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Abstract. We use 30 years of intercalibrated HIRS (High- superimposed by a mixture of oscillatory signals (periodic,
Resolution Infrared Radiation Sounder) data to produce a 30¢quasi-periodic, and unperiodic), singular signals (e.g. caused
year data set of upper tropospheric humidity with respectby volcano eruptions) and random noise (e.g. caused by
to ice (UTH). Since the required brightness temperaturesnonsystematic measurement errors, see for instaZacefos
(channels 12 and 612 and T) are intercalibrated to dif- etal,2012. Generally long (typically decades) time series of
ferent versions of the HIRS sensors (HIRS/2 and HIRS/4)data are required for application of sophisticated mathemati-
it is necessary to convert the channel 6 brightness tempetreal filter methods such that a trend can not only be detected
atures which are intercalibrated to HIRS/4 into equivalentbut also stated with some statistical confide'Wegtherhead
brightness temperatures intercalibrated to HIRS/2, whichet al, 1998.
is achieved using a linear regression. Using the new re- Inthe field of global satellite data analysis there is only one
gression coefficients we produce daily files of UTH2 source of data that provides such long time series, that is the
and Tg, for each NOAA satellite and METOP-A (Meteoro- suite of instruments on the NOAA series of satellites, includ-
logical Operational Satellite Programme), which carry theing the HIRS (High-Resolution Infrared Radiation Sounder)
HIRS instrument. From this we calculate daily and monthly radiometers. Meteosat satellites provide similar long time se-
means in 5° x 2.5° resolution for the northern midlatitude ries, but not with global coverage. Nowadays also the Eu-
zone 30-60N. As a first application we calculate decadal ropean METOP (Meteorological Operational Satellite Pro-
means of UTHand the brightness temperatures for the two gramme) satellites carry the HIRS instrument and thus the
decades 1980-1989 and 2000—2009. We find that the humidHIRS data set currently spans over 30 years. Unfortunately,
ity mainly increased from the 1980s to the 2000s and thathere have been changes to the HIRS instrument over the
this increase is highly statistically significant in large regions years (e.g. channel frequencies; filter functions; the instanta-
of the considered midlatitude belt. The main reason for thisneous geometric field of view, IGFOV, changed from HIRS
result and its statistical significance is the corresponding inversion 2 to the current HIRS version 4; and the IGFOV
crease of the, variance. Changes of the mean brightnesschanged from 20 to 10 km) such that measurements from dif-
temperatures are less significant. ferent satellites cannot be immediately combined together to
form a long time series. Therefore it was necessary to foot
measurements of different satellites on a common base, that
is, to intercalibrate the data from all the satellites. This has
1 Introduction been done in recent years for longwave channels of the HIRS
instrument (e.gShi et al, 2008 Shi and Bates2011; Shi,

The detection of climate change is often hampered by the013 Chen et al.2013, such that one can now work with
small signal-to-noise ratio in time series of climate data. Thejntercalibrated data from more than 30 years.

signal, that is often a small trend, can be and is usually
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Our special interest is to look for changes in upper tropo- In the following we develop the regressiony2 on Te/4
spheric humidity in the long term. For that purpose we useand introduce simple quality checks. Using this method we
the method developed hjackson and Batg2001), based have produced a new UTldata set that shares the file struc-
on fundamental work bysoden and Brethertofi993. The  ture with the data set of intercalibrated brightness tempera-
upper tropospheric humidity, UTH, can be derived from the tures (sorted with respect to satellite, year and date). We note
measured brightness temperatures in HIRS channels 12 (cethat a new UTk}, data set can be produced with the same
tral wave numbers 1480 cmh for HIRS/2 and 1530 cmt method but we have not yet done that. As we are eventually
for HIRS/4) and 6 (central wave number 733chfor both interested in ice supersaturatidBiérens et a.2004 2012
HIRS/2 and HIRS/4) using the formula we restrict our data currently to a latitude band from 30 to

