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Abstract. This paper presents an updated trend analysis ofions, no quantitative inference about changes of water en-
water vapour in the lower midlatitude stratosphere from thetering the stratosphere in the tropics could be made with the
Boulder balloon-borne NOAA frostpoint hygrometer mea- mid latitude measurements analysed here.
surements and from the Halogen Occulation Experiment
(HALOE). Two corrections for instrumental bias are applied
to homogenise the frostpoint data series, and a quality as: .
. ) 7 "1 Introduction
sessment of all soundings after 1991 is presented. Linear
trend estimates based 02 the corrected dgta for the per'o\s{/ater vapour is important in determining radiative and
1989_2000 are up to 40% Iower' thf”‘.n previously report.ed'chemical properties of the stratosphere (Kley et al., 2000).
Vertically resolved trends and variability are calculated with An increase of stratospheric water vapour of 1% per year has

a r_nultl regression analys_|s including the quaS|-b|e_nnaI OSCII'been reported for measurements made in Boulder, Colorado
lation and equivalent latitude as explanatory variables. In

; since 1980 (Oltmans and Hofmann, 1995; Oltmans et al.,
the range of 380 to 640K potential temperatureld to (

. ... 2000) and, based on a combination of several datasets, for
25 km), the frostpoint data from 1981 to 2006 show positive -
linear trends between Q&0.3 and 0.20.1%/yr. The same the past half century (Rosenlof et al., 2001). These trends in

dicate a long-term climate change (Rosenlof et al., 2001) and
dataset ShQWS trends betwee0.2+0.3 and 1.6:0.3%/yr have implications for the Earth’s radiative budget (Forster
fpr the perlod 1992 to 20(.)5' HALOE d?ta over the Same o ng Shine, 2002), stratospheric temperature and ozone chem-
time period souggest negative trends ranging fremld;o.z istry (Dvortsov and Solomon, 2001). Uncertainties about fu-
to —0.1:|:O.1/o/yr.. In the '°W.er stratospherg, a.rapld drop ture stratospheric O concentration affect the ability to pre-
of water vapour is observed in 2000/2001 with little changedict the recovery of stratospheric ozone (Weatherhead and
since. At higher altitudes, the transition is more gradual, with ndersen, 2006)
slowly decreasing concentrations between 2001 and 20075 The rer;lson fc')r the observed increase is not clear at
This pattern is consistent with a change induced by a droppresent The photo oxidation of methane is the primary
of water concentrations at entry into the stratosphere. Preéource 'Of water vapour in the stratosphere, and the long-
viously noted differences in trends and variability betweenterm increase in stratospheric GHan acco,unt for 24—
frostpoint and HALOE remain for the homogenised data. 34% of an increase of 1%y in stratospherig® (Rohs
Due to uncertainties in reanalysis temperatures and stratoét al., 2006). Interannual variability of the entry value of
spheric transport combined with uncertainties in observa-Wate'r’ vapou.r into the stratosphere 4Bl) is tightly con-
strained by tropical tropopause temperatures (Fueglistaler
) et al., 2005; Fueglistaler and Haynes, 2005). However, the
Correspondence to: S. Fueglistaler water vapour trend observed by Oltmans et al. (2000) and

BY

(s.fueglistaler@damtp.cam.ac.uk) Rosenlof et al. (2001) is at odds with temperature trends
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at the tropical tropopause (Zhou et al., 2001; Seidel et al.contamination during ascent, but not during descent (when

2001). The increase of EI-No Southern Oscillation con- the instrument is ahead of the balloon). Generally, uncon-

ditions over the last half century (Scaife et al., 2003), Vol- taminated data can be collected up to an altitude of about

canic eruptions (Joshi and Shine, 2003; Austin et al., 2007) o25 km. All data before 1991 were manually extracted from a

changes in cloud microphysical properties (Sherwood, 2002recorder strip chart. From 1991 onwards a digital recording

Notholt et al., 2005) may have affected stratospheric watersystem was implemented together with other new electron-

vapour, but clear evidence that any of these processes coulds. The dataset used in this study has been significantly re-

account for the magnitude of the observed trend is missing. vised compared to the dataset used by Oltmans et al. (2000).
Water vapour measurements at stratospheric concentraFhe next two sections document these changes.

tions (typically a few parts per million) are difficult and re- )

quire sophisticated techniques. The NOAA Earth System?-1.1 Data corrections

Eg;ef g,r\}”:l)'f gg:amtgl); (,\BIISZaAI C'\:Agl\r)lllt_(;rgﬁlozmzlgﬁ] e(l\raneAa,_A Since the publications of Oltmans et al. (2000) and Rosenlof

surements with a frostpoint hygrometer (henceforth termeoft a:. (2_Ot0tl) two stources of_(tj)las;_;n (tjht?”r]n efas?fmgm dOf t?e
NOAA FP) is the only available continuous multi-decade LOS p?_lg ?mpefra:hur?r:/verglten : 'ﬁ. h enrs |atsh|s ueto
record, covering the last 27 years. This series is one of thghe calibration of the thermistor, which measures the mirror

most often used dataset for stratospheric water vapour: eiteMmperature that is reported as frostpoint temperature. All

: - ; thermistors are calibrated at three fixed temperaturgs, (0
ther for comparisons with satellite data and models, or for )
P —45°C and—-79°C). A model fit (Layton, 1961) based on

studies investigating the effect of increasing stratospherich ist tth three t { i dtod i
moisture (e.g. Forster and Shine, 2002; Sherwood, 2002iN€ resistance at these three temperatures Is used to describe

Shindell, 2001: Randel et al., 2001, 2004, 2006: Stenke an he relationship between resistance and mirror-temperature.

