positive bias relative to analyses. Surface pressure 
retrievals in the tropics have already been shown to be 
associated with a compensation effect due to omission of 
water vapor above 300 hPa so it is unsurprising that a 
comparison with analyses shows a large difference. 

6.3. Individual Occultations 

Here we show two occultations that exemplify the optimal 
estimation inverse method, one at high latitude and one 
at low latitude. Figure 6 shows a typical high latitude 
occultation (also shown by Kursinski et al. [1996]). Cold, 
dry conditions allow temperatures from the analytic inverse 
method to be derived accurately to within 0.5 km of the 
surface [Kursinski et al., 1996]. The collocated radiosonde 
agrees well with the analytic inversion with differences of 
less than 1 K for most of the troposphere. The optimal esti- 
mation appears to "shadow" the analytic inversion resolvino 
small-scale features not seen by the analyses. Figures 6c and 

Table 1. Mean Bias and Standard Deviation Statistics of the Dif- 
ference Between the Surface Pressure Retrievals for Occultations 
that Reach Altitudes of < 700 hPa and a Priori. Data shown have 

been filtered to remove retrievals that do not pass a X 2 quality 
control test (see text for details). 

Occultation that Reach Retrieval - a Priori [hPa] Number of 
P > 700 hPa Profiles 

Bias 

Global -2.22 5.72 118 

Polar regions -4.91 2.89 17 
Tropics 3.84 4.88 9 
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Table 2. Mean Bias and Standard Deviation Statistics of the 
Difference Between the Surface Pressure Retrieval and UKMO 
Analyses, and Between a Priori (ECMWF Analyses) and the 
UKMO Analyses. Values within parantheses represent statistics of 
the difference between the a priori and the UKMO analyses. The 
data represent results from considering occultations whose lowest 
pressure is larger or equal to 700 hPa. 

Occultation that Reach Retrieval - UKMO [hPa] Number of 
700 hPa (a Priori - UKMO) Profiles 

Bias 

Global -3.00 (-0.78) 6.81 (3.60) 118 
Polar regions -5.75 (-0.81) 4.29 (4.38) 17 
Tropics 4.01 (-0.17) 5.65 (1.13) 9 

6d show a marked decrease in the specific humidity optimal 
estimate (converted from in(specific humidity) to represent 
a physical quantity) relative to the ECMWF analyses and 
radiosonde. The relatively large percentage difference shown 
in Figure 6d above 500 hPa reflects the large variation 
between relatively small amounts of water vapor associated 
with this occultation. The magnitude of these variations is 
comparable with the difference between models in the polar 
regions (Figure 4). Figure 6c also shows that the surface 
pressure retrieval decreases relative to the ECMWF (used 
to form the a priori) and UKMO model analyses value 
(989.23 hPa). 

Figure 7 shows a typical low-latitude occultation. For this 
particular occultation, reasonable observations terminate at 
approximately 500 hPa. At altitudes about the tropopause the 
temperature optimal estimate agrees well with the analytic 
inverse method, again resolving the tropopause not shown 
by the analyses (•2 K difference). Immediately above 
the tropopause the analytic retrieval develops a cold bias 
(relative to the optimal estimate) and follows the structure 
of the collocated radiosonde. The cold bias developed is 
of the order of 6 K, which is considerably larger than the 
prescribed a priori constraint, so it is unsurprising that this 
structure is not resolved by the optimal estimate. Farther into 
the troposphere, the analytic temperature retrieval develops 
an increasing warm bias relative to the optimal estimate 
and analyses. This bias is due to the inadequacy of the 
low-water correction for the analytic temperature retrieval 
in the presence of large water vapor concentrations. At 
low altitudes the optimal estimate agrees with analyses 
with differences of less than 1 K as a consequence of 
no observations near the surface. The specific humidity 
comparison is shown in Figure 7c. The specific humidity 
optimal estimate shows good agreement with the analytic 
retrieval with differences of < 10%. The radiosonde has a 

warm bias relative to both the analyses and the retrievals. 
A possible reason for this is the relatively large spatial 
collocation distance from the occultation event. The surface 

pressure retrieval is larger than both the a priori and the 
UKMO analyses (1010.97 hPa). Since reasonable bending 

angle observations for this occultation terminate at 500 hPa, 
the retrieved value is of limited value. 

