


from the GEOS Assimilation. 

In the Tropics, the whole curve showing innovation bias has apparently been shifted 
towards more negative values, thus making the average refractivity difference over 
the whole profile closer to zero and less positive. The standard deviations of the 
innovation and residual are about the same as with the GEOS background, i.e. slight 
negative in the residuals around 15 km altitude. 

The South presents very similar biases and standard deviations as with the GEOS 
Assimilation. 

9.1.3 FVDAS DAOTOVS 

In the North the FVDAS DAOTOVS innovation bias shown in Figure 26 does not 
present any negative region any more; the crescent-shape of the curve is conserved, 
though, but with even less waves between 15 km and 25 km altitude, i.e. smoother 
curve. The innovation standard deviation remains nearly unchanged. 

A major difference is observed in the Tropics, where the innovation bias is now con- 
fined between -0.5% and 1% above 5 km altitude, whereas before these extrema 
were -1% and 2% for the FVDAS NESDIS TOW. This significant reduction of bias, 
associated with no real change in standard deviation, is another indication of the 
improvement of the system from NESDIS TOVS to DAOTOVS. It is interesting to 
notice that a change in the origin of the TOVS data can drastically change the in- 
novation bias curve. This change is not detected in the North, but is much more 
striking in the Tropics where fewer RS are available to  constrain the climatology of 
the model-analysis. 

We observe also a major difference in the South. The innovation bias has been 
significantly reduced as compared with NESDIS TOVS, but the standard deviation 
remains identical. This suggests that the performance of the forecast in terms of 
resolving structures (that we assume in the present discussion to be measured by 
standard deviation) may have not really changed, but the climatology of the model- 
analysis, that we can look at using an independent refractivity dataset (GPS/MET), 
has drastically changed, and has been pulled in the right direction if we assume the 
GPS/MET observations are non-biased. As in the Tropics, this testifies the TOVS 
data drive strongly the model-analysis climatology in the Southern hemisphere where 
only very few RS observations are available. 

To summarize, smaller refractivity residuals are observed when the quality of the 
background is improved. This supports the idea of using GPS refractivity as an 
independent dataset for model validation studies. In the next three sections we ex- 
amine and decompose the analysis increments (1DVAR analysis minus background) 
into sea level pressure, temperature and humidity components to  understand how the 
refractivity differences are minimized in the 1DVAR. 
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Figure 25: Same as figure 24 but for the FVDAS NESDIS TOVS forecast background. 
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Figure 26: Same as figure 24 but for the FVDAS DAOTOVS forecast background. 

47 



9.2 Sea Level Pressure Increments 

We begin with the sea level pressure (SLP) since it is the most straightforward to 
interpret. A SLP shift is somewhat equivalent to a height shift, which itself translates 
into a fractional refractivity shift: we can approximate the refractivity as varying with 
a constant scale height H ,  i.e. 

N = Noexp-2. (14) 

Then the fractional variation in refractivity at any altitude due to a given height shift 
AZ is 

A N  A2 
N H ’  (15) -- - -- 

From (15) we can predict qualitatively how the lDVAR analysis modifies the back- 
ground sea level pressure, given an observed and a background refractivity profile. In 
the North, Figure 24 shows that the background refractivity is higher in the mean 
than the observations. This is seen by integrating, on the left hand plot (showing 
bias), the area C G E O ~  between the zero-mean vertical axis and the innovation curve 
(GEOS background minus observation). To correct for this positive background mi- 
nus observation refractivity mean difference in the North, the lDVAR analysis creates 
a negative mean SLP increment in this region, which is consistent with the result of 
Table 3. Likewise, the mean SLP increment is negative in the Tropics, but with a 
greater SLP mean increment (-4.5 hPa instead of -1.9 hPa in the North) correspond- 
ing to  a greater area between the zero-mean vertical axis and the innovation curve 
for this geographical area in Figure 24. 