. ; . i tended calibration over the temperature range from

Grewe, 2005; Fueglistaler and Haynes, 2005; Chiou et al., n ex .

2006; Austin et al., 2007). However, assessment of trends is 100°C t0 +20°C has shown dlﬁ?rences between the mod-
|led and the actual temperaturedfviel et al., 2007b). For

complicated by unresolved discrepancies between measur& below-79°C the diff b del
ments of different instruments (see Kley et al., 2000). NOAA temperatures below- the nerence etvyegn modet
FP and Halogen Occultation Experiment (HALOE) (Russell and real tgmperatqre becomes |ncrea3|.ngly significant, with
etal., 1993) time series show systematic differences for tren warm bias reaching 0.16 at a frostpoint temperature of
estimates (Randel et al., 2004). _—90.0’C. The Naval Res_earch Laboratory (NRL) handbook
Here, we provide a new analysis of the NOAA FP data setincluded a linear correctiortip,cor=1.0132457, +1.0464)

and compare it with HALOE data for the period 1992-2005. for frostpoint temperatures below79°C, based on a few

Section 2 discusses data and bias corrections. The Statisticg?easurements at94.3C. Previously published data (er-

model used to calculate trends and variability is described mronously) applied this correction only up to 1991' Here, we
. also correct the data from 1991 onward, using the follow-

Sect. 3, and Sect. 4 presents the results. Section 5 addresses . . .
. N Ing, improved correction for frostpoint temperatures below
the question whether the midlatitude water vapour measure-

ments provide new insight into processes controlling(f. —79C (Tpin°C)

Finally, Sect. 6 summarises our conclusions. Tip.corr = Tip — (—0.029(Tip + 79) + 0.083)2 1)
The difference between this improved and the old linear NRL
2 Data correction is about a factor of 30 smaller than the total uncer-
_ tainty of the measurement such that using two slightly differ-
2.1 NOAA frostpoint hygrometer ent corrections for pre- and post-1991 data is not a problem.

A second issue is the self-heating of the thermistors in the
The NOAA FP is a balloon borne instrument based on thecglibration setup used prior to 1987. The multi-meter current
chilled-mirror principle. The Clausius-Clapeyron equation ysed to read the thermistor resistance %t @vas too large
is used to determine the vapour pressure over an ice layeind caused significant self-heating, resulting in a roughly
which is in equilibrium with the water vapour above. The 1.5°C warm bias at the<€ calibration point. The model fit
instrument has been previously described (Oltmans, 1985jropagates this bias at© to all other temperatures (except
Vomel et al., 1995; Oltmans et al., 2000) The overall ac-for the —45°C and—79°C calibration pointsy and very small
curacy for this instrument is about 0.5K in frostpoint tem- errors between these two calibration points), which leads to
perature (\bmel et al., 1995), corresponding to about 10% g cold bias of up to 0.2C at—90°C. In order to account for
in mixing ratio under stratospheric conditions. The balloonthe self-heating, the following empirical function has been

soundings typically reach an altitude of 28-30km. The de-applied to all data prior to 1987, again only for frostpoint
sign of the instrument allows collection of data during ascenttemperatures of 79°C and lower ip in °C).

and descent. Outgassing of water vapour in the NOAA FP
inlet and from the balloon envelope is a source of possibleTi corr = Tp + (0.0203 Txp + 61.9))2 —0.119 2)

Atmos. Chem. Phys., 8, 1391-1402, 2008 www.atmos-chem-phys.net/8/1391/2008/
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Fig. 1. Linear trend estimates of stratospheric water vapour from NOAA FP measurerg@ritsr 18—20 km{b) for 24—26 km;(c) trend

profiles (in percent per year, confidence intervals omitted for clarity). Blue/yellow show uncorrected/corrected data, no correction applied
for period 1987-1991. Trends for period 1980-2000 (slope amduBeertainty printed in panels a/b) for comparison with Oltmans et al.
(2000). Note trend reduction of up to 40% due to data correction.