ex 60° N, because data from other satellites showed almost no

Pla + bT12) - o s
= (2) ice supersaturation in the 300-500 hPa layer within the trop-
a'+b'Te ical latitude band (see for instan8pichtinger et a).2003h
with regression coefficients, b,a’, b’ determined bylack-  Gettelman et a]2006. The first applications of this new data
son and Bate$2001 their Table 2). In this equatiorfy, set are presented in Sect. 3 before a summary and an outlook
is essentially a measurement of the water vapour concento further plans is given in the final Sect. 4.
tration in the free troposphere whilg; is a corresponding
temperature measurement, that is, the formula combines the
usual ingredients for the determination of a relative humid-2 Technical implementation
ity. The reader is referred tdackson and Batg2007) for . ) .
details of the derivation. The coefficients have been given for! he regression ofe,2 on 7g/4 was developed using all daily
both UTH with respect to liquid water, UT4j and with re-  data from complete years of NOAA-12 (1992-1996). We
spect to ice, UTH A result UTH > 100 % signifies ice su- USe NOA_A—12 because the HIR_S/2 cha_mnel 12 data we use
persaturation. As the weighting kernels of HIRS channel 12(from Shi and Bates201]) were intercalibrated to NOAA-
are sensitive to a deep atmospheric layer roughly between?2, therefore |t_ makes sense to also calibrate c_hannel 6 to
300 and 500hPa, UTH has to be interpreted as a kind 0f.\IOAA—.12. .Durlng the work on the channel 12 |_ntersatel-
mean relative humidity over that layer, and UT#H100 % lite c_allbrgtlon se.verallyears ago the base saFelllte was de-
only arises when most of this thick layer is supersaturateot_erm'”ed in con5|derat|0p pf several factors. FIrS'F, the satel-
which occurs only rarely: only few percent of ice supersat-“te needs to have a sufficient length of o_bservat_lon, prefer-
urated layers reach a depth of 3km and more (cf. thicknes@Ply longer than 5 years. Second, the intercalibrated val-
statistics inSpichtinger et aJ.2003a Treffeisen et a].2007 ues are close to those of the base satellite used in an ear-
Radel and Shine2007 Dickson et al, 2010). lier work of Jackson and Bat¢2001) for easier comparison.

Jackson and Bat¢2007) determined their regression co- And third, the satellite’s drift is relatively small compared to
efficients for the HIRS version 2 (HIRS/2) instrument on Othersin the HIRS/2 series. From a combination of these fac-

NOAA-7, but the recent intercalibration of HIRS channels 0rS, NOAA-12 was chosen as the base satellite in the study
was based on HIRS/4 on METOP-A. Thus, we either have©f Shi and Bate¢2011). _ _ _

to determine new regression coefficients for the brightness The data set contains the intercalibrated brightness tem-
temperatures measured with HIRS/4 (in the following writ- Peratureds,s and in parallel the original ones measured with
ten T1z/4 and Te4) or, alternatively, we have to determine the NOAA-12 HIRS/2 instrument, i.s/2. Figures 1 and 3

a method to derive the HIRS/2 brightness temperatures fron®f Shi (2013 indicate that a linear regression might be suffi-
the HIRS/4 ones. As the latter alternative is the simpler, weCi€nt, such that we can try

follow it. Fortunately, an intercalibrated data setfg$,» has

been prepared bghi and Bate§2011) such that we can con- .

centrate on channel 6 now which we take from the data sef6/2(: 8. d) =1+ STe/a(2, B.d),

prepared byShi et al.(2008. Comparisons of the bright- ¢(x, 8,d) = Te/2(2, B, d) — fe/z()»,ﬁ,d)- 2
ness temperatures from NOAA-14 with NOAA-15 (tran-

sition from HIRS/2 to HIRS/3) and from NOAA-17 with We remind that the hat over tifeis used to distinguish an es-
METOP-A (transition from HIRS/3 to HIRS/4) showed that timated brightness temperature from the original value. The
channel values df are very similar across the different in- geographical coordinates longitude and latitude are given as
strument versions, such that a very simple solution to ourr and8 andd is the day of the year (1-365 or 368)and
problem would be to ignore these differences and assume that are intercept and slope of the regression, respectigely.
fe/z = Tg/4 (the hat ovel signifies an estimate). This would is the residuum, that is, thg: difference between the original
induce rms (root mean square) errors of the order 0.05%s,»> and the estimated on&g,, which eventually has been
(about 0.125K). Although this is already very good we de- checked to have zero mean and no obvious structure (i.e.
cided to reduce the rms error further by performing a linearto contain no strong signals) after applying the regression.
regression. Although some structure remains in the residuum, induced

