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ABSTRACT

Trends in tropospheric water vapor at Northern Hemisphere radiosonde stations are presented for two periods;
1973-95 and 1958-95. Stations with incomplete or inhomogeneous temporal records were identified and excluded
from the analysis. For the 1973-95 period, trends in surface-500-mb precipitable water and in specific humidity,
dewpoint, and temperature at the 850-mb level are shown. At most stations in this analysis, precipitable water,
specific humidity, and dewpoint temperature have increased along with temperature over the period. An exception
is Europe, over which temperature increased but humidity slightly decreased. Water vapor increases are larger,
more uniform, and more significant over North Americathan over Eurasia, and the differencesin trend magnitude
and sign between the two regions may be attributable to changes in the late 1970s that affected North America
more than Eurasia.

Seasonal and annual correlations of surface-500-mb precipitable water with temperature, dewpoint temper-
ature, and specific and relative humidity at the surface, 850, and 700 mb indicate a strong and relatively
geographically invariant relationship between 850-mb specific humidity and surface-500-mb precipitable water.
Specific humidity at 850 mb is then used as a surrogate for the surface-500-mb precipitable water over the
1958-95 period to avoid data quality problems in the pre-1973 precipitable water time series. Generally, 850-
mb specific humidity trends at a small set of stations for 1958-95 show that only small increases occurred and
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that most of the overall increase probably occurred since 1973.

1. Introduction

Water vapor plays the central role in the atmospheric
branch of the global hydrologic cycle and is the most
abundant greenhouse gas. Climate models used for es-
timating effects of increases in greenhouse gases show
substantial increases in water vapor as the globe warms
and this increased moisture would further increase the
warming (e.g., Houghton et al. 1996). However, the dis-
tribution and variability of water vapor in the tropo-
sphere is not completely understood. Radiosonde ob-
servations of temperature and humidity are the primary
source for investigating temporal variations in the tro-
pospheric moisture record because of the long record
length. The purpose of thiswork isto provide estimates
of trends in tropospheric water vapor for the Northern
Hemisphere; first, for the 1973-95 period and second,
where possible, for the 1958-95 period.

Previously, Ross and Elliott (1996a, hereinafter REQ)
computed trends in several water vapor variables over
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North America from 1973 to 1993. Increases in surface
to 500-mb precipitable water (W) were found over most
of the domain except northern and eastern Canadawhere
weak decreases were apparent. Some other radiosonde-
based water vapor trend analyses include Gaffen et al.
(1992) who found W increases for most of a 50-station
globa network for the period of 1973-90, Gutzler
(1996) who reported increases in tropospheric specific
humidity at four stations in the western tropical Pacific
over 1973-93, and Zhai and Eskridge (1997) who found
predominately increasesin surface-200-mb W over Chi-
na for 1970-90.

All the above trend studies considered the homoge-
neity of the time series in the selection of stations and
the choice of data period. Homogeneity of arecord can
be affected by changes in instrumentation or observing
practice. For example, since relative humidity typically
decreases with height through the atmosphere, a fast-
responding humidity sensor would report a lower rel-
ative humidity than one with a greater lag in response.
Thus, the change to faster-response humidity sensors at
many stations over the last 20 years could produce an
apparent, though artificial, drying over time (e.g., Elliott
1995).

Before 1973, more stations were affected by observ-
ing system changes. Furthermore, some humidity sen-
sors respond poorly in colder temperatures making data
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at higher levels more erratic (e.g., Elliott 1995). In fact,
in the pre-1973 period some soundings did not have
humidity data all the way to 500 mb, reducing the W
record. To compensate partially for these shortcomings
over the longer period, we used the 850-mb specific
humidity as a surrogate for total column water vapor
changes. The choice of surrogate was based on corre-
|ations between W and other humidity variables that are
summarized in section 3. However, the 850-mb level is
not immune to inhomogeneities. Our procedures for de-
termining the longest homogeneous segment in thetime
series are described in section 4. In section 5 we present
the estimates of Northern Hemisphere changes in tro-
pospheric moisture for two periods within the last four
decades. We estimate the impact of possible hidden in-
homogeneities on the trends in section 6 and finish with
a summary.

