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ABSTRACT

Here 21 years of radiosonde observations from stations in the Western Hemisphere north of the equator were
analyzed for trends in tropospheric water vapor. Mean fields of precipitable water and relative humidity at several
levels are shown. Annual trends of surface—500 mb precipitable water were generally increasing over this region
except over northeastern Canada. When trends were expressed as a percentage of the climatological mean at
each station, the trends south of ~45°N represent a linear rate of increase of 3%-7% decade™!. Trends in the
upper portion of this layer, 700—500 mb, were as large or larger than those of the middle (850—700 mb) or
lower layer and were consistent in sign.

Annual trends in dewpoint generally agree in sign with trends in temperature. However, the dewpoint trends
tended to be larger than those of temperature. This was consistent with the annual increases found in relative
humidity over this period. Relative humidity increased except in Canada, Alaska, and a few stations in western
mountainous areas. Largest percentage increases of relative humidity were in the Tropics.

Seasonal trends of precipitable water varied spatially more than the annual trends and fewer were statistically
significant. More stations had significant trends in summer than in other seasons and these were located over
the central and eastern United States and the Tropics. Spring trends were largest over the western United States,
while the largest winter trends were along the Gulf Coast. The one area where significant water vapor increases
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were found in all four seasons was the Caribbean.

1. Introduction

Water vapor plays a major role in the dynamics of
atmospheric circulation as well as in radiation
exchange within the atmosphere. The TPCC (1990) re-
port stated that the general circulation models consid-
ered there all showed an increase in specific humidity
along with the warming predicted in equilibrium CO,
doubling simulations, and this increased moisture
would further increase the warming. The characteri-
zation of the present water vapor distribution and its
interannual changes is thus an important undertaking.
The contribution of this study is the presentation of the
mean water vapor distribution and any trends over
North America during the period 1973-93.

The radiosonde network is the source of the longest
record of humidity throughout the troposphere, but the
data, particularly in early years, are affected by mea-
surement inaccuracies. Although humidity sensors con-
tinue to improve, problems remain, especially in very
high or very low humidities and at all humidities under
very cold conditions (Elliott and Gaffen 1991). Spa-
tially, the radiosonde network is most dense over the
most populated Northern Hemisphere land masses.
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Several early studies produced estimates of the cli-
matological water vapor distribution. For example,
Crutcher and Meserve (1970) used Monthly Climatic
Data of the World for the period 1950-64 to generate
climatological maps of Northern Hemisphere temper-
ature and dewpoint at various atmospheric levels. Other
early estimates of water vapor in the atmosphere fo-
cused on the total column water, sometimes called the
precipitable water. Climatologies of precipitable water
over the United States were prepared by Reitan (1960)
using data from 1946 to 1956 and Lott (1976) using
data from 1946 to 1972. Bannon and Steele (1960)
estimated precipitable water in several layers for nearly
the entire globe using data from 1951 to 1955.

More recently, Oort (1983) published global distri-
butions of specific humidity based on radiosonde data
from 1963 to 1973. This gave a more detailed descrip-
tion of the vertical variability as 11 vertical levels were
presented. Peixoto and Oort (1992) summarized the
general features of the water vapor distribution using
precipitable water, specific humidity, and relative hu-
midity, again based on the Oort (1983) data.

Interannual variability of water vapor was consid-
ered by Angell et al. (1984), who examined records
from two United States radiosonde stations. One of
their findings was that the separation of instrument and
procedural changes from climate changes had to be ad-
dressed. Other studies also estimated trends in tropo-
spheric water vapor from radiosonde observations.
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Hernse et al. (1988) reported an upward trend of 700—
500-mb precipitable water and relative humidity over
the western Pacific using monthly data from 1965 to
1986. Gutzler (1992) also found increases above the
western tropical Pacific during 1974-88. Elliott et al.
(1991), using a limited number of stations distributed
globally, found an increase in the surface—500-mb pre-
cipitable water in the equatorial region but also some
significant increases over the western United States and
slight decreases over northern Canada. Gaffen et al.
(1991, 1992) also found increases, particularly in the
Tropics, using a somewhat greater number of stations.
A recent study of stratospheric water vapor trends (Olt-
mans and Hofmann 1995) found statistically significant
increases between 16 and 24 km above Boulder, Col-
orado, of 0.4%-0.8% yr .

This study differs from the previous work in several
ways. It represents a more recent and longer time pe-
riod (1973-93) than most previous climatologies. Ear-
lier studies were based on data from older and less re-
liable instruments. A considerably denser network of
stations is treated here and the issue of data homoge-
neity is emphasized, although each of the trend studies
listed above gave some consideration to the problem of
data inhomogeneity. This study is limited to the North
American region because it is an area of relatively ho-
mogeneous observations and one for which records
of changes are available (Gaffen 1993; 1995, per-
sonal communication). The historical information on

hanges was combined with visual inspection to deter-
mine the final set of stations for analysis.

The details of the data processmg, including quahty
control, to generate time series of monthly anomalies
are described in section 2. In section 3 long-term annual
and seasonal mean fields of precipitable water and rel-
ative humidity are presented. Section 4 presents the an-
nual and seasonal trends of the quantities. In sections
5 and 6 the results are summarized, shortcomings dis-
cussed, and plans for further study outlined.