From Figure 25, we compute CNESDIS by integrating the area between the residual 
bias and the zero vertical line. Since not all the occultations reach down to the surface, 
we integrate between 6 km altitude and 30 km altitude in order to not overweight 
those few occultations. A similar calculus yields CDAOTOVS from Figure 26. We find 
that & ~ 0 ~ = 0 . 3 3 % ,  ZNESDIs=o.27% and ~DAOTOVS=0.29%. Just keeping in mind 
the order of those numbers (CGEOS > CDAOTOVS > CNESDIS) ,  the SLP increments 
should then be ranked, from the largest to the smallest: GEOS, FVDAS DAOTOVS, 
FVDAS NESDIS TOVS. This is confirmed by Table 3, which shows increments in the 
North of -1.9 hPa, -l.lhPa, -0.9 hPa for GEOS, FVDAS DAOTOVS, and FVDAS 
NESDIS TOVS, respectively. 

Visually, Figure 27 shows the transition, in the North, from the “GEOS” mean curve, 
representing GEOS residual calculated with the background SLP, to  the “1DVAR 
SLP” mean curve, representing background refractivity calculated with the lDVAR 
SLP minus GPS observations. As expected, we can see that the lDVAR SLP mean 
curve has been shifted towards more negative values, thus making the integrated area 
between it and the zero-mean axis now closer to zero. Consequently, the negative 
refractivity bias observed previously between 7 and 10 km is even more negative. 
A similar effect can be observed in Figure 28 (Figure 29) for the NESDIS TOVS 
background (DAOTOVS, respectively). 

The three Figures 27, 28 and 29 also show a reduction of standard deviation when 
going from the residual to the “1DVAR SLP” curve. This suggests that valuable 
information in terms of height shift between the background and the GPS observations 
may be contained in the GPS refractivity measurements. It is not completely clear 
though whether this height shift relates to  the first order to an incorrect sea level 
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Figure 27: Same as figure 24, North only, using various combinations to generate the 
calculated refractivity: GEOS background only (solid line), background with lDVAR 
SLP (dots and dashes), background with lDVAR SLP and lDVAR temperature (tri- 
angles) below the 150 hPa level (represented by a horizontal dotted line at 13.7 km 
altitude), and GPS lDVAR only (dashes). 
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Figure 28: Same as figure 27, but with FVDAS NESDIS TOVS background. 
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Figure 29: Same as figure 27, but with FVDAS DAOTOVS background. 
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pressure in the background or if it is primarily due to other sources of error that 
could be contained either in the measurements or in the observation operator. 

It is indeed possible that a discrepancy exists between the references used in the pro- 
cessing of the GPS data and the reference used in the model used as a background (i.e. 
different geoids). Also, another source of difference might be the spherical symmetry 
assumption made when deriving the impact parameter (and thus the altitude) of the 
tangent points from the bending angle measurements. Another track of research could 
be to investigate the 1D vertical integration performed in the observation operator, 
that might lead to some systematic bias considering the occultation geometry. 

In any case, these discrepancies require further attention before using surface or sea 
level pressures derived from GPS radio occultation in a weather and/or climate model. 

9.3 Temperature Increments 

With the SLP already modified, we now examine the temperature increment contri- 
bution to the transition from innovation to residual. Temperature has two effects on 
the refractivity: a local effect (see equation (4)) and a non-local hydrostatic effect 
(see section 5.6). To separate these two, we now look at the difference between the 
lDVAR SLP mean curve and the “1DVAR T & SLP” (noted lDVAR T S L P  in the 
rest of the paper) mean curve in Figure 27. The background refractivity in the latter 
uses lDVAR SLP and lDVAR temperature up to the 150 hPa level. So the lDVAR 
T-SLP curve includes SLP increments as well as temperature increments up to the 
altitude of about 13.7 km, represented by an horizontal dotted line in the Figure 27. 

Figure 30 represents the temperature increments for the GEOS Assimilation back- 
ground. They are large near the tropopause. The very tight constraints provided by 
the relatively small background errors (see Figure 4) limit these increments. 

Below 6 km altitude, only small temperature increments are created (Figure 30 below 
the 500 hPa level), with practically no local influence on the mean refractivity: very 
little difference appears between the lDVAR SLP and 1DVAR TSLP curves in this 
region. We will discuss the humidity increments in more detail in the next section. 

From about 6 to 14 km altitude, we see the local effect of the temperature increments 
created in the same region; a mean increase in calculated refractivity is related to a 
mean decrease in temperature (Figure 30, between 500 and 100 hPa) including the 
lDVAR correction of the warm bias of the background at the tropopause. 