UTH

Atmos. Chem. Phys., 14, 7533541, 2014 www.atmos-chem-phys.net/14/7533/2014/



K. Gierens et al.: 30 years of HIRS data of UTH 7535

NOAA-12 0.8 T i
Residuals for 30-60 °N PHA(L/Py)(+0.05% error)
0.15 : : ‘ ‘ 06 PLA(L/PL)(+0.03% error)
| PxA(1/P)(-0.03% error)
014 g 04 F PHA(L/P)(-0.05% error)
’ T
— 1 a 0.2
X  0.054 b s
» ] )
© 04 2
% [] s e
-g 0.05 7 g
e T 04
-0.1 A
i -0.6
'015 T T T T T T T T T T T T T _0 8
1991 1992 1993 1994 1995 1996 1997 1998 220 230 240 250 260 270
Te (K)

Days

Figure 1. Residualsg/s — fs/z (blue curve) and)2 — Tg/4 (red Figure 2. Relative error incurred to the prefact@t/Py) of the

curve) averaged over the indicated latitude band and for each day o THi calculation Via errors in the estlmated channel 6 brightness
NOAA-12 operation. temperature, that is, due to the regression Wijy. Measurement

errors ofTg,4 are not taken into account for this calculation. The

relative error isPy A(1/Py) = —[(b'Tg) / (a’+b'Tg)1- [(ATe)/ Tg).
probably by an annual variation @, — Ts4, we decided The red line rgpresents the true values (0% error_), thg other lines
to not use a more sophisticated regression because the ampoW the relative errors of/ Py for £0.05 % (outer lines in green
tude of the signal is small and only about a third of the ampli-a_”oI light blue) and for-0.03 % error inTg (inner dark blue and
tude ofTg/2— Te/4. Figurel shows that the residual errors are violet curves).

generally smaller than 50 mK. This is smaller than the chan-

nel 6 noise equivalent radiance of 0.24 mW/@ncnt 1)1 As stated above, the analysis is restricted to an extrat-
(equivalent to 54 mK, seHOAA and NASA-GSFC2008.  (gpjcal latitude band where we expect some ice supersat-
Using more than 36 million data records we find for intercept ration (30-60N), all brightness temperatures are cloud-
and slope: cleared (that is, we use only clear-sky measurements), and
[ = 257981 §—098978 although all data used in this study are limb-corrected
. (Jackson and Bate2000 we use from the almost 8Gwath
Because the residualg,, — Ts/2> are typically three times angle of the HIRS instruments only the centrat 8&an po-
smaller than the differenc®;> —Ts/4, as shown in Figl, the  sitions 11-46).
error induced on the retrieval of UTKia the factor ¥ Py is For potential users interested in UTH with respect to ei-
smaller when the regression is used than when the differencther water or ice we can also reformulate EL).qo that7s/4
betweenTg,> andTg/4 is ignored. The rms error is 0.03%. appears directly, that is,
Figure 2 shows this contribution to the overall uncertainty

(for the derivation of the error estimates, see the Appendix) yTH = expa+bTiz2) _ expla+bTiz) @)
Note that the uncertainty dfs/4 itself is not considered in a'+b'(1 + STea) a” +b"Tg)4
this figure.

with a” =d’ +b'I andb” = 'S, wherea’ andb’ can be ob-
tained fromJackson and Bat€2001) and/ andS are given
above.