2. Data processing

We have used data from two sources. the Air Re-
sources Laboratory (ARL) humidity data based on the
National Center for Atmospheric Research (NCAR) up-
per-air archive and described in REa, and a 437-station
subset of the Comprehensive Aerological Research Data
Set (CARDS; Eskridge et a. 1995). The CARDS subset
consists of the 238-station ‘‘ core” subset (Wallis 1998)
and 199 stations selected for completeness and homo-
geneity in the 1973-95 period. The NCAR datainclude
soundings from all radiosonde data since 1973, and the
CARDS subset has a limited number of stations but
extends back as far as 1948. The soundings were treated
to the same quality control procedures as used by REa
and Ross and Elliott (1996b). These included grosserror
checking for surface pressure and dewpoint depression
values as well as a temperature (T) check against cli-
matological thresholds developed for each station at the
surface and mandatory levelsfrom 850 to 300 mb. Dew-
point temperature T,, specific humidity g, and precipi-
table water in layers were computed as described in REa.
For each variable, data at the two main observing times
(0000 and 1200 UTC) were averaged separately to form
monthly means. At least 10 observations had to be avail-
able, otherwise that month’s mean for that observation
time was considered missing. The stations whose trends
are reported in section 5 had many more observations
than this requirement; the average number of observa-
tions per month over the 1973-95 period was greater
than 20 days month-* at every station and usually ex-
ceeded 25 days month-*; over the 1958—73 period the
average was greater than 18 days month—* at each station
and usually exceeded 25 days month—*.

We have considered two time periods: 1973-95 (23
yr) using the ARL humidity data and 1958-95 (38 yr)
using the CARDS subset. We omitted pre-1958 data
from consideration because of the change in time of
synoptic observations (e.g., from 0300 to 0000 UTC).
For each period, we required that a station’s time series
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contain no more than 36 missing nonconsecutive
months. More than half of the stations in section 5 had
fewer than 12 missing months. Furthermore, we elim-
inated stations with gaps greater than 24 months in the
middle of the record. Although we processed the global
set of stations, there were so few stationsin the Southern
Hemisphere of sufficient length or data quality that we
limit this discussion to Northern Hemisphere stations.

3. Data homogeneity

In REa we relied on visual inspection along with
station history information to assess data record ho-
mogeneity. Here, we added an objective statistical test
to station history information and visual inspection that
identifies abrupt changesin thetime seriesmedian (here-
inafter, change points) and is described by Lanzante
(1996). It involves iterative applications of the non-
parametric Wilcoxon—-Mann—Whitney test for equality
of medians. The statistical test was applied to monthly
anomaly time series of W and 850-mb T,, and lists of
change points that exceeded the 99% confidence level
were generated at each station. These change points can
disclose either artificial changes or true climate changes
so additional information is required to distinguish be-
tween the two. For example, as discussed in REa, the
climate shift near 1977 (Trenberth 1990) appears as
change points in some North American humidity time
series, showing that the atmosphere can change rather
abruptly.

Station history information (Gaffen 1996) was used
to compare change points with observing system chang-
es to indicate where statistically detected change points
might represent natural variability instead of artificial
change. Because the accuracy of the calculated date of
the statistical change point depends on the variability
in the time series, we assumed the change was a non-
climate artifact if a historical change occurred less than
three years either side of a statistical change. When a
particular station’s history information was incomplete
or unavailable, we assumed, conservatively, that all sta-
tistical change points represented artifacts. For those
stations that we felt fairly confident of the completeness
of histories, such asU.S. stations, U.S.-run Pacificisland
stations, or stations in China and the former Soviet
Union, we ignored statistical change points that had no
historical match (i.e., we assumed the change point re-
sulted from natural variability).

The ignored change points at U.S.-run, Chinese, and
Russian stations were largely clustered around 1977,
1981, 1984, and 1988. Change points near 1984 are
neglected because there was no evidence of historical
changes at that time and this statistical test will some-
times identify the midpoint of a time series containing
atrend as a change point (J. R. Lanzante 1997, personal
communication). Change points near 1977 and 1988 are
ascribed to climate regime shifts (Trenberth and Hurrell
1994). Changes near 1981 are less easily explained. As
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FiG. 1. Four examples demonstrating the determination of homo-
geneous data records. Each panel shows monthly anomalies of 850-
mb T, (°C) at Sapporo, Japan (top panel), Yeniseysk, Russia (second
panel), Hailer, China (third panel), and St. Paul Island, Alaska (bottom
panel). Arrows pointing upward show the location of statistical
change points and arrows pointing downward indicate instrumenta-
tion changes based on the station history information.

discussed in REa, a modification to the U.S. sensor oc-
curred in 1980, though its impact was thought to be a
small increase in water vapor at most. It is possible that
a portion of the increases at U.S. stations was due to
this change, but because the change point date is some-
what uncertain, these change points could possibly be
related to the large El Nifio event in 1982-83 and the
El Chichon eruption in 1982.