Above about 13.7 km, we should not see any local temperature effect provided the 
temperature has not changed from the background, but we do see the hydrostatic 
effect of the negative temperature increments applied below the 150 hPa level; the 
atmosphere has been shrunk between 6 and 13 km, thus collapsing the whole atmo- 
sphere located above. As a consequence, the mean refractivity difference with the 
observations has been reduced. We note that this hydrostatic adjustment is greater 
than the modifications due to the SLP change, by comparison between the transition 
from GEOS to 1DVAR SLP and the transition from lDVAR SLP to lDVAR TSLP 
mean curves above 14 km. This suggests that the temperature bias at the tropopause 
might cause the lDVAR to erroneously change the SLP instead of producing a larger 
increment in temperature. 
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Figure 30: GPS lDVAR analysis minus GEOS Assimilation background tempera- 
ture (increments). The number of profiles for each geographic area (North, Tropics, 
South). 
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To reduce the remaining positive refractivity difference above 13-14 km altitude, the 
lDVAR creates negative temperature increments in the same region (Figure 30) as 
expected. 

A similar discussion can be made for the temperature increments with the FVDAS 
NESDIS TOVS background shown in Figure 31 (Figure 32). With the FVDAS DAO- 
TOVS background, the mean temperature increments are less than 0.5 K (1 K) in the 
North hemisphere (Tropics, respectively), whereas they approach 1 K (2 K, respec- 
tively) with the FVDAS NESDIS TOVS background. These two Figures illustrate 
clearly that the temperature changes induced by the refractivity GPS data depend 
highly on the other observations already assimilated in the background. 

It is worthwhile to note that the mean temperature increments are negative, and that 
this trend holds for the three backgrounds. This result is consistent with the findings 
of Palmer and Barnett, [2001], who developed an optimal estimation inverse method 
based on UK Met Office background and GPS/MET bending angles. 

9.4 Humidity Increments 

With the SLP and the temperature modified, we now examine how the humidity 
increments contribute to the reduction of the innovation. We are interested in the 
transition, in Figures 27,28 and 29, from the lDVAR T S L P  mean curve to the “GPS 
1DVAR” mean curve representing the residual (i.e. lDVAR minus observation). In 
terms of bias, the largest differences between these two curves are located between 
the surface and 7-8 km altitude. The lDVAR T-SLP mean curve is positive in this 
region for the three backgrounds, except for the GEOS Assimilation, at 1 km and 
at 7 km altitudes. Humidity has a local effect on refractivity shown in equation (4). 
Contrary to temperature, the hydrostatic effect, due to the replacement of dry air by 
lighter water vapor, can be neglected in the present interpretation (see section 5.6). 

In the warm region of the summer North lower troposphere, the refractivity below 
8-9 km is primarily dominated by the water vapor. The small temperature increments 
below 6 km do not reduce significantly the mean innovation in this region. Conse- 
quently, the lDVAR should create negative humidity increments to compensate for 
the remaining (usually) positive difference in the 1DVAR T-SLP mean curve. 

Table 4 shows these increments in percents of the average of background and lDVAR 
specific humidity. They agree completely with the postulation of the previous para- 
graph, i.e. negative humidity increments, except for the GEOS Assimilation at the 
850 hPa and 400 hPa levels where the negative innovation imposes a positive humidity 
increment. 

The humidity increment standard deviations are reduced from the GEOS Assimila- 
tion to the FVDAS, from 35%-51% down to 18%-34%. This suggests that FVDAS is 
closer to GPS than GEOS. We found that the FVDAS DAOTOVS humidity is closer 
to  the RS than both GEOS and FVDAS NESDIS TOVS. Then, the reduction of hu- 
midity increment standard deviation also validates somehow the FVDAS DAOTOVS 
humidity. 

We now discuss the mixed humidity result obtained by comparison with RS. Consid- 
ering that the RS and the GPS refractivity represent in essence different averages, 
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Figure 31: Same as figure 30 but for the FVDAS NESDIS TOVS background. 
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Figure 32: Same as figure 30 but for the FVDAS DAOTOVS background. 
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I Pwssum level I Mean I Std. dev. I Nb. of cases I 
GEOS Assimilation Background 