In their original methodlackson and Bate®001) dis-
carded all measurements whefg,, — 742 < 20K, and
Gierens et al(2009 followed this practice. Generally, the
relation between channel 4 brightness temperatures from dif-
ferent HIRS designs differs much more fromya= x line 3 First exemplary results
than for channel 6 (Figs. 1 and 3 8hi, 2013. Also the an-
nual variation of the differency > —T4/4 is less smooth than  As a first application of the UTHdata we compute decadal
that of the channel 6 brightness temperatures. Thus, we deneans of the periods 1980-1989 and 2000—-2009 for the cho-
cided to not try aregression for channel 4. Instead, we replaceen zone of 30-6(N and with 25° x 2.5° spatial resolu-
the original criterion bylackson and Baté2001) with acor-  tion. These means together with a map of their differences
responding one for HIRS/4, i.@5/4 — T4/4 < 20K, and ad-  are shown in Fig3. We find a general increase in UTflom
ditionally we compute the upper tropospheric humidity with the subtropics towards the arctic, typically with values lower
respect to liquid water, UT§l, and discard all measurements than 30 % at 3ON and values above 40 % at el for both
with UTHy, > 100 %. The latter is only a very minor frac- periods. This behaviour is expected. From that figure it also
tion of the order 10% and less of the data that we checked appears that UTHhas increased at most locations from the
(January and July 1980 and 2000). 1980s to the 2000s. The increase is however nowhere larger
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Figure 4. Top panel: map of standard deviations of upper tropo-
pheric humidity based on monthly averages for the decade 1980—
989. Middle panel: map of the change of these standard variations
etween 2000-2009 and 1980-1989. Bottom panel: statistical sig-
nificance values for the difference of two decadal means of UTH
based onr tests with unequal variances for each pixel. Resolution
as in Fig.3.

Figure 3. Decadal means of upper tropospheric humidity with re-
spect to ice for the decades 1980-1989 and 2000—2009 and the dlﬁ
ference of these means from all available HIRS observations durln%
the respective periods. Spatial resolution .8°2< 2.5° and shown
is the zone 30—60N.

than a few percent and some regions even show a slight de-

crease in humidity. Before we start interpreting these changes

we look at their statistical significance in Fi§.We show in  equal variances) and a nonparametric (Mann—Whittigy

the upper panel the standard deviations of Y1d4 the first ~ test all gave similar results. Evidently there are large regions
decade, 1980-1989, based on the monthly averages in eaetith highly significant increases of the mean UTHhsignif-

grid box. These are mostly less than 10 % (in relative humid-icant values are found predominantly in regions with large
ity units), but over Siberia and the Canadian Arctic islandsvariance.

and between Turkey, Middle East and China there are larger Similar investigations can be done with the two brightness
variances. The middle panel shows how these standard deviemperatures involved. Decadal averages and their respective
ations have changed from the earlier to the later (2000-2009lifferences are shown in FigS.and 7, the standard devia-
decade. It appears that not only have the mean values irtions, their change over two decades, and statistical signifi-
creased, but the variances as well. The lower panel shows theance values of the changes of the means based on monthly
statistical significance values of the UiTHifferences of the averages are presented in Figsaand8, respectively. Obvi-
mean values based orr éest for each pixel. Because of the ously, T decreased almost everywhere, while shows in-
changed variances we usedtast that accounts for different creases and decreases. This alone would hardly explain an
variances (IDL (Interactive Data Languagegst routine has  average increase of UTHas we can see from the equa-

a corresponding switch). Trials with a simplest (assuming  tions provided in the Appendix when we insert the decadal
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Figure 5. Decadal means of channel 12 brightness temperature fofFigure 6. Top panel: map of standard deviations of channel 12

the decades 1980-1989 and 2000—2009 and the difference of thesgightness temperature based on monthly averages for the decade

means from all available HIRS observations during the respectivel 980-1989. Middle panel: map of the change of these standard vari-

periods. Resolution as in Fig. ations between 2000-2009 and 1980-1989. Bottom panel: statisti-
cal significance values for the difference of two decadal means of
T12 based onr tests with unequal variances for each pixel. Resolu-

differences of the brightness temperatures¥@g andAT;,. ~ tonasinFig3.

