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The total mass of the atmosphere

Kevin E. Trenberth and Christian J. Guillemot

National Center for Atmospheric Research, Boulder, Colorado

Abstract. Accurate but approximate formulae for determining the mass of the
atmosphere in terms of the surface pressure p, are derived and applied to globally
analyzed data from the European Centre for Medium-Range Weather Forecasts
(ECMWF) for 1985 through 1993. The formulae take into account effects of the

shape of the Earth and variations in gravity with latitude and height. Variations in
total mass occur because of changes in the water vapor loading of the atmosphere.
Independent computations are made of the surface pressure due to water vapor p,,,
which is proportional to the precipitable water, using the ECMWF analyses of specific
humidity. Spurious trends in both the mass of dry air and the atmospheric moisture are
found to arise from changes in the analysis system at ECMWF, confounding attempts
to seek real trends associated with climate change. For the recent 4-year period 1990

to 1993 the mean annual ps was 984.76 mbar with a maximum in July of 984.98 mbar
and a minimum in December of 984.61 mbar which correspond to a total mean mass

of the atmosphere of 5.1441x 10'® kg with a range of 1.93 x 10'® kg throughout the
year associated with changes in water vapor in the atmosphere. The global mean p,,

for 1985-1993 is 2.58 mbar, but values are 5 to 10% lower after mid-1992. Using the
Special Sensor Microwave Imager data to make adjustments, the best estimate of the
annual global p,, is 2.4 mbar, corresponding to ~2.5 cm of precipitable water. The total
atmospheric moisture as given by p,, varies with an annual cycle range of 0.36 mbar, a
maximum in July, and a minimum in December. Thus the mean mass of water vapor is
1.25 x 10'® kg and the dry air mass is 5.132 x 10'® kg, corresponding to a mean surface
pressure of 982.4 mbar. Overall uncertainties are ~0.1 mbar or 0.5x 10® kg in total mass
and about double those values for atmospheric moisture content. As well as the global
means, hemispheric mean values and meridional profiles of p, and p,, are presented for
the mean annual cycle and as latitude-time series to show the interannual and longer-

term variability.

1. Introduction

The mass of the atmosphere is a fundamental quantity
for all atmospheric sciences and efforts to determine what it
is have a long history that has involved many distinguished
names in science. The exact value has become of increasing
interest in recent times because of the attention being given
to trace constituents in the atmosphere and their sources
and sinks and budgets. As well as the intrinsic importance
of trace constituents in atmospheric chemistry, changing
concentrations of the radiatively active trace constituents,
in particular, have a direct effect on climate. The trace
constituents are typically measured as a mixing ratio in parts
per million by volume or mass, or some other similar unit, so
that the total mass of the atmosphere is needed to determine
the absolute amounts.

A comprehensive review of previous estimates of global,
northern hemisphere (NH) and southern hemisphere (SH)
sea level pressures, surface pressures, and the total mass of
the atmosphere was given by Trenberth [1981]. The purpose
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of this paper is to update these values and acknowledge
subsequent correspondence which pointed out some additional
historical work that is of interest and the desirability of some
further small corrections to the method. In addition, revised
data sets allow us to provide a new estimate of the mass of
the atmosphere and to further examine trends in the water
vapor component of the total mass.

As noted by Trenberth [1981], it is the total mass of dry
air in the atmosphere that is almost conserved as sources
and sinks, such as outgassing in volcanoes, and losses to
space are very small. However, the total mass of the
atmosphere includes the trace constituents and water vapor,
and as the latter varies significantly with the annual cycle,
so too does the total atmospheric mass. Accordingly, there
are two sources of information on the mean annual cycle
of the total mass. One is from measurements of surface
pressure over the globe, and the other is from measurements
of water vapor in the atmosphere. In both cases, detailed
knowledge of the surface topographic height is important and
has a major influence on results, and revised estimates of
the mountain heights have provided one source of change in
the total mass estimates. Effectively there is an apparent
exchange arising from whether part of the volume above sea
level is occupied by solid earth or atmosphere. Trenberth

