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Stratospheric water vapor increases over the past half-century 
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Abstract. Ten data sets coveting the period 1954-2000 are analyzed to 
show a 1%/yr increase in stratospheric water vapor. The trend has per- 
sister for at least 45 years, hence is unl•ely the result of a single event, but 
rather indicative of long-term climate change. A long-term change in the 
transport ofwater vapor into the stratosphere is the most probable cause. 

Introduction 

Determining whether long-term increases in stratospheric water 
vapor have occurred is important given its radiative [Forster and Shine, 
1999] and chemical [Evans et al., 1998; Tabazadeh et al., 2000] 
significance. The NOAA Climate Monitoring and Diagnostics Labora- 
tory (CMDL) fi•ostpoint hygrometer provides the only continuous 
multi-decade water vapor record available; over a 20 year period it 
shows an increase in stratospheric water vapor at Boulder, CO (40øN) 
of-•1%/yr (0.05 ppmv/yr) [Oltmans et al., 2000]. Water vapor 
increases have also been documented fi•om the Almospheric Trace 
Molecule Spectroscopy (ATMOS) instrument [Michelsen et al., 2000], 
from combined multiple in situ measurements [Engel et al., 1996], and 
from the Halogen Occultation Experiment (HALOE) [Nedoluha et al., 
1998; Smith et al., 2000]. Prior work has concentrated on data from the 
past two decades. Estimates of long-term changes in lower strato- 
spheric water vapor from older in situ data are published [Mastenbrook 
and Oltmans, 1983; Hatties, 1976; Cluley and Oliver, 1978], but have 
been largely ignored in the recent literature. Here, ten stratospheric 
water vapor data sets are combined to show that increases in strato- 
spheric water vapor have persisted since the mid-1950s. 

To examine trends of-1% /yr, a long-term data set with complete 
seasonal coverage from a stable instrument is needed. The large 
amplitude seasonal cycle in stmtospheric entry-level water complicates 
matters in that incomplete sampling can bias trend estimates. Several 
data sets taken using assorted techniques are available; the aggregate 
covers 45 years. Comparisons of coincidences of recent measurements 
agree to within 10% [Kley et al., 2000], yet even that agreement does 
not allow combining data sets to extract a 1%/yr trend. Instead, long- 
term changes for individual instruments are estimated and compared. 
Multi-year time series of Northern Hemisphere (NH) midlatitude water 
vapor data are available from the instruments listed in Table 1. Exten- 
sive spatial coverage from the satellite-borne HALOE is available since 
1992. HALOE data allow verification that trends estimated from 

individual point measurements are valid globally. 
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Data Analysis 

Fig. 1 shows CMDL and HALOE data at 21 hPa. This level is well 
above where the seasonal cycle impacts the analysis, thereby avoiding 
sampling biases. A regression analysis including linear, 27 month 
quasi-biennial, annual, and semiannual terms for the period Jan. 1992 
through Mar. 2000 yields a linear change (lc• uncertainty) of +0.029 
(0.01) ppmv/yr for the HALOE series and +0.030 (0.03) ppmv/yr for 
the CMDL series subset. The corresponding HALOE CH4 trend at this 
level is +0.003 (0.002) ppmv/yr. This trend is comparable to the surface 
CH4 increase over this time period [Dlugokencky et al., 1998], 
indicating that a change in the length of time air at this location has 
resided in the stratosphere is not the cause of the H20 increase. 

To show that NH midlatitude trends are globally representative, 
estimates were made for different latitude subsets. HALOE H20 
measurements between 50øN and 50øS in the 0.98-1.18 ppmv CH4 bin 
were selected. This bin corresponds to the average CH4 value of 1.08 
(0.1) ppmv for the HALOE points shown in Fig 1. Such f'dtering 
samples air of approximately the same stratospheric residence time, 
allowing compilation of a global time series in the presence of resi- 
dence time spatial gradients. The range, shown in Table 2, (+0.031 to 
+0.035 ppmv/yr) is.sufficiently close to the HALOE 35ø-45øN, 95 ø- 
115øW, 21.5 hPa estimate of +0.029 ppmv/yr to establish that the 
midlatitude trends are globally representative. The HALOE results in 
Table 2 have much smaller uncertainties than those presented in Fig. 1 
bemuse of the greater number of points included in the regression. 