Figure 1 shows four examples of our assessment of
homogeneity. Each example shows the time series of
monthly anomalies of 850-mb T,, the statistically iden-
tified change points, and any known historical changes.
At Sapporo, Japan, the change point in 1981 corre-
sponds with a change in humidity sensor from hair sen-
sor to carbon hygristor, thus we eliminated this station
asbeing temporally inhomogeneous. At Yeniseysk, Rus-
sia, no statistical change points were identified near the
time of instrumentation changes in 1986 and 1990. The
only change point identified isin 1980 and because there
was no corresponding historical change we assumed this
change point represented natural variation and retained
the time series for trend analysis. Similarly, at Hailer,
China, there was no historical change near the statistical
change point in 1988 and at St. Paul 1sland, Alaska, no
change points are identified near the historical changes.
The statistical change points in 1988 (China) and in
1977 (Alaska) are probably due to the climate regime
shifts in the North Pacific at these times (Trenberth and
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Hurrell 1994), and both these time series were retained
for trend analysis. Interestingly, no change point is vi-
sually apparent in either station time series at the other
climate regime shift date (1977 in China or 1988 in
Alaska).

These examples show that the combination of his-
torical and stetistical information can identify some
known instrument changes. However, we caution that
the separation of artificial (e.g., instrument changes) and
natural variability is inevitably somewhat subjective.
For instance, the same instrument change at one station
may not show as large an effect at another location or
time of day. Elliott and Gaffen (1991) showed an ex-
ample of the effect of the change in 1965 on the hu-
midity record at Hilo, Hawaii, where the redesign of the
duct on the radiosonde allowed daylight to warm the
humidity element and so led to an apparent drying in
the daytime observations. The same design affected all
U.S. radiosondes, but the impact was less apparent at
stations where the observation times occurred when the
sun was not so high (e.g., 0600 and 1800 L ST at 90°W
longitude). Variations in the effect of the same instru-
ment change that are related to longitude, latitude, sea-
son, and local time of observation hinder simple at-
tempts to estimate a change's impact by ensemble av-
eraging of the affected station time series.

Differences in ambient conditions can affect radio-
sondes differently. Schmidlin and Ivanov (1998)
showed that RH reported from VIZ sondes was drier
than that from Vaisala, Inc., RS80 sondes when RH was
less than 50% but was more moist for RH above 50%.
Also, VIZ sondes reported drier RH when T was less
than 5°C but higher RH for warmer temperatures.

Furthermore, the ability of the statistical method to
detect abrupt changes depends on the variahility of the
record, so that the same effect of an instrument change
could be obscured in a very noisy record. In this case,
the same change detected at one station may not be
detected at another station containing more variability.
However, it is possible to calculate an upper bound on
the magnitude of an undetected change, including its
contribution to the trend (see the appendix). For this
reason, when no statistical change points were found at
a station, it was included as homogeneous even if a
known instrument change occurred at the station. The
potential impact of unidentified change points to the
trend results are presented in section 6.

4. Surrogates for total precipitable water

The introduction of improved instruments over the
data period often affects the temporal homogeneity of
the midtropospheric measurements (700500 mb) more
than those of the lower troposphere because of slower
sensor responsein cold temperatures (e.g., Elliott 1995).
Also, early data at some stations did not reach the 500-
mb level as consistently as more recent observations.
Thus it is especialy difficult to find stations with long
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TaBLE 1. Median (left value) and 0.10 quantile (right value) cor-
relation coefficients (X100) between seasonal values of 0000 UTC
Wand T, Ty, g, and RH for 192 Northern Hemisphere stations over
1973-95 at the surface and 850 and 700 mb.

DJF MAM JIA SON
Tee 69/32 45/04 21/-17 52/07
Toge 82/64 75149 73/41 74/53
Ot 84/67 81/54 75/42 80/57
RH. 46/05 39/01 40/-02 44/08
Teso 75/43 58/09 44/—20 56/14
Tugs0 92/83 87/74 90/79 85/74
Qeso 94/88 93/84 92/84 93/86
RHeso 45/—08 42/—-02 60/09 56/04
To00 75127 57/24 48/—11 55/21
Te700 88/74 85/70 86/72 85/72
oo 90/77 90/73 89/76 90/79
RH.00 33/-11 40/03 60/16 50/11

high-quality records of W. To minimize these quality
and homogeneity issues we surmised that temporal
changes in lower-level moisture variables might be ad-
equate surrogates for temporal changes in the total pre-
cipitable water.