23,079



23,080

et al. [1987] used a new topographic data set as well as
new global analyses from the European Centre for Medium-
Range Weather Forecasts (ECMWF) to revise the estimates
of the total atmospheric mass. In addition, they exploited
the two methods of estimating the annual cycle and were
able to show that the global analyses indeed conserved dry
air mass very closely and that there was excellent agreement
between the annual cycle in total mass obtained both from
direct estimates of the atmospheric moisture contribution and
from the surface pressure. However, interannual variations
(such as from the El Nifio phenomenon) and long-term trends
(such as might be expected in association with global warming
and climate change caused by increased greenhouse gases in
the atmosphere) were in the noise level of the data.
Trenberth [1981] outlined in detail the method of computing
the total mass, given the surface pressure, and incorporated
adjustments due to the shape of the Earth and variations due
to gravity both with height and with latitude. In practice,
in meteorology, the gravity variations are made transparent
by making use of geopotential height, rather than geometric
height, although the mass volume integral is in terms of
geometric height. It has been pointed out by K. Bernhardt
(Die Humboldt-Universitat zu Berlin, through correspondence
in 1988) that a further small correction (0.2%) is needed
arising from differences between geopotential and geometric
height and the variations of gravity with height that were not
included earlier. Bernhardt [1991a] has also discussed this
correction and its effects on the total mass and has given
further estimates of how much the mass of the atmosphere
should change due to increases in CO2 [Bernhardt, 1991b).
Some other minor corrections are also desirable. Accordingly,
we go over the method of computing the total mass below.

2. Historical Notes

Trenberth [1981] reviewed historical estimates of the mass
of the atmosphere, sea level, and surface pressures. The first
global mean sea level pressure maps were given by Buchan
[1869]. From these Ekholm [1902] made an estimate of the
mass of the atmosphere of 5.16 x101® kg that was widely
quoted for many years. The fidelity of the these first pressure
charts, in retrospect, was remarkable. Apparently, the first
estimate of the mass of the atmosphere was made shortly after
the invention of the barometer about 1654, as reported by
Pascal [1663] (Dave Fultz (University of Chicago) has brought
to my attention these historical estimates of note and has
documented them in a brief article [D. Fultz, unpublished
article, 1990]). An estimate of mean surface pressure of 987.5
mbar is fortuitously close to modern estimates, but Pascal’s
estimate of the mass of the atmosphere of 4.055 x10!8 kg was
well astray owing to a substantial underestimate of the size
of the Earth. Much later, Ferrel [1877] used Buchan’s map
to produce zonal mean sea level pressures every 5°of latitude
which formed the basis for another estimate of the mass of
the atmosphere by Abbe [1899], although his calculation seems
to contain an error (D. Fultz, 1990). In fact, this map was
apparently the primary basis for all estimates of the mass of
the atmosphere up until the 1940s [see Trenberth, 1981].

3. Mass of the Atmosphere

The mass of the atmosphere m is given by

oo p2m pm/2
m = / / / pr? cos ¢ dep d\ dr
0 0 —m/2

(1)
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where p = p (A, ¢,7) is the density of air at longitude ),
latitude ¢, and r is the distance from the center of the
Earth, where 7 = 7y at the surface of the Earth. A good
approximation to the surface of the Earth is that of an
ellipsoid where

72 = a? (1 — 2asin? ¢) (2)

where a is the equatorial radius (= 6378388 m) and
o= (a2 - b2) /2a% = 0.00336 is closely related to the “fat-
tening” and b is the polar radius (= 6356912 m). Thus

2 = (a+2)? (1 — 2a:sin? ¢)

where z is the height above the Earth’s surface and

dr = (1—2asin2¢)%dz .

(3)

By assuming that p = p; (1) p2 (A, ¢), then
2r  pw/2 oo
m= / / I:/ p1(2)(a + z)2dz]
0o J-xs2 LJo

3

p2(\,8) (1 — 2asin? ¢) % cospdpdX (4)

The main difficulty in evaluating (4) concerns the integral

with respect to z and how to relate it to the measurements of
surface pressure ps, where

(o]
ve= [ stz 5
0

and g, gravity, is a function of both height and latitude.

Also, it is necessary to recognize that all free atmospheric
measurements are relative to geopotential not geometric
height. At the surface of the Earth the latitude variations
of gravity g in meters per second squared are given by

90(#) = 9.80616 (1 — 0.0026373 cos 2¢ + 5.9 x 1076 cos? 2¢) .