2. Data processing

The observations used here were obtained from the
National Center for Atmospheric Research and com-
prise the routine radiosonde observations made by na-
tional weather services in the region and transmitted
over the Global Telecommunication Service (GTS).
For this study, North America is defined as the area
north of the equator and ranging from 180°-50°W. It
includes all of North America (excluding Greenland),
Central America, South American stations north of the
equator, and some stations in the central Pacific. In a
few cases, where stations were moved less than 50 km
but their identification number changed during the
1973-93 period, the data were treated as a continuous
record.

Pressures, temperatures, and dewpoint depressions
were extracted from each sounding at all reported lev-
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els (i.e., mandatory and significant levels ) from the sur-
face to 300 mb. Data extraction was terminated at 300
mb because of the poor performance of radiosonde hu-
midity sensors at cold temperatures (in fact, observa-
tions above 500 mb may be adequate only in the Trop-
ics). Observations at 0000 and 1200 UTC were treated
separately.

Soundings transmitted over the GTS can and do con-
tain clearly erroneous values and the application of
quality control checks was necessary. The first step in
the quality control procedure was the development of
a climatology for temperature checking using data from
all available soundings from 1973 to 1991. To avoid
contamination by grossly erroneous values, the clima-
tology was iteratively calculated. In the first pass
through the data, gross errors in mandatory level tem-
peratures were screened from the monthly means by
rejecting temperatures falling outside a range of +30°C
of the zonal mean monthly temperatures of Oort
(1983). Monthly means from the first pass were then
used to screen the temperatures in a second pass by
rejecting temperatures beyond *50 of the first pass
means, where the standard deviation is based on the
daily values for a particular month. The monthly means
from the second pass determined the ‘‘temperature-
checking climatology.”” The reduction in the range of
allowed temperatures between the two data passes was
to reduce the impact of data errors on the temperature-
checking climatology. Finally, each reported manda-
tory temperature was required to be within +4¢ of the
monthly mean of the temperature-checking climatol-
ogy for that station. Temperatures at significant levels
were excluded if they were colder than the lowest ac-
ceptable temperature for the higher mandatory level or
warmer than the highest acceptable temperature at the
lower mandatory level.

Because reported dewpoint depression values of a
given sounding must be within the range of 0°-49°C,
dewpoint depression checking was limited to insuring
that each value was within the possible range. Surface
pressures were required to be within a range appropri-
ate to the station elevation (adjusted hydrostatically
from a range of 950—1060 mb at sea level). For a
sounding to be retained in the final dataset, it had to
have a valid surface pressure as well as valid temper-
atures and dewpoints at the surface, 850 mb (if above
the surface), and 700 mb. For example, a sounding
with one missing or erroneous value of temperature or
dewpoint at the surface resulted in the exclusion of the
entire sounding from further processing. Most stations
had fewer than 5% of soundings rejected by any of
these restrictions. At 16 stations, (in northernmost Can-
ada, Mexico, and the Caribbean) between 10% and
16% were rejected. Above 700 mb, a missing or erro-
neous value of temperature or dewpoint resulted in
truncation of the sounding below that level. Thus, if a
sounding was missing the dewpoint value at 500 mb,
the sounding data up to 700 mb were still retained but
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data at 500 mb and above were eliminated. Significant
levels with missing or erroneous values were ignored
in the computation of precipitable water but otherwise
did not cause truncation of the sounding. Note that the
final temperature climatology was based only on ob-
servations that had valid humidity data, so there could
be slight differences in mean temperatures from those
based on all valid temperature measurements. How-
ever, because the percentage of rejections was small,
this should be a minor difference.

In two situations the reported dewpoint depression
values were adjusted, both arising because of United
States reporting practices in effect until October 1993.
If the ambient temperature was less than —40°C, United
States stations reported the dewpoint depression as
“‘missing,”’ regardless of what the humidity sensor in-
dicated. Canada, using the same humidity sensor, has
reported the observation as received since about 1983,
at least down to —~65°C. To reduce a bias toward warm
temperatures, missing dewpoint depressions at temper-
atures below —40°C at the 500-, 400-, and 300-mb lev-
els were replaced with values corresponding to a rela-
tive humidity of 50% at 500 mb, 40% at 400 mb, and
35% at 300 mb. Significant levels with temperatures
below —40°C were ignored. These relative humidity
values were the median values of several years of Ca-
nadian observations when the temperature was below
—40°C at those levels. The adjustments were most
common in Alaska where ~8%, 45%, and 95% of
soundings were adjusted at 500, 400, and 300 mb, re-
spectively. This means that virtually all the humidity
values at 300 mb and one-half at 400 mb in Alaska
were reported as missing and so there is really little
information there. This is one reason little is said here
about water vapor above 500 mb.

The second case corresponds to conditions when the
measured relative humidity was less than 20%. The
U.S. practice, which was followed by most other coun-
tries in the region, was to transmit a dewpoint depres-
sion of 30°C in these conditions. Because a dewpoint
depression of 30°C is quite dry (e.g., at a temperature
of 0°C it corresponds to a relative humidity of about
8%), this value can lead to an underestimate of the true
relative humidity. The median value of relative humid-
ities less than 20% from several years of Canadian data
was 16%, so transmitted dewpoint depression values of
30°C were replaced by values corresponding to a rel-
ative humidity of 16% for those stations following this
practice. At 850 mb, the maximum percentage of
soundings adjusted was ~25%, while at 700 mb and
above it sometimes exceeded 50% in the subtropics.