850 hPa -4. % 
700 hPa -12. % 
600 hPa -16. % 
500 hPa -16. % 
400 hPa -7. % 

I I I 

400 hPa I 6. % 1 40. % I 271 
FVDAS NESDIS TOVS Forecast Background - 

18. % 60 
27. % 148 
31. % 2 14 
34. % 239 
33. % 253 

850 hPa -6. % 
700 hPa -11. % 
600 hPa -12. % 
500 hPa -15. % 

I I I 

400 hPa I -8. % I 31. % I 248 I 

21. % 61 
28. % 151 
32. % 216 
32. % 239 

Table 4: Specific humidity increment in the North. 

it is somewhat more difficult to demonstrate an impact of the GPS refractivity on 
the comparison between a humidity retrieved from a line averaged measurement and 
a point measured humidity. For the temperature, we have seen that this was not a 
problem, provided we showed that the lDVAR temperatures were closer to the RS 
than the background. It is notoriously known that RS humidity is less reliable than 
temperature. Another possible explanation is the spatial variability of temperature, 
which is known to be in general less fine than that of humidity. Also, the intrinsic 
stronger variability of humidity would require a somewhat larger number of compar- 
isons than temperature in order for the comparison to be as much representative as 
the comparisons involving temperature, whereas here we are in fact confronted with 
a reversed situation, i.e. a smaller number of available comparisons for the humidity 
than for the temperature, because of the highly variable quality of the RS humidities. 
More GPS data are required in order to establish a firm conclusion on the impact of 
GPS refractivity on the analysis of humidity. However, we have demonstrated that 
substantial increments are made in the moisture fields after analysis of refractivity, 
and that small but positive improvements were obtained at some altitudes. 

To summarize how the increments are created in the present lDVAR, we can state 
that (1) the humidity increments are dominant below 8-9 km (2) the SLP affects 
all altitudes significantly (3) temperature at and below the tropopause significantly 
affects the stratospheric residual. In this simplistic scheme, (1) is a local effect, 
whereas (2) and (3) correspond to a hydrostatic effect. 
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10 Conclusions and Future Directions 

In this paper, we implemented a lDVAR analysis of refractivity. The approach proved 
to produce significant adjustments in temperature (-0.5 K), humidity(--lo%), and 
sea level pressure (-1 hPa) in the GPS lDVAR analyses. 

We evaluated the potential impact of GPS refractivity data on the analysis of tem- 
perature and humidity within the lDVAR framework via simulation studies. The 
temperature averaging kernels demonstrated that the lDVAR analysis maintains the 
relatively high vertical resolution of the GPS observations. Both linear and Monte- 
Carlo simulations were carried out. They demonstrated the linear approach is valid 
and representative in the case of the lDVAR analysis of GPS refractivity. One must 
include observational error in Monte-Carlo simulations in order to get a representative 
performance. Not adding observation error to the observations in the Monte-Carlo 
simulation results in an overestimated impact of the GPS observations. We showed 
how refractivity constrains differently temperature and humidity depending on the 
atmospheric conditions (summer or winter). Hence the result of simulation studies 
depends upon the type of atmospheric conditions. The error covariances estimates 
also influence the results. 

We first applied relatively small background errors (less than 1K in temperature from 
the surface up to the 5 hPa level) in the simulations. For the observations, we used 
an error estimate of 0.2% of the observed refractivity above about the 600 hPa level, 
which is equivalent to the estimate of Kursinski e t  al. [1995,1997], and 2% below. 
We found that GPS could reduce errors to 0.2-0.5 K from 700 hPa to 2 hPa. 

Then, the background errors were increased by a factor of two in general. Based 
on lDVAR results with GPS/MET, the refractivity errors were reduced in the lower 
troposphere to 1% in the Tropics, consistent with Kursinski e t  al. [1995, 19971. 
In the Northern and Southern hemispheres, refractivity errors below 5 km altitude 
were estimated to be 0.4% which is smaller than [Kursinski e t  al., 1995, 19971. With 
summer or tropical conditions, the temperature impact was reduced in the simulations 
but a much larger impact was obtained in water vapor. 

We then applied the lDVAR analysis method to GPS/MET 1995 data. We showed 
the importance of performing the analysis with a sufficient number of vertical levels in 
order to better resolve the structures contained in the GPS refractivity observations. 
We compared our analyses of temperature with nearby radiosondes (Rs). We evalu- 
ated the impact of GPS/MET 1995 refractivity data with three sets of backgrounds: 
GEOS Assimilation (1995), and next-generation FVDAS assimilating either NESDIS 
TOVS retrievals or interactive TOVS retrievals (DAOTOVS). 