(6)

This gives go = 9.80616 at 45° latitude, whereas all

barometers and meteorological observations are standardized

to go = 9.80665 m s~2 at 45° latitude (an older value) and

it is therefore necessary to use this number in place of the

correct value in computing mass. In the vertical a sufficiently
accurate approximation is

2 2
7‘0 a

9=905 =go— - 7
1_2 (a+z)2 ( )

Geopotential height Z is defined as

z
ch‘_—/ gdz
0

where g is a constant value of gravity, and up until about 1990
this was taken as g. = 9.8 m s~2, but in recent years there
has been a transition to g = 9.80665 m s~2 = gj. [Different
countries have implemented the changeover at different times;
in the United States the change was implemented on October
1, 1993.] Accordingly

az
Z =go—2 8
9eZ =907 (8)
and the hydrostatic relation can be written as

dp = —pgdz = —pg.dZ . (9)

The difference between g. and gg can be carried in this
analysis, but as it ultimately drops out, it will be ignored.
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To simplify (4), we temporarily assume an isothermal
atmosphere of temperature Ty, so that
p1(2) = poe ™21

where H = —Rglch. Then

) Zy 6
2)a+2)%dz = e_Z/Ha—dZ 10
| e pas= [ et gz o

using (8) and where Z; represents a practical top of the
atmosphere. (This is done to avoid problems associated with
the fact that as z — 00, Z — a, so the density is not zero,
but the denominator — 0. In practice, the approximations
given above for gravity and geopotential break down above
about 600 km altitude [ Letestu, 1966].) Integrating by parts
and recognizing that H/a is small (~ 1.1 x 10_3), to order

(H/a)®

/ pr(2)(a + 2)%dz =
0

2 3 'S
a2 <1+ﬂ+20(£) +o(£) )/ pdZ .
a a a 0

We can now remove our temporary assumption about the
isothermal atmosphere, and because H/a is small, to a good
approximation using (9)

/Ooom(z)(wz)%ma? (1+4) /,,O g—j(%

so that

/2 3
m = 2ma? (1 + ‘—%{—) '/_W/2 ;%E% (1 — 2asin? ¢>)§ cospdg
(12)

where ps (¢) is the zonal mean surface pressure. The go(¢)
is necessary in the denominator rather than g. to properly
convert values into mass accounting for the local values of
gravity.

By making use of the fact that variations in surface
pressure are mostly relatively small compared with the mean
surface pressure, we can evaluate the contributions from
the shape of the Earth and g(¢). The (1 + 4H/a) factor
is 1.0044. Assuming ps; and g are constant with latitude,

the f:{%(l — 2asin? ¢)3/2 cos ¢d¢ factor comes to 0.9966.
Gravity varies relative to the standard value at 45° by factors
of up to 1 £0.0026 and modifies the global mean hardly at
all, so that the ratio of the total integral to that without the
shape and gravity factors (i.e., the global mean p;) is 0.9976.
This number is robust using values of p; in all months of the
year. Thus when all three factors are combined, there is a
certain amount of cancelation, so that

oma?f /2
m=—= ps (¢)cospds , (13)
90 —m/2

where f = 1.0020 is the effect of the other three factors. In
numerical terms

m = 5.22371 x 1015 5, (14)

where D, is the global mean areally weighted surface pressure

(11)

in millibars and m is in kilograms.

4. Data

The data used, as by Trenberth et al. [1987], are the
global analyses from the European Centre for Medium-Range
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Weather Forecasts (ECMWEF) [Trenberth and Olson, 1988;
Trenberth, 1992]. However, the data set differs in that it has
14 levels (15 beginning January 1992), instead of 7 in the
vertical, is uninitialized, and is 4 times per day (instead of
twice daily). The latter is an important advantage regionally
because it allows the semidiurnal tide to be resolved. Here we
use recent data from 1985 through 1993.