Data from the quality-controlled soundings were
then used to calculate dewpoints and relative and spe-
cific humidity values at the surface, 850-, 700-, 500-,
400-, and 300-mb levels and the precipitable water be-
tween these levels. The formulas used in those calcu-
lations are detailed in the appendix. Station monthly
mean values of each variable at each observation time
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were calculated if at least ten observations during the
month were available, otherwise that month was con-
sidered ‘‘missing.”’ The distribution of observations
within a month was not checked. Anomalies were com-
puted as deviations of the individual monthly means
from the averages of monthly data over the period
1976—90. This 15-yr period was selected because some
stations lacked data before 1976 and others closed after
1990. This shortened period meant that the mean values
of each station reflected the same time period.

Information about historical changes in radiosondes
or observing practice of the countries in this region
(Gaffen 1993) then guided the final choice of stations
for inclusion. Stations were excluded if a known date
of an instrumentation change appeared to coincide with
an abrupt jump in the time series of 700- and 500-mb
dewpoints. For example, four Canadian stations were
eliminated because such a jump was visually apparent
at the time when the radiosonde changed from a VIZ
sonde to a Viisdld sonde. Time series from 17 U.S.
stations that changed from VIZ sondes to SDD sondes
were similarly excluded since there were apparent dis-
continuities in these time series as well. Of five stations
for which we have no station history information, two
were eliminated after visual inspection of the time se-
ries and the other three retained.

Known changes were not, in themselves, sufficient
to reject a station record. For example, in 1980--81, 67
U.S. stations changed to a new version of the VIZ hy-
gristor and a modified algorithm to compute RH. In-
formation from the National Weather Service on lim-
ited comparison testing of the new and old hygristor
(Blackmore, 1995 personal communication) indicated
that humidities might average 2%—4% higher with the
new sensor. Visual inspection of the time series from
a subset of these stations was inconclusive; some sta-
tions showed a possible small increase near the date of
the change, while others did not. Because of the incon-
sistency of the possible change at the stations, all sta-
tions that included this change were retained. However,
the implications of an effect from this change will be
further discussed in section 5.

To ensure that the time series at all stations are
roughly similar in length, only stations with at least 220
months out of a possible 252 were included. There were
93 stations at 0000 UTC and 100 stations at 1200 UTC,
satisfying all the conditions. The station locations are
indicated by the filled squares in Fig. 1. Stations that
were excluded because of instrumentation changes are
indicated by the open squares. The excluded stations in
the western United States changed from VIZ to SDD
sondes.

3. Climatology

Before discussing the trends, some of the spatial
variation of the mean fields of the variables is presented
here. These fields are of interest in themselves and pro-



3564

Station Locations
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Fic. 1. Radiosonde stations used in this study are denoted by a
filled square. Those stations with an open square were excluded from
the analysis because of a change in instrumentation during the 1973—
93 period.

vide a context for the subsequent trend analysis. This
climatology is based on 15—yr means for the period
1976-90. At the pressure levels presented, there was
no substantial difference between the 0000 and 1200
IUTC climatologies. The 1200 UTC results are shown
because there were a few more stations reporting at that
fime.

The reliability of humidity measurements becomes
an important consideration at very cold temperatures
and low humidities. The annual mean position of the
~30°C isotherm was used as an estimate of the region
of reliable measurements. Roughly speaking, the
—30°C annual mean isotherm was at 68°N at 500 mb
and 45°N at 400 mb. None of these stations had annual
mean 300-mb temperatures warmer than —30°C. For
these reasons the following discussion is confined to
data from 500 mb and below. This layer contains more
than 90% of the total precipitable water. The percent-
age of water vapor in the 500—-300 mb layer was 4%—
5% of the surface—500 mb annual total except in
mounfainous regions where the percentage can be
slightly larger but total precipitable water is small.

The temperature determines the upper bound of the
water vapor content, so there is a strong similarity in
the large-scale patterns of temperature and the moisture
variables except relative humidity. Temperature, dew-
point, specific humidity, and precipitable water are
largest in low latitudes and generally decrease pole-
ward. Precipitable water and relative humidity will be
discussed below in greater detail. Annual mean values
of specific humidity at the surface range from 18 g kg ™'
along the north coast of South America to 1 g kg™ in
the Canadian Arctic. At 700 mb the values range from
greater than 5 g kg ™' near the equator to less than 1
g kg™! in northernmost Canada. At 300 mb values
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range from 0.2 g kg ™' in the low latitudes to less than
0.05 g kg ~' over most of Canada and Alaska.

a. Precipitable water

The annual mean surface—500 mb precipitable water
(W) for the North American region is presented in Fig.
2. The largest values, 30—40 mm, occur south of 30°N
and generally decrease northward to values less than
10 mm north of 60°N. Stations in the south-central and
southeastern United States have values between 20 and
30 mm, but those in the remainder of the United States
are in the range 15-20 mm. Values over high eleva-
tions in the western interior are slightly lower. The
sharp gradient over Mexico is a plausible feature of the
elevation contrast between coastal stations and those in
the mountainous interior. The broad features are quite
similar to those shown by Wittmeyer and Vonder
Haar (1994) based on satellite observations during
1983-89.

The annual cycle of water vapor reflects the cycles
of temperature and of circulation patterns. Figure 3
shows the mean winter (DJF) and summer (JJA) fields
of the surface—~500 mb W. While the values are every-
where higher in summer than in winter, the largest win-
ter to summer increases (>20 mm) occur over the
United States east of 100°W. The large annual range in
the eastern United States is consistent with water vapor
transport studies (e.g., Peixoto and Oort 1983) that
show a deep northward flux from the Gulf of Mexico
in summer and southward transport of cold, dry polar
air masses from Canada in winter. In contrast, the in-
crease of W from winter to summer is usually less than
~10 mm at low latitudes, the west coast of the United
States, and northernmost Canada.