To summarise, previously published NOAA FP measure-and the subsequent analyses are carried out for both all pro-
ments of stratospheric water vapour concentrations were bifiles, as well as for only those of higher quality.

ased high after 1991 (first correction) and biased low before Note that the criterion of the maximum mirror oscillation
1987 (second correction). Consequently, the corrected datkevel is subjectively chosen. However, the screening applied
series yield linear trend estimates lower than previously pubhere is based on a priori knowledge of factors that may indi-
lished. cate lower data quality, and does not filter the data towards a

Figure 1 shows the time series and trend estimates as ifubjectively chosen “correct water vapour concentration”.
Oltmans et al. (2000). Trends for the period 1980-2000 be- Table 1 provides the number of retrieved soundings in each
tween 14 and 25 km altitude are reduced by up to 40% and/ear together with the number of higher quality soundings.
range, after the correction, between 0.2 and 1.05%/yr. Théoundings before 1991 were manually extracted from chart
reductions in the trend become larger with increasing alti-recorder strips. The original recorder strips no longer exist,
tude, since the corrections are proportional to the frostpoinnd a screening as described above is therefore not possible
temperature, which is decreasing with altitude. for data before 1991. A total of 44 out of 191 soundings

were classified to be of lower quality. A larger fraction of
2.1.2 Evaluation of data quality of individual soundings ~ Soundings does not meet the quality screening criterion in
the late 1990s. Unfortunately, this reduces the number of

In order to better understand the previously reported dis9h quality soundings in the years just before the observed

agreement between HALOE and NOAA FP, we evaluated drop” of water vapour concentrations in 2000/2001, with
the quality of each NOAA FP profile with respect to the fol- consequences for the trend estimates (see below).

lowing sources of potential errors. First, in some cases the F19ure 2 shows the time series of measurements averaged
measured frostpoint temperature exhibits large oscillationd” the layers of 380-420 and 580-620K potential tempera-
caused by the instruments feed-back controller. This is ofterfUre. Generally, the lower quality measurements (green) fall

not considered to be a problem, and data may be processé’éﬂithi” the range of the higher_quality measurements (black).
with a low pass filter (mel et al., 2007b). However, exces- fowever, the 12-month moving averages between the two

sive oscillations may indicate erroneous data. Second, thdatasets differ particularly in the years around the year 2000.
comparison of data collected during ascent and descent aP€SPite the newly applied corrections, the previously noted
lows some consistency checks. The aforementioned sourcd&andel et al., 2006) sytematic differences to the HALOE

for contamination may lead to larger values during ascenfhéasurements (orange) remain.
than descent, but systematically lower values during ascent

may indicate instrumental problems. Profiles that showed ex-

cessive mirror oscillations and/or systematically higher val-

ues during descent were flagged as being of lower quality,

www.atmos-chem-phys.net/8/1391/2008/ Atmos. Chem. Phys., 8, 1391-1402, 2008
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2.2 HALOE Equivalent latitude profiles are calculated based on potential
vorticity fields derived from NCEP reanalysis data (Kalnay

HALOE retrieved profiles of various trace gases (includ- et al., 1996, obtained from their web site at http://www.cdc.

ing water vapour) based on solar occultation measurementgoaa.gov/). More precisely, the proxy is the difference be-

(with about 15 sunrise and 15 sunset events per day) betweeiveeng,, of the measurement and the latitude of Boulder

September 1991 and November 2005. Measurements on amy,=40° N)

day were made at about the same latitude, but shifted in lon-

gitude. The profiles for water vapour range from about 15Zg,,.r = $eq.c — %o (5)

to 80 km altitude and latitudinal coverage was front 6o

60° N over the course of one month. The vertical resolutionWe find that neither the QBO nor the equivalent latitude
of the instrument is 1.6km at the limb tangent point, and proxy for the observations over Boulder shows a trend for

water vapour concentrations are calculated from extinctioni € full period 19812006, or the period 1992-2005 (com-

measurements at 6.61 micrometers. HALOE (version 19)parison Wi_th HALOE). Hence, these terms cannot contribute
data for profiles near Boulder, Colorado (within°385> N to atr_end n _vvater vapour over these periods. .

and 130-80° W) were obtained from the HALOE website A S|m_ple linear trend calculation may be obtained from a
(http://haloedata.larc.nasa.gov/download/index.php). Onl)f egression model of the form

data from July 1992 onward were used to minimize errorsy, = + w1X1; +

arising from enhanced stratospheric aerosol loading follow-

ing the eruption of Mt. Pinatubo in 1991. Figure 2 shows the St + 7QBO ZQBO Yooy Zoegt + Ni ©)
HALOE measurements for the same layers of potential temwherep is a constant offsety; ;=¢/12 andw; is the trend
perature as the NOAA FP measurements. As already noteger year. A better representation of the observations may be
above, the HALOE and NOAA FP timeseries show system-obtained with a statistical model that accounts for the drop

atic differences which will be further quantified below. observed around 2001:
Vi=p1+dp2+wiXa, +w2Xo; +

3 Statistical modelling St + 7080 ZQBO: + Vguy Zgugt + Ni (7

The monthly binned bO valuesY; with + denoting the num-  wherey; is again a constant offset apd is

ber of months from the start of the time series{...T) are

. *

represented in general form as _ )0 r<T 8

p2 = . 8
1 ¢>T

Yi=pu+ X+ S +2Z + N 3)

h N ¢ ¢ tant offset whereT* is the time of the discontinuity. X1, is¢/12 and
where p represents a term for constant offset(s). X, takes the form