To determine the correspondence between W and the
single-level humidity variables, correlation coefficients
were computed using the nonparametric Spearman rank
correlation method (Wilks 1995) on seasonally averaged
anomaly time series of Wand T, T4, g, and RH at the
surface, 850-, and 700-mb levels. The seasonal averages
were based on monthly anomalies. Correlations were
computed over 1973-95 using the ARL dataset for 192
Northern Hemisphere stations with homogeneous W re-
cords. Table 1 shows the median and the 0.10 quantile
correlations by variable, level, and season. The 0.10
quantile indicates that at 90% of the stations the cor-
relation equaled or exceeded that value. Median cor-
relations with W among the stations were highest
(=0.92) for g at 850 mb, although the correlations for
850-mb T, were nearly as high, ranging from 0.85 to
0.92. A similar conclusion was reached by Sinha and
Sinha (1981) for India and by Gaffen (1992) for a 63-
station global network.

Also important for a good W surrogate is arelatively
small spread of the correlations about the median. Sea-
sonal 0.1 quantile values (i.e., 90% of the correlations
are greater than this value) for 850-mb g exceed 0.8;
those for 850-mb T, exceed 0.7. Surface variables do
not correlate particularly well with W; note the lower
medians, larger seasonal variability, and larger spread
of the correlations. For example, the 0.1 quantile value
for surface temperature T, ranges from 0.05 to 0.52
depending on season. The larger spread of the corre-
lations at the surface is due to geographic variations in
therelationship of Wwith surface variablesaswasfound
by Gaffen et al. (1992). Conversely, the consistency of
the 850-mb g and T, correlations with W indicates there
is little geographic variation in these relationships and,
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combined with the high correlations, suggests that these
two variables are useful surrogates for W.

5. Trends

For the trend analysis, monthly anomalies were gen-
erated as deviations from the mean monthly values over
the data period. The anomalies for seasonal trendswere
calculated asthe average of the three-monthly anomalies
for that season [December—January—February (DJF),
MAM, JJA, and SON] with at least two-months data
required for each seasonal anomaly. Similarly, anoma-
lies for annual trends were calculated as the average of
the 12-monthly anomalies (January—December) with at
least 10 months required for each annual anomaly.

Trends were estimated in two ways. The Spearman
test of trend, also used in REa, determined trend exis-
tence and trend sign but did not indicate arate of change.
Values that rejected the null hypothesis of randomness
at the 95% confidence level were considered to be sta-
tistically significant. To account for autocorrelation in
the time series, the degrees of freedom in the Spearman
significance test were reduced to ny — 2, where

24 n s-1 _ _
Ny n/ Lt o -2 D6 Do
(e.g., Cryer 1986), n is the number of years or seasons
of data (at most 23), p._, isthe lag correlation, and s —
t is the lag. The summation was terminated when p._,
became negative or was statistically indistinguishable
from zero at the 90% level (e.g., for n = 23, p =< 0.35).
As in REa, the slope of the linear regression line was
used as a quantitative indication of the rate of change
over the data period. However, changes were usually
not steady over the period. Furthermore, our analysisis
strictly retrospective and does not imply that past trends
will continue.

a. 1973-95

After homogeneity testing, we identified a set of 214
stations at 0000 UTC and 215 at 1200 UTC for 850-
mb T, and g as well as 192- and 202-station subsets for
W. The fewer stations for W is due to change points
found in W but not in T, probably because of inho-
mogeneities at upper levels but also possibly at the sur-
face. Figure 2 depictsthetrendsin yearly averaged 0000
and 1200 UTC W over the period of 1973-95 (two more
years than REa). Above North America, the trends are
almost always positive, and most of them are signifi-
cantly so. Some negative trends are found over northeast
and northern Canada. This picture is nearly identical to
that of REa.