To examine the vertical distribution of W, we cal-
culated the percent of the total water vapor below 500
mb that was in each of the three sublayers: surface—
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F1G. 2. Annual mean surface—500-mb precipitable water (mm).
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FIG. 3. Seasonal mean surface—500-mb precipitable water (mm)
for (a) winter and (b) summer,

850 mb, 850—700 mb, and 700-500 mb. Figure 4a
shows the percent of the annual mean water vapor in
the surface—500 mb layer that is below 850 mb for
those stations whose surface elevation is less than 200
m. (This confines consideration to coastal and island
stations and to the lowlands of interior Canada.) The
range is between 45% and 65%, with the lowest per-
centages at interior continental stations and values
greater than 60% found at the central Pacific locations.
Serreze et al. (1995) reported that 80% of the total
water vapor was below 700 mb for Arctic stations north
of 65°N in agreement with these results.

There is less geographic variation of the precipitable
water fraction contained in the 700-500 mb layer (Fig.
4b), but the latitudinal gradient is reversed. A similar
reversal also is seen in the 850-700 mb layer (not
shown). In the middle layer, the higher-latitude values
are 30%—35%, while the low-latitude and West Coast
regions are 5%—10% lower. The relatively dry upper
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regions of the low latitudes show the influence of the
descending branch of the Hadley cell.

There is little seasonal variation of the fractions in
the lowest two layers except in Canada and interior
Alaska. Large seasonal variations occur there; nearly
50% of the water vapor is below 850 mb in summer
but less than 40% is there in winter. In fact, in winter
in northeastern Canada the fraction between 850 mb
and 700 mb is nearly the same as in the surface—850
mb layer; about 35%—-40%. This probably reflects the
lack of a low-level moisture source in winter when the
ground and adjacent water surfaces are frozen. In con-
trast, Serreze et al. (1995) reported little seasonal vari-
ation of the percentage of W below 700 mb for Arctic
stations north of 65°N. However, they averaged over
all longitudes and the discrepancy with these results
may indicate seasonal differences between Eurasia and
North America.

90N Sfc-850mb Fraction of Sfc-500mb W (%
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FiG. 4. The percentage of precipitable water in the (a) surface—850
mb layer and (b) the 700~500 mb layer relative to the surface—500
mb layer.
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In the 700-500 mb layer the seasonal variation of
the water vapor fraction differs between the Caribbean
region (higher in summer than winter by ~4%) and
eastern North America north of 30°N (lower in summer
than winter by ~5%). The smaller summer percentage
over the eastern United States compared with winter is
consistent with earlier analysis by Reitan (1960).
There is less seasonal variation along the West Coast,
even as far north as Alaska and along the Aleutians.

b. Relative humidity

The annual mean relative humidity (RH) at 850,
700, and 500 mb is shown in Fig. 5. There is a general
decrease of RH with height. At 850 mb the minimum
values of RH are over the United States, while RH in-
creases to the north and south. This is in broad agree-
ment with Peixoto and Oort (1992). Note the very low
values along the California coast and the high values
over Hawaii at 850 mb. Above 850 mb the highest
values are in the north, particularly in northwest Can-
ada and interior Alaska. At 700 mb the Caribbean and

Annual 500 mb Relative Humidity (%)
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United States have roughly comparable values, except
for coastal California and Hawaii, which are dry. At
500 mb the same pattern is apparent but the range of
values is reduced particularly in the western half of the
domain.

The dry values along the California coast at all three
levels and over the central Pacific stations at and above
700 mb reflect the subsidence associated with the sub-
tropical anticyclone and the Hadley circulation. To a
lesser extent, this also is seen over the Caribbean at 500
mb where relative humidities drop to ~30%. The dif-
ference in the height at which California, Hawaii, and
the Caribbean become dry is consistent with the in-
crease in the height of the top of the trade wind inver-
sion westward from continental coasts (Hastenrath
1985).

The patterns of relative humidity in the four seasons
(not shown) appear quite similar to the annual patterns
with a few exceptions. At 850 mb the California coast
has distinctly lower RH in summer (~25%) than at
other seasons (~40%), while summer is the most
moist season in the eastern United States (~70% in

Annual 700 mb Relative Humidity (%)

90N " 90N
ot ) sl |
JON-F LRI 70N
g <= X SN o>
BON{ S e - - 60N+
22 X < s . 50
- ¥
S50N- - N ® . 50N °
40 . % 40
40N - \ = 40N
30N § ‘ 30 30N
20N A Y NG S, 20N A
30 Wy
10N 40 N 10N
40 30 W
ON — —— - y —f - ON y r — T f v
180W  160W  140W 120w 100W  8OW  60W 40w 180W  160W  140W 120W  100W  BOW  60W 40w
0N Annual 850 mb Relative Humidity (%)
80N
70N 1
60N
SON 1 FIG. 5. Annual mean RH (%) at (a) 500, (b) 700,
40Ni and (¢) 850 mb.

ON
18CW

160W

140W

120W

100W

oW



DECEMBER 1996

summer compared with ~55% in winter). A similar
seasonal variation appeared at 700 mb. Above the Ca-
ribbean stations at 700 and 500 mb, winter is relatively
dry (e.g., 35% at 700 mb), while autumn is moist (e.g.,
55% at 700 mb), consistent with their distinct rainy
season in late summer and dry season in winter (Has-
tenrath 1985).