X;=Y 7 wiX;; represents trend terms with; repre-
senting the change per year.S; is the term for the {0 t < T*
seasonal cycle represented by the annual componentsz; = N N
Si=a sin(2rt/12)+p cog2rxt/12) and Z; represents the t=TH/12 t=T
contribution of the proxies. The ternV, stands for the X, is 0 up to the date of trend chang#, and increases
unresolved noise. The noise is modelled as an autoregresswﬁ]ea”y after that, so thab, is the departure from the trend
process of first ordeN, =N, _1+¢;, wheree, areindependent | aer 7+ The trend estimator before the date of change
razndom variables with zero mean and a common variance is w1, afterT* itis w1 + wp (see Reinsel et al. (2002) for
Oc - . details of a regression analysis using a term lke;). T*
‘The QBO affects tropical tropopause temperatuB&id- s taken as January 2001. (This date is motivated by the re-
win et al.,, 2001) and as a consequence the stratospheric eQyis of the analysis of Randel et al. (2006): but by no means
try value of water vapour (Giorgetta and Bengtsson, 19995, ,jia5 that the drop occurred exactly at this date. Statistical
Fueglistaler and Haynes, 2005). The influence of the QBO 'Sanalyses with dates shifted by a few months yield the same
modelled with a combination of equatorial zonal winds at 30 ., c|usions as those presented below.)
and 70 hPa (Courtesy of B. Naujokat, FU Berlin): All data are analysed on isentropic surfaces (measure-
_ ments interpolated onto isentropes every 10K) in the range
YQBO ZQB0. = 130 QBO30, +¥70QBO0, @ of 380—640K (i.e. in the stratospheric “overworld”; Holton
These two wind time series differ by abott2 in phase and et al., 1995). The analysis for NOAA FP data is made sep-
can therefore automatically adjust a variable time lag (Bo-arately for the periods 1981-2006 and for 1992—-2005 (to al-
jkov and Fioletov, 1995). low direct comparison with HALOE data). Due to limited
We use equivalent latitudepd,) (Sobel et al., 1997) to data, we refrain from presenting seasonally resolved trends
account for variability associated with stratospheric waves.and variability.

9)
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Fig. 2. Water vapour measurements averaged over 380-42a0dkand 580—620 Kb/d) potential temperature. Upper plots (a/b) show ob-
servations from HALOE (orange) and NOAA frostpoint (separated into “higher quality” (black) and “lower quality” (green) measurements).
Lower plots (c/d) show 12-month running mean of the data shown in (a/b), green curve based on all NOAA FP measurements.

Table 1. The number of NOAA FP soundings by year. For the years 1991 to 2006 the total number is given (All) as well as the number of
higher quality soundings (HQ). The high number of measurements in 2005 is a result of the development of the new Cryogenic Frostpoint
Hygrometer (CFH) at the University of Coloradodiel et al., 2007a).

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990
All 1 11 6 9 10 6 10 7 12 12 9

1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006

All 10 11 13 12 13 13 4 9 9 8 8 9 8 18 30 16
HQ 9 10 12 8 12 10 1 1 6 1 8 8 5 16 26 14
4 Results: variability and trends Figure 3b shows that the regression model is generally bet-
o ter for the HALOE data and at lower altitudes. Both for
4.1 Variability HALOE and NOAA FP a substantial fraction of variance re-

mains unexplained by the model. This unexplained variabil-

Figure 3a shows the variability (standard deviation) of theity may be a consequence of physical processes not captured

time seriesz, and panel (b) shows the fraction of explained,y e model (for example variations in water vapour mixing
variance °) by the regression model. The figure shows a4ins associated with (vertically) thin filaments) or instru-
that the variability decreases monotonically with height up ena| uncertainties. Resolving the cause of these residuals,
to about 450K, and then remains constant up to 640K (topyng the differences between the two instruments, is beyond

level of our analysis). This vertical structure is very similar o scope of this paper, but should be a focus of future stud-
between HALOE and NOAA FP, but the variability of the ;¢

NOAA FP measurements (both all data and the higher quality
subset) is markedly higher (about 0.2 ppmv) than that of the
HALOE measurements at all levels.

www.atmos-chem-phys.net/8/1391/2008/ Atmos. Chem. Phys., 8, 1391-1402, 2008
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the decay of the amplitude of seasonal variability is slightly
smoother, but overall the profile is very similar to that of the
NOAA FP data. The profile of the amplitude of the seasonal
cycle illustrates the previously noted change in circulation
and transport around 450K, with rapid meridional mixing
and transport up to about 450K, and fairly isolated tropics
above (the “tropical pipe”, Plumb (1996)).

(0)

600

(b)
600 -
550 550

500 - 500

pot. temperature [K]

450 -

400 - 400 -

0.0 ojs 1.0 1,‘5 0.0 o.‘z oj4 o.‘s OjB 1.0 4.1.2 QBO and equiva|ent latitude

Topmvl R?