Trends in annually averaged W over Eurasia and the
western tropical Pacific Ocean, on the other hand, show
statistically significant increases only in portions of Chi-
na and the Pacific islands. The increases over China are
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Fic. 2. Annually averaged trends in W (% decade*) at (top) 0000 and (bottom) 1200 UTC for the period
of 1973-95. Positive trends are indicated by triangles and negative trends by circles. Filled symbols indicate
the trends were statistically significant at the 5% level according to the Spearman test. The small symbols
indicate trend magnitudes of 0%—3% and the large symbols denote trend magnitudes greater than 3%. The
numbered regions delineated in the top panel are used in Table 2 and Figs. 5 and 7.

consistent with those of Zhai and Eskridge (1997) for
surface—200-mb W over the 197090 period. The north-
eastern and northwestern Chinese stations where the in-
creases are generally statistically significant are areas
that showed precipitation increasesin Zhai and Eskridge
(1997, their Fig. 13). A fairly coherent region of W
decreases (though not significant) is found over Europe.
The rest of Eurasia shows mainly positive but with a
few negative trends.

The trends in yearly averaged 0000 UTC 850-mb q
(Fig. 3) show a similar pattern to the W trends except
there are somewhat fewer increases that are significant
over the northeast United States and Alaska. The spatial
correlation coefficient between the W and g trends is
0.93. The trend magnitudes (both are expressed as %
of annual mean decade*) are fairly similar, with about

60% of the stations showing less than 0.5% per decade
difference between the W and q trends. Thus, for the
197395 period, the 850-mb q trends capture the general
picture of the W trends.

Trends in 850-mb T, (Fig. 4, top) are similar to those
of 850-mb g. A few stationsin eastern Asia show trends
of g and T, that differ in sign, but this occurs only where
the trends are near zero. Over most of Eurasiaand North
America there is usually agreement in the sign of the
T, and T trends and most stations show increases. The
correspondence of changesin T and T, suggests a mois-
ture response to warming. However, the weak T, de-
creases over Europe are in contrast to the general in-
creases seen in these trends of annual 850-mb T (Fig.
4, bottom). The recent trend toward positive North At-
lantic oscillation (NAO) index has been associated with

6OW

120W
Fic. 3. Same as Fig. 2 but for annually averaged trends in 0000 UTC 850-mb g (% decade?).
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FiG. 4. Same as Fig. 2 but for annually averaged trends in (top) 0000 UTC 850-mb T, (°C decade*) and
(bottom) 850-mb T (°C decade'). The small symbols indicate trend magnitudes of 0°-0.25°C decade* and
the large symbols denote trend magnitudes greater than 0.25°C decade .

warmer conditions over Europe along with less precip-
itation over southern Europe and more precipitation over
northern Europe (e.g., Hurrell and van Loon 1997). Al-
though the weak T, decreases over northern Europe are
not consistent with this NAO precipitation response, the
southern Europe pattern of warmer temperatures with
lower dewpoints is suggestive of an NAO influence.
Table 2 categorizes the number of stations over Eur-
asia and the western Pacific and separately over North
America at each pressure level according to the sign of
the T and T, trends; both positive, both negative, or of
different sign. Most of the trends are positive in both
quantities, as was found by REa for North America.
When compared with North American stations, there
are more Eurasian stations with negative T, and positive

T trends, and the number increases for pressure levels
higher in the atmosphere. However, most of these trends
are not statistically significant. The last two lines of the
table further subdivide the stations with positive trends
of both T and T, into those for which temperature trends
are larger than dewpoint trends and the reverse. Over
North America, the T trends are usually smaller in mag-
nitude, as found by REa. Over Eurasia, that is not the
case at the surface (more T trends exceed T, trends) and
islessfrequent above the surface than over North Amer-
ica

Seasonal trends (not shown) in Wover North America
are consistent with REa (see their Fig. 11) with summer
showing widespread increases similar to Fig. 2. Sea-
sonal increases over China are largest in winter; the

TABLE 2. Number of stations for which annual trends of T and T, at 0000 UTC are both positive, both negative, or of different sign for
1973-95 period. Upper section is for North American stations and lower section is for Eurasian and western Pacific stations. The last row
in each section is the number of stations for which dT/dt > dT, /dt (dT,/dt > dT/dt) when both trends are positive.

Surface 850 mb 700 mb 500 mb
North American trends
dT/dt and dT,/dt > 0 62 69 71 73
dT/dt and dT,/dt < O 5 7 6 6
dT/dt < 0 and dT,/dt > O 12 2 0 0
dT/dt > 0 and dT,/dt < O 6 7 8 6
dT/dt > dT,/dt (dT,/dt > dT/dt) 20 (42) 19 (50) 8 (63) 7 (66)
Eurasian trends
dT/dt and dT,/dt > 0 110 88 71 67
dT/dt and dT,/dt < O 6 8 9 17
dT/dt < 0 and dT,/dt < O 7 6 7 5
dT/dt > 0 and dT,/dt < O 7 28 43 41
dT/dt > dT,/dt (dT,/dt > dT/dt) 63 (47) 39 (49) 26 (45) 25 (42)
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TaBLE 3. Regionally averaged annual and seasonal trends in 0000 UTC surface-500-mb precipitable water (mm decade—*) for 1973-95.
Trends in bold indicate statistical significance at the 5% level.