4. Trends

To examine the data for any existing trends in this
21-yr record, time series of the monthly anomalies of
each variable were formed. These anomalies were de-
viations from monthly mean values calculated for the
period 1976-90 as described above. The use of
monthly anomalies eliminated the seasonal cycle from
the data and was important for the computation of sea-
sonal and annual averages when one month was miss-
ing. Trends at both observation times were examined,
but the discussion is primarily based on the results for
1200 UTC. The differences between the trends at the
two times were largest at the surface, where diurnal
variability is largest. However, the differences were not
systematic and do not affect the general conclusions.
Annual trends were computed using the average of the
12 monthly anomalies (January—December), while
seasonal trends were based on the average of the three
monthly anomalies of each season. At least two months
were required for each seasonal anomaly and at least
10 months were required for each annual anomaly.

Two methods were used to evaluate the trends in the
anomaly time series. The Spearman test, a nonpara-
metric test based on ranks (WMO 1966), tests for ran-
domness against the alternative of a trend. As a non-
parametric test, there is no assumption of the functional
form of the trend, linear or otherwise. Furthermore, a
Gaussian data distribution is not assumed. The level of
confidence that a trend is present was \ck:termined by
comparing the test statistic with a standard ¢ distribution
using n — 2 degrees of freedom, where n was the num-
ber of years or seasons of data (at most 21). The Spear-
man test statistic formula is given in the appendix. The
sign of the test statistic indicated the trend direction.
Thus, the Spearman test determined trend existence and
trend sign but did not indicate a rate of change. In this
study, values that rejected the null hypothesis of ran-
domness at the 95% confidence level were considered
statistically significant.

As an indication of the rate of change over this data
period, the slope of the linear regression line was com-
puted. The linear rate of change was useful for quan-
titative comparisons among those stations where the
Spearman test indicated a trend was present. The stan-
dard error of the linear regression slope was also com-
puted as an estimate of the uncertainty in the slopes.
Seasonal and regional differences in the trends that
were more than twice the standard error were assumed
to represent actual differences. Trends were calculated
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for precipitable water, relative humidity, temperature,
and dewpoint temperature at all stations and all levels
or layers.

a. Annual trends

Magnitudes of linear trends of precipitable water in
the surface—500 mb layer are shown in Fig. 6a; those
statistically significant by the Spearman test are out-
lined by black boxes. The trends for this layer are
nearly all positive (increasing W) except for some
weak decreases in northern and eastern Canada. The
largest values are found over the Caribbean, represent-
ing a linear rate of increase in W that was greater than
2 mm decade ™. There is considerable spatial coher-

Annual Sfc-500mb W Trends (0.1mm/decade
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F1G. 6. Annual trends of surface—500 mb precipitable water ex-
pressed (a) in 0.1 mm decade ™ and (b) as a percentage of the 1976~
90 mean value (% decade™). Printed values were rounded to the
nearest percent. Trends outlined with a black square exceed the 95%
confidence level.
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Fic. 7. Time series of surface~500 mb precipitable water monthly anomalies (mm) for (a) Hilo, Hawaii, (b) Oakland, California, (c)
Annette Island, Alaska, (d) Omaha, Nebraska, (e) San Juan, Puerto Rico, (f) Lake Charles, Louisiana, (g) Washington/Dulles, D.C., (h) Fort
Chimo, Quebec. The regression line is plotted for each station and in (h) the January record is also shown.

ence in the trends; that is, nearby stations generally
agree in sign and magnitude. Exceptions are the three
high elevation stations along the western mountain
ranges that show small, not significant, decreases in W.
The positive—negative trend pattern agrees with that
shown by Elliott et al. (1991) based on the period
1973--88 (they did not report trend magnitudes). The
seographic distribution of trend magnitudes is consis-
tent with that shown by Gaffen et al. (1992) based on
the period 1973-90.

Figure 6b presents the same trends as Fig. 6a with
the values expressed as a percentage of the long term
annual mean of each station. This normalization re-
duced the latitudinal gradient but there was still a ten-
dency for a south to north decrease in percentage
change. Most trends of magnitude greater than 4% ex-
ceed the 95% confidence level. No decreasing trend
was significant. South of 45°N, W generally increased
at a rate of 3% —7% decade ™', with corresponding stan-
‘dard errors of the linear slopes of 1%—-2%. The water
vapor increases over the central Pacific and Caribbean
are similar to the 6% decade ™' increase of W found by
Gutzler (1992) at four western Pacific tropical stations
for the period 1974—88.

Examples of individual records are shown in Fig. 7.
These stations were selected as a representative geo-
graphic sample of the statistically significant trends.
For each of these examples, the entire time series of
monthly anomalies of surface—500 mb W is plotted
(252 months, at most) along with the linear regression
line. Seven of the staticns showed significant increases
for the period. Fort Chimo (Fig. 7h) is included as an
example of a decreasing trend, although the trend was
significant only in winter (January’s record is also in-
dicated).

The general increase in water vapor over most of
North America in this period was not necessarily
steady. Some records show that much of the increase
occurred between about 1977 and the mid 1980s. San
Juan (Fig 7e) illustrates the variability most notice-
ably. The periods of positive anomalies in 1983,
1987, and 1992/93 coincide with positive ENSO ep-
isodes. The rise in some records (e.g., Figs. 7a and
7b) beginning about 1977 may well be a manifesta-
tion of the 1977 climate transition (e.g., Trenberth
1990). Gaffen et al. (1991) also found a change in
water vapor at this time in the Tropics as well as over
North America.
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FiG. 8. Annual trends of precipitable water as a percentage of the
1976-90 mean in the 850-700-mb layer. Trends outlined with a
black square exceed the 95% confidence level.