Fig. 3. (a)Standard deviation of the measured water vapour time-1he variability accounted for by the QBO and by, is
series §11,0)- (b) Fraction of variance K2) explained by the re- ~ shown in Fig. 4c, d and e, f, respectively. (Note change in
gression model (see text, Eq. 6). Orange: HALOE, 1992—-2005;scaling of x-axis.) The amplitude of the QBO component
blue: NOAA FP 1981-2006 (dotted line: all NOAA FP data, solid in the NOAA FP data is less than 0.1 ppmv, and over much
line: only higher quality data; see text). of the profile statisticallly not significant (at theac2ievel).

HALOE shows similar amplitudes for the QBO component,
HALOE 19922005 but a different shape of the profile (values between 450 K and
T 600K are significant).

Similar to the QBO, the amplitudes @f, are small (less
than 0.1 ppmv) in both NOAA FP and HALOE data. Again,
the shape of the profiles differs somewhat, but given the mi-
nor role played by these proxies, further analysis of these
differences is not warranted.

NOAA FP 1981-2006

(b)

500 Y. ) 1 soof//
- [ |

pot. temperature [K]

4.2 Linear trends

—
o
3 0
S

pot. temperature [K]
s o
&5 2
g 3

o
o
s}

Linear trends derived from Eg. (6) are shown in Fig. 5. The
trend estimates based on NOAA FP (higher quality) data for
the period 1981-2006 show statistically significant trends
'; o] 1 (with their 2o uncertainties) ranging from.012+0.005
000 005 010 015 020 025 030 000 005 0.10 0.15 020 025 0.30 to 0.031+0.005 ppmv/yr For the period 1992_2005, the
T O 77 NOAA FP trends are not significant below about 500 K. For
i both periods, the trends based on all NOAA FP profiles are
generally slightly higher than those based on the higher qual-
ity profiles only. In contrast to the NOAA FP data, HALOE
3 1 data for the period 1992-2005 show negative trends that
T~ e N peak at 420 K with—0.0440.02 ppmv/yr, but the tendency
000 005 010 015 020 025 030 000 009 Q10 CI5 020 025 030 towards more positive trends with height is similar to that
found in the NOAA FP data.
Fig. 4. Amplitudes (thick lines) and the @-confidence interval Finally, we note that although the variance of the high
(thin lines) of the regression model for NOAA F&/¢/e solid line quality data of the NOAA FP is smaller than that of all mea-
higher quality data, dotted line all data) and HALQ#d/f). (Con- surements, the fraction of explained variance, the amplitudes
ventions as in Fig. 3.) (a/b) Amplitude of seasonal cycle; (c/d) Am- of the seasonal cycle, QBO and equivalent latitude proxy, as
plitude of the QBO proxy; (e/f) Amplitude of the equivalent latitude el as the linear trends all are very similar (and indeed in
proxy. Note different scale of abscissa of (a, b) and (¢, d, &,f).  most cases statistically not significantly different) between
the two datasets. Hence, for many applications a screening of
the NOAA data as applied here may not be necessary. How-
ever, larger differences between the two datasets exist in the

late 1990s, and consequently in their representation of the

Figure 4a, b shows the amplitudes of the seasonal cycle in thEhanges observed around 2000/2001 (discussed below).
regression model. The amplitude is calculated as the stan-

dard deviation of the proxy time series multiplied with its 4.3 Decrease in 2001

estimated coefficient, i.e. SBin %1+ coskt) is the am-

plitude of the seasonal component. For the NOAA FP, theGlobal mean deseasonalised water vapour anomalies from
amplitude of the annual component is about 1 ppmv at 380 KHALOE (at 82 hPa) show a rather fast decrease at the be-
and decreases linearly to 0.1 ppmv at 450K. For HALOE, ginning of 2001 (Randel et al., 2006). Linear trends from
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1981-2006, and for the shorter period 1992—-2005, with no

380—-420 K
distinction between the periods before and after 2001, may ‘

— Modelfit

not provide an appropriate description of the changes in
stratospheric water vapour. Hence we use a regression model
as described in Eq. (7), which calculates trends before and
after 2001 separately. Figure 6 shows observations and re-
gression fit together with the trend estimates for both peri-
ods. For the layer 380—420K (note analysis here is done
for layer averages, not for data interpolated onto single isen-
tropic levels as before), the model yields slightly increasing

(a) 7

6E

H,0 [ppmv]