Increases over the past 20 years have not been monotonic. Fig. 2 
shows the CMDL rate of change at 21.5 hPa deduced from computing 
the linear change term with a sliding 4-year period. The average over 
the entire period is +0.03 ppmv/yr, however, there are periods with 
negative rates of change that make up only 40% of the record, but 
dominate since 1996. The HALOE data also give a negative trend since 
1996 and a similar period is seen in the CMDL record centered around 
1985. It is clear that long-term changes in stmtospheric water vapor 
cannot be inferred from relatively short data records, hence, other data 
were examined to determine the sign of the long-term trend. 

Data used are listed in Table 1. With the exception of HALOE, 
ATMOS, and the Stratospheric Aerosol and Gas Experiment (SAGE) II, 
data are limited to NH midlatitudes. SAGE II trends in the lower 

stratosphere are strongly affected by volcanic aerosol contamination 
[Kley et al., 2000], but appear to be valid above 15 hPa. The Naval 
Research Laboratory (NRL) insmunent was redesigned in 1977, there- 
fore NRL data later than 1976 are ignored here. Altitude coverage varies 
with Water Vapor Millimeter-wave Spectrometer (WVMS) measure- 
ments only above 40 km and Aeronomy Laboratory (AL) Lyman-cz and 
United Kingdom Meteorology Office Meteorological Research Flights 
(MRF) frostpoint measurements limited to levels below 50 hPa and 110 
hPa respectively. Other data cover the bulk of stratospheric altitudes. All 
data were available in digital form except the MRF measurements. 
These were extracted from published tables [Bannon et aL, 1952; Cluley 
and Oliver, 1978; Heliwell et a,•, 1957; Murgatroyd et a,•, 1955; Foot, 1984] 
with a correction for the oldest measurements applied [Oliver and 
Cluley, 1978]. The analysis is restricted to data collected with the final 
version of the instrument starting in 1954. All data were filtered by 
tropopause height This faltering only affects midlatitude measurements 
below-100 hPa, and eliminates less than 15% ofthe original data. 

Upper stratospheric NH midlatitude data are shown in Fig. 3. Except 
from mid-1993 to mid-1994, SAGE II and HALOE variations are in 
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Table 1. Datasets Used in H20 Trend Analysis. 

Instrument Technique Platform Analysis Period Reference 

MRF Frostpoint hygrometry Aircraft 1954-1980 
NRL Frostpoint hygrometry Balloon 1964-1976 

AL Lyman-c( Lyman-c( fluorescence Balloon & aircraft 1978-1998 
CMDL Frostpoint hygrometry Balloon 1980-2000 

ATMOS FTIR spectrometry Space Shuttle 1985-1994 
WVMS Millimeter-wave spectrometry Ground 1992-1997 
FIRS-2 FIR spectrometry Balloon 1989-1997 
MklV FTIR spectrometry Balloon 1990-1997 

HALOE V 19 Solar occultation Satellite 1992-2000 
SAGE-II V6 a Solar occultation Satellite 1985-2000 

Cluley and Oliver [1978] 
Mastenbrook and Oltmans [ 1983 ] 

Kelly et al. [ 1990] 
Oltmans et al. [2000] 

Michelsen et al. [2000] 
Nedoluha et al. [1998] 
Johnson et al. [1999] 

Toon [1991] 
Evans et al. [1998] 
Rind et al. [ 1993 ] 

aAdditional information on the newV6 release of SAGE II data is available at http//:www-sage2.1arc.nasa.gov. 

good agreement (Fig. 3a), although there is a-10% o•et (0.5 ppmv) in 
absolute magnitude [Johnson et al., 1999]. The 1993-1994 period was 
removed from the SAGE 1I trend calculation. Both data sets give 
positive trends, with largest increases from 1992 through 1997 (-0.04 
ppmv/yr), and little net change between 1985 and 1991 Altitude 
coverage only allows WVMS to be compared with HALOE (Fig. 3b). 
Both WVMS and HALOE show large increases between 1993 and 
1997; the net increase for the entire HALOE record is 4).05 ppmv/yr. 