Region Region name Annual Winter Spring Summer Autumn
1 Europe —-0.05 -0.04 —-0.04 -0.08 —-0.09
2 Central Eurasia 0.05 0.15 -0.11 0.25 —0.06
3 Eastern Siberia —0.01 0.02 0.02 —0.08 0.01
4 China 0.23 0.48 0.18 0.37 —0.46
5 Pacific 1.58 1.68 114 1.95 1.66
6 Canada 0.08 -0.11 0.10 0.35 —0.03
7 Eastern United States 0.61 0.22 0.79 1.09 0.35
8 Western United States 0.87 0.68 0.41 1.83 0.71
9 Alaska 0.36 0.29 0.31 0.79 0.13

European area of decreasesin Fig. 2 is apparent also in
the summer and autumn trends. As with the annual
trends, seasonal trends over Eurasia show few statisti-
cally significant trends.

To indicate the time series variability and to sum-
marize the trends, we have averaged the W anomaly
time series of the stationsin nine regionslisted in Table
3. The choice of regional boundaries shown in Fig. 2
was based on the areas where the annual trends were
mostly of the same sign. Figure 5 shows the regionally
averaged time series of annual anomalies of W. Regional
trends are small or near zero except over the United
States and tropical Pacific. Note the nonlinearity of the
change over this period. In the western United States
and tropical Pacific time series, the steplike climate in-
crease near 1977 is evident. A smaller increase near
1987 is discernable for China. Also, note the strong
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Fic. 5. Time series of regionally and annually averaged anomalies
of 0000 UTC W (mm) in nine regions. Region boundaries are shown
in Fig. 2. Vertical lines show two standard errors of each region’s
station anomalies about the regional mean. Linear regression lines
are also shown for each region.

drying in the Pacific time series in 1983 and 1992 con-
sistent with warm phase ENSO events, perhaps en-
hanced by volcanic eruptions in 1982 and 1991.

Annual and seasonal trend values for each region are
listed in Table 3. These regionally averaged time series
and trend values reiterate the message of Fig. 2, namely,
that strongest humidity increases occur over the United
States, the tropical Pacific, and China. For seasons, the
significant increase over China in winter agrees with
Zhai and Eskridge (1997), who found winter to show
the largest change. Asin REa, the largest increases over
North American regions are in summer.

b. 1958-95

From the 437 stations in the CARDS subset, much
smaller sets of stations (68 at 0000 UTC and 63 at 1200
UTC) were judged to be sufficiently complete and ho-
mogeneous over the period of 1958-95. For these sta-
tions, annual trends in 850-mb q (as a percentage of the
annual mean for the 1973-95 period) are shown in Fig.
6. The general pattern of increases and decreasesissim-
ilar to that of Fig. 3, although the magnitudes are usually
reduced. Note that trends over the United States at 0000
UTC are often larger than at 1200 UTC, especially over
the western United States and Alaska, which may in-
dicate an apparent moistening influence from the 1973
change in sensor housing.

The regional-average time series of annual anomalies
of 850-mb q are shown in Fig. 7 for eight of the nine
regions (the Pacific was omitted because there were only
two stations). We show the observation time closest to
local nighttime (0000 UTC for Eurasia and 1200 UTC
for North America), which should be less affected by
any hidden impact from instrument change. Although
the records show considerable nonlinear variability,
850-mb g is generally increasing in China, Alaska, and
the eastern United States over this period.

Table 4 is a comparison of the sign of T and T, trends
for the 1958-95 period. As for the shorter period (Table
2), the trends agree in sign at most stations. However,
where trends are positive, the T, trends over North
America are always larger than those of T and, for Eur-
asian stations with positive trends, the T, trends are
usually smaller.
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Fic. 6. Same as Fig. 2 but for annually averaged trends in 850-mb q (% of 1973-95 annua mean
decade*) for the period of 1958-95: (top) 0000 and (bottom) 1200 UTC.