5
4
3
2
1

m Trend terms

AR

0.027+0.031
0.015+0.013

/\ !. A
v U7AW/R\VIR 9.\
v T %/ T

0.016+0.066
0.021+0.044

water vapour concentrations before and after 2001, and a 1992 1994 1996 1998 2000 2002 2004 2006

drop of Q2+0.6 ppmv and 045+0.0008 ppmv for NOAA
FP and HALOE, respectively. The drop in the statistical
model for the NOAA FP data is statistically not significant
(at the 2o-level), but is highly significant for the HALOE
data. Given the larger variability of the NOAA FP measure-
ments, this difference may not be surprising. Perhaps more
important, however, is that the drop in the two observational
timeseries is at least qualitatively consistent. =
For the layer 580—-620 K, both NOAA FP and HALOE 240k
show positive trends before 2001, and negative trends after- g
wards. In this layer, the change in 2001 is an insignificant
decrease 0f-0.13+1.12 ppmv for NOAA FP, whereas for
HALOE it is an insignificant increase of @40.08 ppmv.
Water vapour concentrations at higher altitudes show aFig 6. Observations and regression fit derived from Eq. (7)
SmOOther tumaro.und compared to th? sharp drop at IOWeat (a) 380—420K and(b) 580-620K. Thin lines denote the re-
a!tltu_des_. This dlfference can be attributed to the broadergression fit and thick lines the trend terms (corresponding to
d!stnbutlo.n of age of air (se.e e.g. Waugh a_nd Hall, 20(.)2_). at 146 jot@1 X1 +w2 X5 , iN EQ. 7). Trend estimates (in ppmviyr)
higher altitudes, and a statistical model with the possibility pefore and after January 2001 are shown with thein@icertainty
of a “drop” may not be necessary at these levels. in the corresponding colours. Results for NOAA FP are shown for
The results of our statistical analysis support the conclu-the higher quality data subset.
sion of Randel et al. (2006) that stratospheric water vapour
entry mixing ratios experienced a “drop” around 2000/2001,
rather than a “trend reversal”. At preseng@®in the strato- tically insignificant increase since 2001 of similar order to
sphere below450 K does not appear to decrease further af-that before 2001. However, both trend estimates are based
ter 2001. In fact, the linear trend estimates suggest a statisan relatively short periods that leads to large uncertainties

580-620 K
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H,O deseasonalised anomalies $80—-450 K 5.1 Model

Following Fueglistaler and Haynes (2005) we write water
vapour in the stratospheric overworld (@8],) as

B [H20]o = [H20]cH, + [H201iH,0}. (10)
B ] o The contribution of the methane oxidation tg®lat a given
o Cee— oA 35%)) altitude is
Sisp | — HALOE

1992 19;4 19;6 1998 2000 20‘02 20‘04 2006 [HZO]CH4(97 t) = a([CH4]e([ —1(0)) — [CHg4] 0,1)) (11)

Fig. 7. Deseasonalised anomalies oj® between 380 and 450K wherew is ~2 (Le Texier et al., 1988). [CHe is a 2nd order

with a 6 month moving average. For NOAA FP, yellow dots and polynomial fit to tropospheric global mean GKsee Dlugo-

curve are based on the entire data set; whereas the green dots angncky et al. (2003) and references therein) and{dsia

line are based on the higher quality soundings only. The movingsng order fit to stratospheric GHneasurements at midlati-

average of HALOE is shown in orange (no data points). The verticaltudes (Rohs et al., 2006Y. is the mean age of midlatitude

dotted line indicates January 2001. stratospheric air. Midlatitude stratospheric water vapour that
can be accounted for by p]e is obtained from

(particularly for the period 2001-2005). The exact magni- [H20] 1,05, (6, 1) =

tude of the trends thus depends also to some extent on the g

“start/end time” of the time series. [HoOle(t — 1) - w(t — 1) - h(8, 7) d7 (12)

Because many NOAA FP profiles in the years before the 70

drop were rated as being of lower quality, the trend estimatesvhere w(r—t) is a weighting function accounting for the

based on all NOAA FP profiles yield different results. Fig- seasonally varying troposphere to stratosphere upward mass

ure 7 shows the time series of deseasonalized water vapodtiux in the tropics (Holton, 1990). The age spectra of strato-

anomalies of the layer 380—420K for all (yellow) and the spheric air k(r)) were obtained from Andrews et al. (2001)

high quality (green) NOAA FP measurements, and thoseand from Waugh and Hall (2002). These age spectra were

from HALOE (red). Compared to the higher quality data truncated at 6 years and are kept constant over the period of

set, trends calculated with all NOAA FP measurements (nointerest here.

shown) are more positive for the period before 2001, and We restrict the timeseries of water vapour entry mixing

more negative after 2001. Also, the drop in 2001 is larger. ratios given by Fueglistaler and Haynes (2005) to the pe-
riod where ERA-40 (tropical tropopause) temperatures do
not show larger deviations (that is, about a 1 K drift over a 5

5 Discussion of the long-term trend year period) from radiosonde measurements. As a test of the
self consistency of the model and water vapour observations,