Because of the varying latitudinal and seasonal coverage of the balloon 
and shuttle instruments, they are compared relative to N20, a long-lived 
tracer measured by the ATMOS, Jet Propulsion Laboratory MklV, and 
Harvard-Smithsonian Center for Astrophysics Far-infrared Spectrometer 
(FIRS-2) instruments. This filtering samples air of approximately the 
same average stratospheric residence time, allowing a time series to be 
constructed with data from varying latitudes and seasons. Fig. 4 shows 
these data plotted for the 25-50 ppbv N20 bin, corresponding to -5-10 
hPa. Increases with time are seen in all three instmrnents; this increase has 
been previously documented for ATMOS. Because of sparse temporal 
resolution and the fact that N20 binning effectively removes seasonal 
cycle transport effects, only a linear term is included in the regression. For 
the data shown in Fig. 4, trends range from +0.06 to +0.12 ppmv/yr. 

In situ data in the lower stratosphere are plotted in Fig. 5; trend results 
are annotated on the figure. NRL, CMDL, and AL Lyman-o• data are avail- 
able in the 60-70 hPa layer (Fig. 5a). Estimated trends are positive, vary- 
ing between +0.03 and +0.08 ppmv/yr. In the 140-160 hPa layer, MRF 
aimraft frostpoint measurements also exist (Fig. 5b). All data show 
increas:s over time with linear trends ranging from +0.03 to +0.11 ppmv/yr. 

A compilation of the estimated trends as a function of altitude for all 
the data sets is shown in Fig. 6, with trends for Nit midlatitude sites 
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Figure 1. HALOE and CMDL water vapor at 21.5 hPa over Boulder, 
CO (40øN, 105øW). HALOE data are from 35ø-45øN and 95ø-115øW. 
Average differences are -5%, however, trends are similar with a HALOE 
trend of+0.029 ppmv/yr and a CMDL trend of+0.030 ppmv/yr. 

Table 2. January 1992 to March 2000 HALOE H20 Trends for 
the 0.98-1.18 CH4 Bin. 

Location Linear Trend 1 o Uncertainty 
(ppmv/yr) 

Southern Hemisphere +0.031 0.0004 
Northern Hemisphere +0.033 0.0004 

Tropics +0.035 0.0006 
Global +0.033 0.0003 

(Fig. 6a) and trends deduced from N20-binned data (Fig. 6b). Nearly 
all the trends are positive, with an average of +0.045 ppmv/yr. Differ- 
ences between trends deduced from various periods do not indicate 
errors, but demonstrate that the long-term change is not well modeled 
by a simple linear term (Fig. 2). The net result is that all the data 
indicate increases in time, and the cumulative increase over 45 years is 
a large fraction of the average stratospheric water content. 

Discussion and Summary 

The magnitude of the average change estimated yields a 2 ppmv 
increase in stratospheric water vapor since the mid-1950s. TNs increase is 
substantial, given current stratosphefic water vapor values of 4-6 ppmv. 
The reason for such an increase is not understood. CH4 destruction is a 
water source in the stratosphere, yielding approximately two water mole- 
cules for each methane molecule destroyed. Tropospheric CH4 increases 
covering the industrial age are well documented, amounting to a change 
of 4).55 ppmv over the past 45 years [Etheridge et al., 1998]. This CH4 
increase should produce a stratospheric water vapor increase of at most 
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Figure 2. 4-year sliding linear rate of change for CMDL water 
vapor measurements at 21.5 hPa computed via a regression 
analysis for 4-year periods centered on the plotted values. 
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Figure 3. Monthly averaged NH midlatitude upper stratospheric 
water vapor. (a) HALOE (black) and SAGE II (turquoise) at 30 ø- 
40øN and 7-9 hPa• Co) HALOE (black) and WVMS (turquoise) at 1- 
3hPa. HALOE and SAGE II data are averaged from 30ø-40øN, 
WVMS data are from Table Mountain, CA. Linear trend (lc• 
uncertainty) results are annotated on the panels. 