7. Discussion 

Bending angle observations of Earth's neutral atmosphere 
from the radio occultation technique are largely affected 
by and therefore contain information about temperature 
and humidity in the stratosphere and troposphere. In the 
troposphere, where water vapor can contribute significantly 
to the observation, it is impossible to separate temperature 
and humidity effects by using the GPS RO observations 
alone. The conventional method of inverting bending angle 
measurements involves an integral transform to obtain a 
profile of refractivity (as a function of geometric height) 
[Fjeldbo a•ld Eshleman, 1968]. The hydrostatic relation is 
used to obtain pressure and temperature from rcfractivity via 
density. To separate the effect of temperature and humidity, 
a correction can be made in this retrieval step, involving use 
of a priori specific humidity profile information. When the 
water vapor signal becomes significant, partial water vapor 
pressure is retrieved assuming a priori temperature profile 
information. This represents a suboptimal method of retrie- 
ving temperature and humidity since there is no guarantee of 
consistency between the retrieved temperature and the humi- 
dity profiles. An optimal estimation inverse method is able to 
retrieve temperature and humidity simultaneously from ben- 
ding angle observations, using a priori data. Retrieving these 
quantities simultaneously ensures their consistency, unlike 
the values retrieved using the conventional inverse method. 
Inhomogeneities along the transmitter-receiver path can 
introduce bending angle errors. Within the optimal estima- 
tion inverse method framework, it is possible to account for 
these errors, unlike the conventional inverse method. These 

represent two key advantages of using the optimal estimation 
inverse method. 

We have applied the nonlinear optimal estimation method 
described by Palmer et al. [2000] to GPS/MET bending 
angle observations. We find that GPS/MET bending angles 
observations improve upon reasonable NWP analyses for 
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the troposphere and for much of the stratosphere (global 
retrieval-a priori differences for temperature, humidity, and 
surface pressure differences are •0.5 K, • 10%, and 2 hPa, 
respectively). Retrieval increments to a priori temperature 
and humidity information are consistent with the correlative 
data used. Values of retrieved surface pressure are generally 
less than analyses, apart from the tropics where the retrievals 
have a positive bias. Surface pressure increments in the 
tropics are found to be consistent with a compensation effect 
for not modeling water vapor above 300 hPa in the inverse 
method, as suggested by Kursinski et al. [2000] 

Further insight into the retrievals has been possible by 
analyzing two individual occultation profiles, one at high 

and low latitude. The optimal estimation retrievals resolve 
tropopause structure. Previous evaluation of the data using 
the analytic inverse method has also noted the ability of 
GPS/MET observations to resolve such structure [Kursinski 
et al., 1996]. What is striking about the results shown here 
is that the characteristic sharp features of the extratropical 
tropopause are resolved on a relatively small number of 
model levels, typical of a NWP model, as opposed to 
retrieving temperature and humidity on a number of levels 
typical of an occultation (>100). Analysis of the surface 
pressure retrieval is limited due to the lack of correlative 
surface pressure data and because much of the data set used 
does not penetrate heights lower than 1 km. The retrieval 
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Figure 6. Comparison between a high-latitude occultation (0133 UT, May 5, 1995) and correlative data. 
The occultation event is obtained at 69.1 øN, 277.7øE; the radiosonde is from 68.8øN, 278.8øE at 0000 UT; 
and model analyses are from 0000 UT. (a) Temperature comparison, (b) temperature differences between 
the optimal estimate and the correlative data, (c) specific humidity comparison (with surface pressure 
comparison inset), and (d) specific humidity differences. The inset in Figure 6a is an enlarged section of 
the temperature profile shown, corresponding to the tropopause region. 
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Figure 7. Comparison between a low-latitude occultation (12:40 UT, May 4, 1995) and correlative data, 
includino results from the analytic inverse method. The occultation event is obtained at 7.9øS, 167.5øE ß 
the radiosonde is from 6.0øS, 170.4øE at 1200 UT; and the analyses are taken from 1200 UT. Panels and 
plotting symbols are as Figure 6. 

difficulty in the lower troposphere is believed to be due to 
sharp vertical gradients in atmospheric refractivity, because 
of sudden changes in water vapor [Rocken et al., 1997]. 
Future missions will employ instrumentation which will 
improve the signal tracking and the signal-to-noise ratio 
[Rocken et al. , 1997]. 

It should be realized that relatively simple a priori and 
measurement error covariances have been assumed in this 
work and represent preliminary estimates. Future work 
should include improved modeling of these estimates so that 
they represent temporal and spatial variability. However, re- 
sults using the preliminary error estimates are encouraging. 
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