Methods for evaluating ps were described by Trenberth
[1981] who notes that it is necessary to transform the
geometric height of the surface topography into a geopotential
height for computing ps. The method is also given by
Trenberth et al. [1987] and Trenberth [1992] and it is
important to note that the ps was recomputed using the actual
surface topography rather than using the archived ECMWF
values which correspond to a spectral “envelope” orography.
The latter is an enhanced orography which places the Earth’s
surface at surface pressures up to 100 mbar or more lower in
value [Trenberth, 1992]. For 1985 to 1991 the global mean ps
from ECMWEF was ~5 mbar lower than we have computed.
Justification of the enhanced topographic heights is made on
the grounds that the free atmosphere does not dynamically
connect with air in valleys. Also, the ECMWTF representation
is spectral, so that the surface has extensive ripples over the
ocean, arising from Gibbs phenomena (ringing).

It seems that the greatest uncertainty in p, has been the
height of the surface of the Earth, and revised topography
was the main factor contributing to the revised estimate in
Trenberth et al. [1987] versus Trenberth [1981]. In the work
of Trenberth [1981] the global mean topographic height was
234.9 m versus the revised value of 237.33 m from the 1/6°
latitude-longitude resolution topography prepared by the U.S.
Navy Fleet Numerical Oceanography Center in Trenberth et
al. [1987]. Regional differences were even larger, for instance
the difference was +8.6 m for the NH. The topographical
data set used in the most recent estimate is identical to
that in the Trenberth et al. [1987] data set; however, the
new data sets are at the higher resolution of T42 (triangular
truncation in spherical harmonics at wave number 42) versus
R15 (rthomboidal truncation at wave 15) earlier. As a result,
there is a slight adjustment in the mean topographical values
of 283.42, 191.32, and 237.37 m for the NH, SH, and the globe,
respectively.

The surface pressure due to water vapor p,, is computed
from the analyzed specific humidity fields

Ps
Pw = / qdp = gow
0

where w is the precipitable water. In this paper we reproduced
the results of Trenberth et al. [1987] for 1985, but the new
values are slightly lower because of the differences in vertical
integral evaluation. Here we use 14 levels of data (versus
7 in the work of Trenberth et al. [1987]) and even though
the additional levels are all in the upper troposphere, there
is a decrease in p,, of 0.03 mbar (or 0.3 mm in w). The
addition of a 925-mbar level to the archive in January 1992
helps define the low-level moisture and contributes slightly to
lower values (globally of 0.016 mb). Vertically integrating by
interpolating relative humidity to 50 mbar-layers (instead of
using specific humidity) would further decrease p,, by 0.04
mbar (or 0.4 mm in w). A small change in the assigned
thickness of the boundary layer (from 100 to 75 mbar) was
implemented. These differences are systematic and do not
influence changes with time.

(15)
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5. Global Mass and Mean Annual Cycle

From Trenberth et al. [1987], estimates of Py were 984.43,
981.9, and 2.5 mbar corresponding to the mean total mass
of the atmosphere, the mass of dry air, and the mean mass
of water vapor. New values from our latest calculations for
1985-1993 are 984.70, 982.12, and 2.58 mbar (Figure. 1). The
latter corresponds to 2.63 cm of precipitable water and is more
uncertain for reasons discussed by Trenberth et al. and as will
be seen later. These mean values are removed from the data
to show the mean annual cycle of the fields in Figure 2.

Water vapor is a variable constituent, so that both the
water vapor contribution and the total mass vary with an
annual cycle of 0.37-mbar range and a maximum in July in
pw of 2.77 mbar and a minimum in December of 2.41 mbar
(see also Figures 1 and 2). As the average temperature in
the NH is larger than in the SH, its water-holding capacity
is also larger, and even though the mean relative humidity

Total surface pressure
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is generally less latitude by latitude (the exception being
Antarctica), the moisture content is indeed greater in the
NH [Trenberth, 1981). Further, because of the larger annual
cycle in temperature in the NH associated with the greater
land mass, which is reflected in moisture-holding capacity and
actual moisture itself, the maximum in water vapor and thus
in total mass occurs in July [Trenberth, 1981].

Accordingly, for 1985-1993 from (14) the mass of the
atmosphere varies by £0.95 x 101% kg throughout the year
with a mean value of 5.1438 x 108 kg corresponding to 1.35
x 1016 kg of water vapor and 5.1303 x 108 kg of dry air. The
latter is 0.15% larger than values by Trenberth et al. [1987].