The W trends in the surface~500 mb layer are dom-
inated by changes in the lower portion, which contains
most of the water vapor in the column. Because of the
importance for radiation flux of even small absolute
changes of water vapor aloft (e.g., Shine and Sinha
1991), trends were calculated for three sublayers: a
lower (surface—850 mb), middle (850—-700 mb), and
an upper layer (700—-500 mb). The trends for the mid-
dle layer are shown in Fig. 8 as a percentage of the
appropriate annual mean.

All three layers show a similar pattern; generally
higher positive trends at low latitudes that decrease to-
ward the north and become negative in northern and
eastern Canada, similar to the total layer trends (Fig.
6b). Percentage increases in W are of equal or greater
size at the middle and upper layers as in the lowest
layer. At all levels, the positive values south of ~50°N
are nearly all significant. Percentage trends in low lat-
itudes and over the south-central and eastern United
States are smallest near the surface and increase with
height through the middle and upper layers. Over the
Caribbean, the difference between the percentage
trends of the lower and upper layer is 3% —6%.

Precipitable water trends at 0000 UTC showed the

same general pattern and magnitudes. For the surface— .

500-mb layer, the differences between the 0000 and
1200 UTC trends are nearly all less than 0.1 mm de-
cade™'. The largest differences are at lower latitudes,
especially the three central Pacific stations where the
trends at 0000 UTC are about 0.5 mm decade ™' larger
than those at 1200 UTC. Most of the difference prob-
ably reflects differences near the surface. For example,
the difference in dewpoint trends at the surface are
mostly less than 0.3°C decade ™', while the correspond-
ing 700-mb differences are generally less than 0.1°C

decade .
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Trends in dewpoint permit direct comparison with
temperature trends at different vertical levels. Trends
in 700-mb temperature and dewpoint are shown in Figs.
9a and 9b. The standard error of the linear slopes was
about 0.2°C for temperature and 0.3°C for dewpoint. In
general there were more stations where trends of 7, are
significant than of 7. The positive—negative pattern of
the temperature trends is very similar to that of W (Fig.
6b). The warming—cooling pattern is also similar to
the surface temperature trends discussed by Jones
(1988). The corresponding dewpoint trends usually
have the same sign as the temperature trends but are
generally larger when positive. This is especially true
over the Caribbean where trends in temperature are less
than 0.5°C decade ~', while dewpoint trends are greater
than 1.5°C decade ~'. Western Canada is the only area
where positive temperature trends are comparable or
greater than those of dewpoint over this 21-yr period.

Annual 700mb Temperature Trends (0.1°C/decade)
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Annual 700mb Dewpoint Trends (0.1°C/decade)
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FIG. 9. Annual trends of (a) 700-mb temperature (0.1°C decade™)
and (b) 700-mb dewpoint (0.1°C decade™). Trends outlined with a
black square exceed the 95% confidence level.
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TAEeLE 1. Number of stations where annual trends of T and T, are both positive, both negative or of different sign. Last row is the number
of stations where dT/dt > dT,/dt (dT/dr < dT,/dt) when both trends are positive.

Annual trends Surface 850 mb 700 mb 500 mb
dT/dt and dT,/dt > 0 67 76 79 81
dT/dt and dT,/dt <0 11 14 13 8
dT/dt >0 and dT,/dr <0 9 6 6 7
dTldt <0 and dT,/dt>0 13 4 2 3
dTldt > dT,/dt  (dT/dt < dT,/dt) 16 (51) 11 (63) 15 (64) 10 (69)

These observations of the sign and magnitude of the
temperature and dewpoint trends at 700 mb also hold
at 850 and 500 mb. Table 1 categorizes the number of
stations at each pressure level according to the sign of
the T and T, trends; both positive, both negative, or of
different sign. At each level, most stations have positive
trends of both 7'and 7. The set of stations with positive
trends of T and T, are further subdivided into those
where temperature trends are larger than dewpoint
trends and the reverse. At most stations, the dewpoint
trends are larger than the temperature trends; a situation
that cannot continue indefinitely.

Relative humidity trends at 700 mb (Fig. 10) are
generally positive in the low latitudes, decreasing at
higher latitudes and primarily negative at northernmost
latitudes. The trends in low latitudes and in the eastern
United States were mostly significant. Similar patterns
occur at 850 and 500 mb. At most of those stations the
trends were largest at 700 mb and smallest at 850 mb.
The pattern resembles the patterns of W and T, but there
are more negative trends. At some of these stations,
temperature and dewpoint trends were both positive but
temperature trends equaled or exceeded the dewpoint
trends. At 850 and 700 mb, only a few stations had
significant negative trends. The largest negative trends

Agr&rh}ual 700mb Relative Humidity Trends (0.1%/decade)
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FiG. 10. Annual trends of relative humidity (0.1% decade™") at 700
mb. Trends outlined with a black square exceed the 95% confidence
level.

occurred at 500 mb, especially over interior and north-
ern Canada, and more stations had significant negative
trends.