Moreover, the brightness temperature changes are at many

locations insignificant where we have significant changes of

UTH; in spite of this fact. In order to understand this sur- ATi2. Increases of UTHare enhanced wheh > means are

prising result we have performed Monte Carlo experimentsdecreasing together with an increasing variance, while de-

(that is, made statistical tests on random series of brightnessreases of UTHare damped whefi;» means are increasing

temperatures and resulting humidity values where we knewogether with an increasing variance.

the distribution from which the brightness temperatures were Indeed, over mid-Asia, along the latitude belt centred at

drawn). It turned out that significant changes in YTdan  about 50 N for example, it appears that there are statisti-

result from increase of th&, variance combined with a cally significant increases in UTiHrom the 1980s to the

decrease of its mean. Changes in the distributioffgoare 2000s which are consistent with decreasihg means and

less important (EqsA2 and A3 show that a change dfi» increasingl2 variances. However, insignificant decreases in

changes UTHabout five times as much as the same changdJTH; over southern Asia (at 30—38l) are associated with

of Tg). That an increase of the variance B, can lead to  increasingli2 means and increasifig, variances over those

an increase of the mean UTl$ understandable from the regions. It should be noted here that significant increases in

nonlinear functional dependence between these two quantiJTH; may also result from significant decreased4a with

ties: the increase of UTHlue to a negativé\ Ty, is larger ~ small changes iTy2 variances (e.g. over the southern part

than the corresponding decrease due to the same but positivd the North Atlantic), whereas significant UTldecreases

www.atmos-chem-phys.net/14/7533/2014/ Atmos. Chem. Phys., 14, 7584, 2014
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Figure 7. As Fig.5, but for Tg. Figure 8. As Fig.6, but for 7g.

may result from significant increasesTi, for example over ~ many different satellites employed. Thus, we do not expect
southeast Asia around 38, 120 E. such an impact on the interdecadal change of the mean val-

The increase of temperature variances is also visible in relies of the brightness temperatures. The variances could grow
analysis data (ERA Interim and NCEP). We found increasedf the satellite overpass times would vary more during the
temperature variability on all levels from 300 to 700 hPa in 2000s than the 1980s. But we see no reason to believe this
those regions where the increase of upper tropospheric htand the standard deviations shown in Figand8 are much
midity is statistically significant (not shown). The tempera- larger than the diurnal variations in the two considered chan-
tures themselves increase almost everywhere on these levelels. Thus, we deem our analysis is robust against a potential
consistent with observations and analyses of global warmingconspiracy of orbit drifts and diurnal temperature variations.

Systematic diurnal temperature variations (daily temper- We have also checked whether the so-called clear-sky bias
ature range) in combination with drifting satellite overpass (John et al.2011) has an influence on our results. For short
times can pretend changing brightness temperatures that hafie periods this can indeed be a problem, since on a daily
no climatological basis. Thus, we have to check whether suctpasis there are large gaps in the data, because of clouds or
effects could corrupt our analysis. Fortunately this is ratherother reasons. About half of the32 x 2.5° grid boxes are
improbable. The diurnal variations of boffs and Ty, are  flagged as missing or invalid data. On a monthly basis the
generally small (no more than@K in average) for north-  gaps are reduced considerably to about 5%. We can expect
ern midlatitudesl(indfors et al, 2011). When both ascend- therefore that the gaps are reduced even more on annual and
ing and descending passes are averaged together, the ditecadal bases (not tested). The gaps are of similar extent in
nal effect on the differences is even smaller. Thus, if therePoth decades considered. This does not provide strong argu-
would be a systematic effect at all, it would be small. But ments to assume the clear-sky bias distorting our resullts.
even these small effects will average out over 10 years with
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4 Summary and outlook Such evaluations can of course readily be extended to the
whole globe and this will be done in the near future. We have
We have used 30 years of intercalibrated data of HIRS brightrestricted our study to the midlatitudes because it served as
ness temperatures to derive a corresponding data set of U first test and because of our prime interest in the occur-
per tropospheric humidity. We used the method describedence of ice supersaturation, which HIRS channel 12 detects
by Jackson and Batg200]) to determine UTHfrom two  mainly in the extratropics (because it is sensitive between
brightness temperaturef;, and 7s. In doing so, we could  roughly 300 and 500 hPa). For studies of UTitself such
directly use the coefficients provided by these authors fora restriction is not necessary. Further plans are to study the
T2, since a set of channel 12 brightness temperatures intefzariability of UTH; on different time and space scales. The
calibrated to the HIRS version 2 on NOAA-12 was already analysis should include short and longer-term variations, e.g.