Seasonal trends are similar to those of the 1973-95
period except that the decreases over Europe are stron-
gest in winter and autumn rather than summer and au-
tumn. Another difference is that increases over Alaska

, are larger and more significant than in REa. A further
Europe 9 Canada 51 indication that the 0000 UTC trends were somewhat
5 )\ LM 5 influenced by the 1973 apparent moistening is that the
0 ‘M*, . Y}\" WHH 0 MMM\{“*W“VM winter 0000 and 1200 UTC trends over Alaska agree
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Ea 0 o LM An WY*L,A—A‘?M cussed in section 6.
< 5 -5
£ , W ‘ 6. Discussion
£ Eastern Siberia 8 Western US ) o o
g 5 5 M ] Given the uncertainties in determining the homoge-
& 0 kgt ei M b Al o ALM /\M neity of the record at any station, we have tried to quan-
UCAMMUGRAR IR RS —WY‘”‘ WM YT tify how the trend results of section 5 might be affected
Sy 5 by undetected instrument changes. Because the statis-
China 16 Eastern US 15
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FiG. 7. Same as Fig. 5 but for the 1958-95 period. The number
of stations in each region is in the upper-right corner. The Pacific
region is omitted because only two stations were included in the
1958-95 analysis. The observation time shown is that closest to
local night: 0000 UTC for Eurasia and 1200 UTC for North Amer-
ica

1960

TABLE 4. Number of stations for which annual trends of T and T,
at 0000 UTC are both positive, both negative, or of different sign
for 1958-96 period. The last row is the number of stations for which
dT/dt > dT, /dt (dT,/dt > dT/dt) when both trends are positive.

North
1958-95 trends All Eurasia America
dT/dt and dT,/dt > O 33 14 19
dT/dt and dT,/dt < O 10 10 0
dT/dt < 0 and dT,/dt > 0O 6 3 3
dT/dt > 0 and dT,/dt < O 10 8 2

dT/dt > dT,/dt (dT,/dt > dT/dt) 10 (23) 10(4) 0 (19)
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tical test for identifying a change point depends on the
variability of the time series itself, stations with noisy
records, either from natural variability or less consistent
data quality, may contain alarger undetected instrument
change than station records with less noise.

However, we can estimate the maximum value of an
undetected instrument change in each time series.
Change points are defined as shifts in the median that
exceed a critical value, so the magnitude of an unde-
tected change must be less than or equal to this critical
value. This bound on the size of an undetected change
allows us to estimate how much smaller or larger the
trend could be (depending on whether an undetected
change is in the same direction as the trend or in the
opposite sense) and it depends on the magnitude of the
change, its temporal position within the record, and the
variability of the time series (see the appendix for de-
tails).

Bounds on the 0000 UTC 1973-95 W trends of Fig.
2 range from 0.5% to 1.5%, with a median value of
0.9%. Because the bound depends on the variability of
the time series, smallest values are found in the Tropics
and values generally increase with latitude. Because the
significant trendsin Fig. 2 generally have values greater
than 3%, even assuming the hidden change is as large
as the upper bound, the trends still show essentially the
same pattern, and this result adds confidence that our
results are not unduly affected by unknown changes.
For the 1958-95 period, bounds on the 0000 UTC q
trends increase with latitude from 0.25% to 0.9%, with
a median of 0.5%. Again, reducing the trends by these
bounds would still show a pattern consistent with the
trends in Fig. 6.

Although we ignore statistical changes when thereis
reason to think the changes may have been natural, we
have not attempted to estimate the contribution of these
climate shifts to the trends presented in section 5. The
determination of the magnitude of the change is a prob-
lem, as discussed by Gaffen et al. (2000) who dem-
onstrated that estimates of the change magnitude for
upper-air temperature records can be very sensitive to
the estimation procedures used. This sensitivity to pro-
cedure means that trends computed from adjusted re-
cords carry an additional measure of uncertainty related
to the adjustment. Thus, attempts to adjust records for
known change points to get better trend estimates are
somewhat problematic and are beyond the scope of this
study.

7. Summary

We have examined the radiosonde records for the
best-quality data to give some idea of how, if at all, the
moisture content of the troposphere has changed glob-
ally. We found that a global estimate could not be made
because reliable records from the Southern Hemisphere
were too sparse; thus we confined our analysis to the
Northern Hemisphere. Even there, the analysiswaslim-
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ited by continual changes in instrumentation, abeit im-
provements, so we were left with relatively few records
of total precipitable water over the era of radiosonde
observations that were usable. To compensate partially,
we used the 850-mb observations, arguing that these
should be less affected by the quality of the earlier in-
struments, and showed that 850-mb moisture was very
highly correlated with total precipitable water when the
observations were of higher quality. This approach ex-
cluded data from stations whose elevations are near or
above the 850-mb level, but it is unlikely that such
stations would have substantially different moisture
trends.