As expected from the simulations, we saw a significant improvement in the analyzed 
temperature as compared with the background (i.e. reduced temperature error bias 
and standard deviation between 850 hPa and 20 hPa). A warm bias present in the 
GEOS Assimilation and FVDAS NESDIS TOVS backgrounds at the tropopause was 
reduced in the analysis, without any specific bias correction. The FVDAS DAOTOVS 
background proved much closer to the radiosondes (i.e. reduced bias and standard 
deviation) than the two other backgrounds. As a consequence the lDVAR obtained 
using the FVDAS DAOTOVS background presented a significantly reduced bias with 
respect to the RS. However, the standard deviation was not reduced. This demon- 
strates that lDVAR analyses should be performed with the best available background 
in order to obtain the best retrieval. It is worth noting that the impact induced by 
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the GPS refractivity data is relatively smaller when the background presents a better 
fit a priori with the RS. Generally, the lDVAR temperatures are colder than the 
background. 

In terms of water vapor, a small number of comparisons (-70) showed that the 
1DVAR humidity difference with the RS presents similar standard deviations as 
the background. A small improvement in favor of the lDVAR was observed at the 
650 hPa, 500 hPa and 450 hPa levels. The 1DVAR analysis systematically dried the 
FVDAS DAOTOVS background humidity which presented a very small bias (-5%) 
with respect to the RS. As a result, the 1DVAR humidity is too dry when com- 
pared with the RS. There are several possible reasons for this result. The sondes are 
known to have known biases [Soden and Lanaante, 19961. Water structures present 
small horizontal scales. GPS horizontal resolution (200 to 300 km) is much closer to  
the background 2 x 2.5 degrees horizontal resolution than the RS point measurement. 
Therefore there may be a significant representativeness error. 

The background minus observation refractivity innovations present significantly re- 
duced biases and standard deviations with the FVDAS DAOTOVS background than 
with the GEOS Assimilation. This suggests that GPS refractivity data may be used 
as an independent benchmark dataset for model validation studies. 

We have related the reduction of refractivity innovations in the analysis to the incre- 
ments created by the 1DVAR. Modifying the sea level pressure in the analysis affects 
the entire refractivity profiles. Conversely, a global refractivity bias (background mi- 
nus observation) results in a systematic sea level pressure bias in the lDVAR analysis. 
The temperature affects the refractivity profiles in two ways. First, it changes the 
density inversely, i.e. an increase in temperature causes a decrease in density and 
refractivity. Second, it has an opposite effect via a nonlocal hydrostatic effect: an 
increase in the analyzed temperature expands the atmosphere, thus increasing the 
density and refractivity at higher altitudes. The water vapor dominates the refrac- 
tivity adjustment in the lower troposphere. It has little hydrostatic effect so it is 
essentially a local effect only. 

We have investigated the relationship between the refractivity and sea level pressure. 
When we used data from GPS/MET we found that the retrieved lDVAR surface 
pressures were systematically biased too low as compared with collocated radiosondes 
reports. The reason for this discrepancy is that GPS refractivities are lower in general 
than the background. This is also true for ECMWF and UKMO refractivities: such 
a bias had been seen before in Kursinski et al. [1996] and in Leroy [1997]. The 
underlying physical cause of this bias is unclear. We can note that we have two 
different vertical coordinates: GPS is measured with respect to  altitude, whereas 
model and radiosondes traditionally use the pressure coordinate. The refractivity 
bias is latitudinally dependent. Clearly this whole issue regarding the refractivity 
bias needs more attention both for climate and weather applications. 

Even though there are assumptions made when deriving refractivity from bending 
angles (i.e. local spherical symmetry), we showed that in most cases GPS observations 
combined with a background in an accurate and computationally efficient lDVAR 
framework can yield significant improvement in terms of temperature. Mixed but 
encouraging results were obtained in terms of humidity. 

We have used in this study GPS/MET 1995 data, for which the occultations do not 
extend very low in altitude. We look forward to performing further investigations with 
new GPS data probing deeper in the troposphere and to  carry out data assimilation 
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experiments when more data are available. Quality control will have to  be developed. 
As an extension to this study, the lDVAR technique presented here can be improved 
to account for horizontal drifts and line-of-sight averaging in the observation operator. 
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