Variability and trends in stratospheric water vapour over, q asq analyse results obtained from a calculation where we
Boulder may be caused by changes in the fraction of OX|d|seqep|aCe [BO]e in Eq. (12) with tropical (30S—30 N) H,0

methane (which depends mainly on the age of air distribu—at 400K as measured by HALOE (38]400).
tion), and changes in the entry mixing ratios of methane and

water vapour. Of particular interest is the question whethers 2  Results

observations suggest a long-term trend in the water vapour

entry mixing ratios, which could indicate important changesFigure 8 shows observations (green for NOAA FP, orange

in transport of water, and possibly other trace gas speciedor HALOE) and model predictions (black, red for the model

into the stratospheric overworld. More specifically, the ques-based on HALOE [HO]4q0) for the layers of 410-450K,

tion is whether stratospheric water vapour shows variationst40-480 K and 600-620 K. Generally, the model yields bet-

and trends that cannot be explained by temperature variationgr agreement with HALOE than with NOAA FP for all lev-

in the vicinity of the tropopause. els. The model predictions based on HALOE tropical mea-
Here, we use a simple model to predict water vapour mix-surements are very similar to those based on ERA-40 circu-

ing ratios over Boulder based on water vapour and methanéation and temperature presented by Fueglistaler and Haynes

entry mixing ratios. Due to relatively short time series and (2005). However, we note that the model predictions tend

the low number of NOAA FP profiles, we use a simple for- to systematically overestimate/underestimate observations at

ward model as previously used by Fueglistaler and Hayneshe beginning/end of the timeseries.

(2005) instead of a regression analysis. (Results and conclu- Figure 9 shows the differences between the model predic-

sions obtained from a regression analysis were very similations and the observations with a linear trend fit. The mag-

to those presented below.) nitude of the residual trend between model prediction and
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Fig. 9. Residual between model prediction and observations. Fig-
ure layout as in Fig. 8. Green: residuals of model results based
on [HoOJe from Fueglistaler and Haynes (2005); red: residuals of

@ b, S) an_d HALOE (d, e, f). j’he black line shows the_ZEBl]e- . model results based on tropical HALOE measurements at 400 K.
model” estimate and the red line shows the model estimate using: - trends and 2 uncertainty printed in each panel

HALOE measurements in the tropics at 400K (see text). Note that
for HALOE, error bars are smaller than the dots, except for low
altitudes in the years following the eruption of Mt. Pinatubo.

Fig. 8. Observation and model as in Eq. (10) for the laygrs
d) 410-450K,(b, €) 440-480K,(c, f) 600-640 K; for NOAA FP

The fact that the sign of the residual trend is the same for

both HALOE and NOAA FP may be seen as an indicator that
NOAA FP is larger than the trend in the residual between thethe linear trend of th¢H2O]Je timeseries has a bias. When
model prediction and HALOE data. At 410-450K, for the converted to temperature, that bias is of order 2 K/decade
NOAA FP the trend in the residual is 0.0#8.016 ppmv/yr, ~ for the NOAA FP measurements, and less than 1 K/decade
and at 600-640K it is 0.0940.017 ppmv/yr. For the for the HALOE measurements. In order to quantify a trend
HALOE data, the trends in the residual for these layers ardn [H2O]e that is not controlled by the processes consid-
0.021+0.08 ppmv/year and 0.044.044 ppmv/yr. The pre- ered by Fueglistaler and Haynes (2005), one would need (i)
dictions based on HALOE tropical measurements yield atime series of observations from different instruments that
trend in the residual with a magnitude that tends to be smalleyield consistent trend estimates, and (i) a reanalysis dataset
than that of the model predictions for entry mixing ratios (but With residual trends in tropopause temperatures that are much
note that we cannot calculate the trends for the same periodsymaller than 1 K/decade. Clearly, the ERA-40 temperatures

The fact that the model predictions based on HALOE trop-do not satisfy this requirement.

ical measurements do not give perfect agreement with the
HALOE measurements over Boulder may indicate that the
age spectrum, and hence the fraction of oxidised methané Conclusions
does not remain constant. It has been suggested that the
stratospheric circulation increases with increasing green\We have presented an analysis of the NOAA FP water vapour
house gas concentrations (e.g. Butchart and Scaife, 200Ineasurements in the stratospheric overworld over Boul-
Austin and Li, 2006), but its impact over the short periods der, Colorado. We have applied two corrections for newly
considered here is presumably marginal. identifed biases in the measurements, and quality-screened