-q.1 ppmv, approximately half of that estimated here. Large changes are 
apparent in the lowermost NH midlatitude stratosphere below the 100 
hPa level (Fig. 6a) where CI-I4 oxidation is far from complete, indicating 
other mechanisms must also be important. There is vertical stm• in 
the trends shown in Fig. 6a, with a relative minimum in the 50-100 hPa 1 
layer. Examination of HALOE trends (not shown) confirms this feature 
was present globally over the past decade. That this minimum exists 
indicates that the reason for trends in the midlatitude lowermost 

stratosphere (below 100 hPa) lil•ely differs from that above 50 hPa. 
Aircraft emissions in the lower stratosphere have increased over this 

period, but the effect at lower stratosphere midlatitudes is estimated to be only +0.018%/yr [Danilin et al., 1998], much smaller than the ob- 
served 1%/yr increase. It has been suggested that changes in the 
tropical entry value of water vapor contribute to the observed increase 
[Nedoluha et al., 1998; Oltmans and Hofmann, 1995]. However, loo 
decreasing tropical tropopause temperatures have been noted over the 
past 20 years [Simmons et al., 1999]. This should have decreased 
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Figure 5. Time series of lower stratospheric water vapor from in situ 
measurements at NH midlatitudes for (a) 60-70 hPa (440-500K) and 
(b) 140-160 hPa (360-390K). Data were filtered by tropopause 
height. The linear trend (1 c• uncertainty) results are annotated on the 
plot. For the CMDL and NRL data, the full regression analysis was 
done. Sparse temporal resolution permitted only a linear term in the 
MRF and AL Lyman-oc regression analysis. 
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Figure 4. Water vapor time series from MklV, FIRS-2, and 
ATMOS in the 25-50 ppbv N20 bin, representative of the upper 
stratosphere at pressures from 5-10 hPa• Estimated linear trends (1 c• 
uncertainties) are annotated on the plot. 

30ø-50øN. (b) Trends from the balloon and shuttle instruments with 
variable latitude sampling. Data were binned by N20; approximate 
pressure is given on the right axis. A CH4:N20 relationship from the 
MklV instrument was used to convert CH4 binned HALOE trends to 
the N20 axis. In both panels, trends are shown with a solid line; 1 c• 
uncertainties are given by dashed lines in (a) and horizontal bars in (b). 
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the tropical tropopause at the saturation mixing ratio, was the only 
controlling factor. This explanation is thus invalid. 

Because the water increase is of long duration, it is not possible to 
attribute it to a single event Large-scale changes in sWamspheric circu- 
lation and troposphere-stratosphere exchange are possible causes. If long- 
tenn changes in the distribution of radiatively active trace species have 
increased the effective stratospheric residence time through a slowing of 
the circulation, CH4 oxidation will have longer to occur, producing long- 
tenn water vapor increases. However, since water increases are evident 
even in data binned by CH4, this process cannot be the sole mechanism 
responsible for the observed trends. 

A change in the atmospheric circulation that increases the amount 
of water entering the stratosphere by either increasing the relative 
fi'action of air entering during the tropical tropopause warm season 
(NH summer) or widening the region of tropical rising motion across 
the tropopause to include warmer temperatures [Zhou et al., 2001] 
may explain the observed long-term increase in stratospheric water. 
The increase in tropical sea surface temperatures noted since 1945 
[Cane et al., 1997] lends credence to the idea that Wansport into the 
stratosphere through the tropical tropopause has changed over the 
same time even though the water vapor increase cannot be directly 
related to trends in tropical tropopause temperature. In the lowennost 
stratosphere, them is also evidence fi'om observations of ozone min- 
ima [Reid et al., 2000] that transport through the tropopause break 
has increased over the past 25 years. Such a change would increase 
water in the lowennost stratosphere, in that a greater fi'action of the 
air present would not have passed through the tropical cold trap. 

Although the mechanism for the observed stratospheric water 
increase is not thoroughly tmdemtood, the ten data sets examined here 
collectively indicate that a trend of-•+0.045 ppmv/yr has persisted for 
nearly a half-century. It is likely that different mechanisms are respon- 
sible for increases in separate layers in the stratosphere. Additional 
theoretical studies and continued monitoring of H20, CH4, and temper- 
ature between the tropopause and 10 hPa on a global scale, ideally of 
high vertical and horizontal resolution, are needed to resolve this issue. 
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