These findings that relative humidity tended to in-
crease over this time period are of interest because
some earlier climate models (e.g., Manabe and Weth-
erald 1967) assumed that relative humidity would re-
main fairly constant under global warming conditions.
Furthermore, most GCMs simulate an approximately
invariant RH in doubled CO, experiments (Mitchell
and Ingram 1992). The changes in water vapor in this
period were greater than those required to maintain
constant relative humidity.

b. Seasonal trends

To examine the contribution of each season to the
annual trends, trends were calculated for the individual
seasons ( DJF, MAM, etc.). As expected, these seasonal
trends were more variable in magnitude and sign than
the annual trends and fewer stations had significant sea-
sonal trends.

The seasonal variation of the surface—500 mb W
trends are shown in Figs. 11a—d. Over the Caribbean
moistening was generally evident in each season where
trends were significant at all stations in winter, spring,
and autumn and at most stations in summer. Over the
entire North American region, summer was the season
having the most widespread significant increases
whereas autumn had the least. The drying over northern
and eastern Canada derives primarily from the winter
and spring seasons.

The seasonal moistening and drying regions were
also generally regions of warming and cooling, respec-
tively. To illustrate this consistency, changes in tem-
perature and dewpoint at all levels are summarized in
Table 2. The agreement in sign of trends of T and 7,
among stations was highest during winter and least in
summer. However, even for the season of lowest agree-
ment, summer trends at 850 mb, 64% of the stations
still showed consistent signs. Where both the dewpoint
and temperature trends were positive, seasonal dew-
point trends were usually larger than those of temper-
ature but less systematically so than the annual trends.
Over the Caribbean and the southeastern United States
dewpoint trends were consistently larger than temper-
ature trends in all seasons.



DECEMBER 1996

Winter Sfc-500mb W Trends (%/decade)

90N
80N A
70N
BON |

50N
40N
30N 1
20N |

10N+

ON U T T L T T

180W  160W  140W 1208 100W  BOW  60W 40w
90N Spring Sfc-500mb W Trends (%/decade)

80N {
70N 4
60N 1
50N "
40N

ROSS AND ELLIOTT

3571

Summer Sfc-500mb W Trends (%/decade)
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FiG. 11. Seasonal trends of surface—500 mb precipitable water (% decade™") for (a) winter, (b) spring, (c) summer, and (d) autumn.
Trends outlined with a black square exceed the 95% confidence level.

5. Discussion

To detect any real climatological changes requires,
first, a set of homogeneous data. North American ob-
servations come close to satisfying this criterion. Most
stations have used similar humidity sensors over the
period analyzed and the historical changes are well
documented. This historical information was used to
eliminate those stations that switched sensors during

TABLE 2. Number of stations where seasonal trends of T and T,
agree (disagree) in sign.

Seasonal trends Surface 850 mb 700 mb 500 mb
Winter 84 (13) 80 (15) 83 (14) 78 (15)
Spring 79 (19) 72 (25) 67 (32) 65 (32)
Summer 70 (30) 63 (35) 69 (31) 80 (20)
Autamn 70 (30) 78 (20) 79 21) 74 (24)

the period. Nevertheless, there were changes affecting
the remaining stations so some uncertainty remains. In
particular, a modification of the carbon hygristor and
its associated algorithm in 198081 affected 67 of the
United States stations used here. Visual inspection did
not reveal a consistent effect, so if one exists, it does
not dominate the record. To test further the sensitivity
of the trends to this change, the trends of 700 mb T,
were computed using only data from 1982-93. This is
clearly a short period of record, but the trends over the
eastern half of the United States were about the same
as those of the longer period. In the western United
States the trends were near zero in the shorter period
(but see below).

Possible impacts on the trends from the two data
adjustments that were made under cold (T < —40°C)
or dry conditions (RH < 20%) were also tested. The
large negative trends over Canada at 500 mb might
have been an artifact of the data adjustments made to
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missing dewpoints at T < —40°C. Canada changed its
cutoff criteria from —40°C to —65°C around 1983, so
there is a potential discontinuity. Lowering the cutoff
would produce more data at colder and drier conditions,
which would suggest (an artificial) drying of the at-
mosphere (Elliott and Gaffen 1991). However, when
the trends were recomputed with early Canadian data
at T < —40°C accepted as ‘‘missing’’ (rather than ad-
justed), the negative trends were slightly larger than
those with adjustment of the early observations. Thus
the drying in northern Canada does not appear to be a
result of the adjustment.

Under the very dry conditions of the second data
adjustment, the relative humidity is known to be below
20% and so the effect of the adjustment of the reported
30 dewpoint depression to a relative humidity of 16%
generally leads to an increase in relative humidity (over
the RH value corresponding to a dewpoint depression
of 30). If the adjustment occurred more frequently at
the latter portion of the time series it could result in a
fictitious increasing trend. To test this, a time series of
the number of dewpoint depressions reported as 30
each month was created for tropical regions ( where the
percentage of adjusted soundings can be greater than
50%). The trend of this time series was clearly down-
wards at nearly every station indicating that RH < 20%
has been occurring less frequently with time. This sup-
ports the positive trends of water vapor at tropical sta-
tions.

The sensitivity of the trends to the 1977 climate tran-
sition (Trenberth 1990) was checked by computing an-
nual trends of 700 mb T, using data from 1978-93 (16
years). The trends in the western United States and
west coast of Canada were much reduced in size and
were no longer significant. However, trends at stations
farther east were qualitatively consistent with the trends
for the entire period. This suggests that the climate tran-
sition affected water vapor primarily in western North
America. It also suggests that the post 1981 reduction
in the rate of moistening of the western stations, dis-
cussed above, probably reflects this real climate change
rather than the effect of the sensor modification in
1981.