We tried to be conservative in evaluating stations for
homogeneity, but even so some judgments were nec-
essarily subjective. The overall conclusion, that there
has been an increase in Northern Hemisphere tropo-
spheric moisture at most of these stations in the past
three or four decades and especially since 1973, seems
to be fairly sound, but quantifying the increase remains
difficult. One reason for this confidence is that amost
all changes in radiosondes lead to an apparent drying.
Because most of the trends are increases (albeit often
small over Eurasia) and because artifacts often result in
water vapor decreases (a hotable exception is the 1973
duct change at U.S. stations, which appears as a moist-
ening with time), it is conceivable that a stronger signal
of water vapor increases has been partially masked. With
these caveats, the conclusions of this study are sum-
marized as follows.

1) Northern Hemisphere water vapor has increased at
most stations in areas where we have reasonable-
quality radiosonde observations over the period of
1973-95. Over the period of 1958-95, for a smaller
station set, there have been generally smaller in-
creases, and most of the increase occurred since
1973.

2) Water vapor increases are larger, more uniform, and
more significant over North America than over Eur-
asia. In contrast to the fairly uniform increases in
North America, Eurasia shows more variation, with
increases over China as well as small decreases over
Europe. Much of the differences in trend magnitude
and sign over the two regions may be attributable to
abrupt changes in the late 1970s that affected North
America more than Eurasia

If these results are accepted for the regions that have
been sampled, what can be said for the entire Northern
Hemisphere? The unsampled regions, mainly the At-
lantic, Northern Pacific, and parts of Africa, would have
to have decreased in moisture for the Northern Hemi-
sphere to show little change. However, further progress
toward understanding tropospheric moisture trends prior
to about 1980 (the start of the satellite era) will probably
hinge on the development of more reliable methods of
adjusting the old observations.
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APPENDIX
Estimating Change Point Effects on Trends

To calculate the effect on trends of a single change
point, we assume there is one change point of magnitude
D at position k of a time series of n anomalies. The
linear regression trend can be partitioned into three
terms. a homogeneous portion, and two terms repre-
senting the discontinuity, which are essentially an ad-
justment to the mean on either side of the change point

2ty
— 1

b=
g(t')z
Seg-y o P3r pf3e
=2 gt 5, (A))
2 (t)? E (t')? 2 (t')?

where t is time, y is the trend variable, ¥ is the mean
of the homogeneous time series, and the prime (t") de-
notes anomalies. For a positive discontinuity (i.e., one
with a negative shift to the mean before k and a positive
shift after), the negative shift, D(k — n)/n, occurs for i
= 1 to k and the positive shift, Dk/n, occurs for i = k
+ 1 to n. For the negative discontinuity, the negative
shift occurs over i = k + 1 to n and the positive shift
isover i = 1 to k. Expanding the summations in the
denominator and the numerator of the second and third
right-hand terms yields

A , 6DK(k — n)? _ 6Dke(k — )

b )
i () n2(nz — 1) nz(nz — 1)

(A2)

where the last two terms represent the effect of the
abrupt change on the trend. These two terms can be
algebraically reduced to

L _ 6K - K
ume T a2 — 1)

Jump

where by,,.,, is the portion of the calculated trend due to
an abrupt change, and the sign depends on the direction
of the change. Positive or negative b, is associated
with an abrupt change representing an apparent moist-
ening or drying, respectively.

The largest effect on the trend occurs for a change
point at the center of the record, so we use k = n/2.

(A3)
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The statistical change point test (section 3) does not
provide a critical value that is easily related to D, so it
was estimated for each station using the t-test critical
value, t,;, = D/(o?/n)¥2, where a value of t;, corre-
sponding to the 5% level of atwo-tailed test was used,
and o2 is the time series variance. The difference be-
tween the cal culated trend (using all monthly anomalies;
nominally n = 12 X 23 = 276 months) and b, .., defines
the trend bounds. [Although the trends in section 5 are
based on the annually averaged time series (nominally
n = 23 yr), there is generaly little difference between
those trends and the trends using the monthly anoma-
lies]
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