Figure 1 presents the hemispheric and global means of
ps and py, and some interannual and longer-term variability
is evident. This will be addressed in section 6. Figure 2
shows the hemispheric and global means together with their
difference pgy = ps — pw, where py is the dry air mass. The
global mean of the dry air mass should be constant and the
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Figure 1. Times series plots of the hemispheric and global mean (top) ps and (bottom) p,, for 1985 to

1993 in mbar.
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Figure 2. Mean annual cycle for 1985-1993 of (top) ps and (middle) p,, and (bottom) pg = ps —pw. Values
are shown for the northern hemisphere (NH), southern hemisphere (SH); and the globe in mbar.

TRENBERTH AND GUILLEMOT:

Total surface pressure
2.0 1 1 1 1

TOTAL MASS OF THE ATMOSPHERE

YT T

LN B Dt e

T

-2.0 T T T T T T T T T T T
J F M A M J J A S [o] N D J
Water vapor surface pressure
2-0 1 ] 1 1. 1 1 1 1 1 1 1
-
[
[
] ,.-"—/ \\\~ [
054 .- - e F
~1.0 .
1 NH r
, —SH r
-1.5 5 »
: — L :
-2.0 T T T T T T T T T T T -
J F M A M J J A S 0 N D J
Dry-air surface pressure
2.0 1 1 1 1 1 1 1 1 1 1 1
1.5 -
.04 L
1.~ .. —~ L
0.5 % . / a
] Vs [
. ! F
0.0 van r4 ¢ a
] “\ '/ [
-0.5 \ S/ [
-1.0 _: ‘\‘ /l' __
[ — i 4 s===e=e===-=- NH C
] had SH ;
-1.5 1 -
] GL r
- 2 -0 y T T T T T T T T T T T :
J F M A M J J A S 0 N D J

23,083



23,084

exceedingly small deviations from zero are a measure of the
inaccuracies in the average data. Similar figures are shown by
Trenberth et al. [1987] for the December 1978 to December
1985 period. A comparison shows that the annual cycle of
pw is quite stable, but there are noticeable changes in the
hemispheric mean annual cycles for ps and pg that apparently
arise from the interannual variability (see section 6).

The mean annual cycles as a function of latitude of ps and
pu areally weighted by cos ¢, so that the contribution to the
global mean can be readily assessed, is shown in Figure 3. This
reveals the large annual cycle associated with the tropical and
subtropical monsoons with higher pressures in the subtropics
of the winter hemisphere and an annual amplitude of about
2.5 mbar near 20°S and slightly less at 20°N. The migration
of dry air seasonally across the equator corresponds to a
vertical and zonal mean meridional velocity peaking at about
1.5 mm s~ ! and flowing northward in August-September-
October and southward in April-May-June [Trenberth et al.,
1987]. The flow of dry air across the equator is compensated
by a summertime increase in moisture which has an annual
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cycle with amplitude of 0.7 mbar in the NH and 0.5 mbar in
the SH.

6. Interannual Variability

Interannual variations in the total atmospheric mass might
be expected as the loading of water vapor increases, for
instance, as part of the El Nifio phenomenon [e.g., Gaffen et
al., 1991]. Similarly, upward trends in water vapor content
are anticipated from model studies of “global warming”
and climate change associated with increases in greenhouse
gases in the atmosphere [Intergovernmental Panel on Climate
Change (IPCC), 1990, 1992]. Unfortunately, the observations
of water vapor in the atmosphere are of poor quality and
suffer from changes in instrumentation with time, that make
detection of reliable trends difficult [Trenberth et al., 1987;
Gaffen et al., 1991]. Similarly, global mean p, suffers from
lack of observations over vast areas and has been previously
found to vary with a monthly standard deviation of 0.1 mbar
relative to the long-term monthly means [Trenberth et al.,

Total surface pressure

Welghted by cos ¢

Water vapor surface pressure

Weighted by cos ¢

! 1 ! 1 1

SON

Figure 3. Mean annual cycle for 1985-1993 as a function of latitude of ps cos @, contour interval 0.5 mbar
(top), and p,, cos ¢, contour interval 0.1 mbar (bottom).
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1987]. These variations were not reflected in similar global
mean p,, variations, so it was concluded that this was an
indication of the noise level in the data. The estimate of the
signal from either El Nifio or from decadal trends is about
0.05 mbar, which was masked in the previous study by the
noise.