www.atmos-chem-phys.net/8/1391/2008/ Atmos. Chem. Phys., 8, 1391-1402, 2008
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all observations. The corrected measurements show linstant age of air over time, aftl>O]e is based on large scale
ear trends that are up to 40% smaller than those previtemperatures and circulation in the vicinity of the tropical
ously published. For the period 1980-2000, the new lineatropopause Fueglistaler and Haynes, 2005). The residual
trend estimates are 0.&8.05ppmv/yr for 18-20km, and trends (observation minus model) are much larger for NOAA
0.02°#-0.006 ppmv/yr for 24—26 km. Previously noted sys- FP than HALOE, but are positive for both datasets.
tematic differences (larger variability, larger linear trends) to A reliable quantification of trends ifiH,O]e from the
HALOE remain for the corrected NOAA FP data. This larger NOAA FP and HALOE middle latitude measurements due to
variability could reflect true variability on scales not resolved processes not considered by Fueglistaler and Haynes (2005)
by HALOE, but likely the differences arise from differences is currently not possible due to the large difference between
in the measurement techniques. Averaging the NOAA FPthe residual to NOAA FP and to HALOE data. Moreover,
data with a kernel representing the vertical HALOE weight- the model predictions diH,OJe would require a reanalysis
ing function may be useful to better understand the causes adata set with erroneous drifts in tropical tropopause temper-
these differences, but it is not expected that such an averagtures that are substantially smaller than 1 K/decade; a re-
ing would substantially alter the results and conclusions ofquirement currently not fulfilled by either ERA-40 or the
this paper. NCEP reanalyses. In the near future, temperature retrievals
Analysis with a statistical model showed that most of the from GPS may provide timeseries of temperature with suffi-
variability is associated with seasonal variations, and that theient temporal stability. Our analysis demonstrates the need
QBO and equivalent latitude play only a minor role. Simi- for ongoing efforts to obtain long and continous time series
lar to HALOE, the NOAA FP data show around 2000/2001 of stratospheric water vapour.
a sudden drop of water vapour concentrations at the base
of the stratospheric overworld, where rapid quasi-isentropicAcknowledgements. We would like to thank J. Harris, E. Weath-
transport ensures fast communication of changes in wategrhead and K. Rosenlof for discussions during the course of
vapour entry mixing ratios to the middle latitudes. Conse-this work. We also thank three anonymous reviewers for their
quently, a linear trend fit over the period 1980-2006 mayconstructive and helpful reviews.
not be an appropriate representation of the data. HenceEd_ dbv: T Fock
we applied a statistical model that allows for a discontinu- ited by: T. Fockmann
ity (in January 2001). This model yields the following re-
sults for the layer 380-420 K potential temperature: a linear,
trend of Q02740.031 ppmv/yr for the period 1992-2001, a
linear trend of 0016+0.066 ppmv/yr for the period 2001—  aAngrews, A. E., Boering, K. A., Wofsy, S. C., Daube, B. C., Jones,
2006, and a drop 0+0.2+0.6 ppmv in 2001. Water vapour  p. B., Alex, S., Loewenstein, M., Podolske, J. R., and Strahan,
concentrations thus tend to increase over both periods when S. E.: Empirical age spectra for the midlatitude lower strato-
viewed separately, but the trends are statistically not signif- sphere from in situ observations of GOQuantitative evidence
icantly different from zero. The drop in 2000/2001 is also  for a subtropical “barrier” to horizontal transport, J. Geophys.
statistically not significant in the NOAA FP data, but is con-  Res., 106, 10257-10274, doi:10.1029/2000JD900703, 2001.
sistent with the results of the same model applied to HALOEAuUstin, J. and Li, F.: On the relationship between the strength of the

data, which give a statistically highly significant drop of Brewer-Dobson circulation and the age of stratospheric air, Geo-
0.45+0.0008 ppmv phys. Res. Lett., 33, 17 807, doi:10.1029/2006GL026867, 2006.

Higher up in the stratosphere, the discontinuity in entr Austin, J., Wilson, J., Feng, L., andovhel, H.: Evolution of wa-
9 P P ! Y Y ter vapor concentrations and stratsophereic age of air in coupled

mixing ratios is masked by the broad age spectrum of air chemistry-climate model simulations, J. Atmos. Sci., 64, 905—
masses that acts as a low-pass filter. The observed pattern g1 doi:10.1175/JAS3866.1, 2007.

of change in water vapour concentrations indicates that thaidwin, M. P., Gray, L. J., Dunkerton, T. J., Hamilton, K., Haynes,
change arises from processes that affect water vapour con- p. H., Randel, W. J., Holton, J. R., Alexander, M. J., Hirota, I.,
centrations at entry into the stratosphere, and we emphasize Horinouchi, T., Jones, D. B. A, Kinnersley, J. S., Marquardt, C.,
that the water vapour timeseries shows a discontinuity rather Sato, K., and Takahashi, M.: The quasi-biennial oscillation, Rev.
than a “trend reversal”. The observed discontinuity as well Geophys., 39, 179-230, doi:10.1029/1999RG000073, 2001.

as the substantial reduction of linear trend estimates indicat80ikov, R. D. and Fioletov, V. E.: Estimating the global ozone
that great caution should be used with respect to predictions characteristics during the last 30 years, J. Geophys. Res., 100,

of the impact of stratospheric water vapour on radiative forc-_ -6 937-16552, doi:10.1029/95JD00692, 1995,
ing and stratospheric temperature and ozone in the comingBUtChart’ N. and Scaife, A. A.: Removal of chlorofluorocarbons
by increased mass exchange between the stratosphere and tropo-

decades. . . . . . sphere in a changing climate, Nature, 410, 799-802, 2001.
We have tried to quantify a residual trend in stratosphericchioy, £, w., Thomason, L. W., and Chu, W. P.: Variability of

water vapour entry mixing ratios from the difference between - stratosphereric Water Vapor Inferred from SAGE II, HALOE,
NOAA FP and HALOE middle latitude measurementstoval- and Boulder (Colorado) Balloon Measurements, J. Climate,

ues predicted from a simple model. The model assumes con- 19(16), 4121-4133, doi:10.1175/JCLI3841.1, 2006.
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