Another question is how well do radiosonde obser-
vations reveal the true values of atmospheric humidity.
Several qualitative speculations can be made.

The time lag of the humidity sensor is greater than
that of the temperature sensor on the radiosonde so the
reported humidity should be appropriate to a slightly
lower elevation than the temperature (e.g., Williams
and Acheson 1976). This represents a tendency to
overestimate the humidity. That slower sensors give
higher humidities at upper levels of the atmosphere has
been shown by Soden and Lanzante (1996), who com-
pared sondes of different types with satellite water va-
por observations. Furthermore, to adjust the U.S. prac-
tice of reporting low humidity as a dewpoint depression
of 30°C, the median value of such observations from
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Canada was used. However, Canada apparently uses an
algorithm that does not allow relative humidities much
less than about 14%. Although our adjustment permits
comparability of U.S. and Canadian data, the result is
likely to bias these low humidity observations too high.
Both these factors suggest a high bias in the calcula-
tions.

On the other hand, there are also questions at very
high humidities in U.S. data. Humidity reports greater
than 96% are almost never recorded, even in clouds,
indicating there is a low bias of the data at high values.
Wade (1994) gives a good discussion of many of these
problems, including their origins. While one can say
qualitatively what their effects would be, their quanti-
tative impact on climatological data remains to be in-
vestigated.

6. Summary and conclusions

This study has presented evidence for trends in water
vapor over North America using radiosonde data from
the period 1973-93. The climatological fields of tem-
perature, dewpoint, relative humidity, and precipitable
water from which the anomalies were generated are
qualitatively consistent with previously published av-
erages using data from earlier periods.

Total precipitable water, estimated from the surface—
500-mb value, increased over much of North America.
The changes in precipitable water over this period rep-
resent a linear rate ranging from greater than 2.0 mm
decade ~! in the Caribbean to near zero or slightly de-
creasing at northern latitudes. When the trend was ex-
pressed as a percentage of the mean at each station, the
trends south of ~45°N increased at a rate of ~3%—7%
decade ~!. North of ~45°N, values were smaller and of
mixed sign. Percentage trends in the upper portion of
this layer, 700—500 mb, were as large or larger than
those of the middle (850—700 mb) or lower layer.

Trends in dewpoint generally had the same sign as
trends in temperature but tended to be larger and more
stations had significant dewpoint trends than significant
temperature trends. This was consistent with the in-
creases found in relative humidity, which generally in-
creased over this period except in Canada, Alaska, and
a few stations in western mountainous areas. Largest
relative humidity increases were in the Tropics and the
trends decreased northward and eventually changed
sign.

Fewer stations had significant seasonal trends com-
pared with the annual trends and the areas where the
trends were significant varied by season. More stations
had significant trends in summer than in other seasons
and these were located over the eastern United States .
and the Tropics. Spring trends were significant over the
western United States and Canada, while the winter
significant trends were primarily along the Gulf Coast.
The one area where significant water vapor increases
were found in all four seasons was the Caribbean.
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Future analysis will consider the effects of ENSO on
the water vapor record, as well as explore the relation-
ships between water vapor and cloudiness or precipi-
tation. Changes in circulation patterns including those
associated with ENSO episodes may also play a role in
the pattern of increases we report. For example, the
southeastern United States was shown by Ropelewski
and Halpert (1987) to receive more winter precipita-
tion during ENSO periods. Since the latter half of our
21-yr period tended to have stronger and more frequent
ENSO episodes than the first half, the increases in pre-
cipitable water and relative humidity shown in this
study for that area may partially reflect the timing of
ENSO episodes.

To expand the study to the global radiosonde net-
work will involve more analysis of instrumentation
changes because of the number of countries involved
and the large body of historical information on instru-
mentation and procedural changes. However, it will
lead to a better picture of the long-term variability of
tropospheric water vapor.
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APPENDIX

Conversion and Trend Equations
Used in This Study

The reported humidity data were the dewpoint de-
pressions. After obtaining the dewpoint, the saturation
vapor pressure e, was calculated using the reported
temperature as

(18.729 — 1/227.3)T
T + 257.87

e, =f6.1121 exp[ } (A1)

where T'is in degrees Celsius. The ambient vapor pres-
sure ¢ was calculated using 7, in place of T in Al. The
‘‘enhancement factor’ fis a correction to adjust the
pressure of pure vapor at saturation over water for the

mixture of air and vapor. This factor is approximated
by

f=1.0007 + 3.46p(10°), (A2)

where p is the pressure. Equations (A1) and (A2)
are from Buck (1981). The relative humidity is taken
as

RH = 100 < .

€5

(A3)

ROSS AND ELLIOTT

3573

The specific humidity, g, is given by

0.622¢
g =

=t A4
p—0.378¢ (A4)

The precipitable water (W) in a layer was evaluated as
the summation over all sublayers defined by the reported
mandatory and significant ievels within that layer:

W= (1/g)fqdp

=3 (1/g><%)(p,- — pit). (AS)

With appropriate choices of units for g, p, and g, W
has the units of kilograms per squared meter. When
divided by the density of water, taken as 1000 kg m™2,
W is expressed as millimeters of liquid water.

The Spearman test-statistic (R) for trend is based on
differences between the rank of each datum and its tem-
poral position in the time series and is computed as

62 D;?

R=1-—21
n(n*-1)

(A6)

where D; is the difference between the rank and posi-
tion of each datum and # is the number of differences.
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