available Ghi et al, 2008. Yet for T we only had a complete  seasonal, El Nifio—Southern Oscillation, North Atlantic Os-
data set intercalibrated to HIRS version 4 on METOP-A. cillation, solar cycle and long-term trends. Although classi-
This implied that the original coefficients andb’ of Jackson  cally ice-supersaturated regions have been defined as cloud-
and Bate¢200]) could not be used anymore. We solved this free regions, they are clearly related to cirrus cloud formation
problem and determined new coefficieatsandb” by alin-  and contrail persistence. Thus, infrared-sounder measure-
ear regression between &j data measured with HIRS/2 on  ments, which are necessarily cloud-cleared, should be com-
NOAA-12, Tg/2, and their counterpart values intercalibrated pined with microwave-sounder data (183.1 GHByehler
to HIRS/4,Ts/4. This resulted eventually in Eq3), which et al, 2008, which can be used in cloudy scenes as well. Fur-
gives UTH as a function of12/2 and7g/4. thermore, satellite data with stated higher vertical resolution
Using this we have produced daily data files with UTH as AIRS (Atmospheric Infrared Sounder) and IASI (Infrared
T12/2, and intercalibrateds > based on the regression from Atmospheric Sounding Interferometer) will be profitable for
Te/4 for the Northern Hemisphere midlatitude zone 30- g study of ice-supersaturated regions since the latter are only
60° N. These raw data have then been regridded30:22.5° a few 100 m shallow on average.
resolution, and monthly means files have been produced. |nterms of ice supersaturation we especially want to know

These have in turn been used for a first application to calwhether there is a trend in the frequency of occurrence of
culate decadal means for the decades 1980-1989 and 200¢e supersaturation and if so, if it is statistically significant;

2009. The difference field of these means, the standard deviand whether the mean supersaturation and the occurrence

ations of the 120 monthly mean values for each grid box andrequency of extreme values are changing. Since natural cir-
each decade, and the statistical significance of the change @fis formation requires quite high supersaturation values, an-
the means has been determined. It turned out thatiWTH  swers to these questions are directly relevant to our expec-

creased at many locations by a few percent with large statistations of the development of cirrus cloudiness in a future
tical significance, whereas the brightness temperature meangarmer climate.

changed often insignificantly. The significance of the change
in the means of UTHis mainly explained by an increase

in the variance of the brightness temperature distributions at
many locations. We note again that all these steps can be per-
formed for UTH, in the same way, one has merely to use the
appropriate coefficientés, b) from Table 2 ofJackson and
Bates(2001).
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Appendix A: Error calculation
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the negative values ob and »’. Thus, dUTH/3T1> ap-
proaches zero from below fdk, — 270 K (consistent with

We provide here the formulae for calculation of the error of Fig. 13 of Jackson and Bate2001, lower part) while
the resulting UTH due to errors in the brightness tempera-yUTH /37 must increase fofs — 270K (as in our Fig2,

tures,T12 andTg. The total derivative of UTH is

JUTH
dUTH= dr,
oTs 6T

JUTH
dTyo, (A1)
T12

with the partial derivatives

UTH —b' bT —b'
OUTH _ —bexpa+bTia) _ \ypyy =0 (A2)
0T (a’ + b'Tg)? a +b'Ts
and
dUTH b ex bT
_bexpa+bT2) _ (A3)
0712 a +b'Tg

Note that» and o’ are negative, thussUTH/d7s > 0
while 9UTH/8T12 < 0. Further, botte + b T12 anda’ + b' T

decrease with increasing brightness temperature because o

Atmos. Chem. Phys., 14, 7533541, 2014

but inconsistent with Fig. 13 afackson and Bate2001, up-
per part).

The relative error of UTH is proportional to the relative
error of T and proportional to the absolute uncertainty of
T2,

AUTH —b'Tg ATg
(Uﬂ1>_d+H% (7@>+bAn2 (A4)
The first right-hand side term is what is shown in our FAg.
that is, it is equivalent ta\ (1/ Py )/(1/ Py), the relative er-
ror of (1/Py). For use with Eq.3) we have simply to re-
place the single-primed with the double-primed coefficients,
but the differences are very small. The uncertainty in chan-

nel 12 contributes typically about five times as much to the
reflative error of UTH than the uncertainty in channel 6.
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