Nevertheless, it is of interest to see to what extent the
global mean anomalies of ps and p,, parallel one another for
the recent period of record. Note that failure to find similar
changes in these global mean quantities does not mean that
there are not significant changes either locally in space or
at certain levels in the vertical. On the contrary, Gaffen et
al. [1991] do find regional evidence for climate change in the
moisture field.

The time series of the hemispheric and global mean
anomalies of ps, pw, and pg are shown in Figure 4. Large
interannual variations are present in hemispheric mean ps,
but they are compensated for by opposite changes in the other
hemisphere. This aspect has been pursued by Trenberth and
Christy [1985] who analyzed the global modes of variability. In
addition, Trenberth [1984] was able to confirm the existence of
the exceptionally low pressures in the SH circumpolar trough
for 1979 during the Global Weather Experiment using the
constraint of conservation of mass. For the period shown in
Figure 4, notable excursions in the hemispheric means accur.
Early to mid-1990 and the northern winter of 1991-1992 are
both examples of relatively high SH ps and low NH p; lasting
over 4 months. The last eight months of 1993 are an example
where positive anomalies persisted in the NH, with low values
over the SH.

For the global mean anomalies in ps and py, in Figure 4
it is clear that the series are not stationary. However,
as both are measures of the water vapor loading of the
atmosphere, the only way to check on the reality of the trends
is to also examine pg. Here it is immediately obvious that
something unphysical has produced a spurious trend as there
is an apparent increase in the atmospheric mass of dry air
with time. Alternatively, the two measures of precipitable
water content of the atmosphere disagree. Thus broken into
components, it can be seen that the trend arises from both
increases in ps and decreases in p,,. As we have found in the
past [Trenberth, 1992], the trends are confounded by system
changes in the analyses at ECMWF.

For this period, major impacts on these fields can be
seen from changes on (1) May 1, 1985, when the T106
spectral model was introduced along with the hybrid vertical
coordinate and major changes in the parameterizations of
clouds and convection; (2) September 2, 1986, in which
revisions were made in the use of observations, evaluation of
increments, and data selection in analyses; and April 7, 1987,
when surface parameterization schemes and postprocessed
surface parameters were revised; (3) May 2, 1989, when
there were substantial changes in model physics (radiation,
mass flux cumulus parameterization, and gravity wave drag).
(4) August 29, 1989, when analysis changes were made in
aircraft and satellite data handling as well as the analysis first
guess and low-level temperature increments; (5) September
17, 1991, when the T213 and 31 level analysis and forecasting
system was implemented with a reduced Gaussian grid
and changes to advection, horizontal and vertical diffusion,
and clouds; (6) June 9, 1992, when humidity data from
SYNOPs were excluded, and June 23, 1992, when the one-
dimensional variational (1IDVAR) analysis of cloud-cleared
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satellite radiances were implemented.

The changes in May 1985, May 1989, and September 1991
were major model changes that had substantial impacts on the
water vapor field. There were also changes in the topography
and ps, as analyzed by ECMWF at these times in 1985 and
1991, but they are not seen because of our recomputation
of ps. The trends in ps seem to arise primarly from the
changes in April 1987 and August 1989. We have examined
global means for the ps anomalies before, between and after
these dates, but locally the natural variability dominates and
there are no regions, such as mountain areas, that stand out.
Instead, the effects are tiny but systematic over the entire
globe. As shown by Trenberth [1992], it seems likely that the
actual changes responsible for the ps trends prior to 1992 were
the switch from analyses in p coordinates to model coordinates
in April 1987 and the improper use of single-level data prior
to August 1989 [Trenberth, 1992, p. 38]. A substantial drop
occurred in p,, in June 1992 and arose from the rejection of
SYNOP humidity data which was done specifically “to reduce
excessive convective precipitation in short and early medium-
range forecasts,” to quote the September 1992 ECMWF
Newsletter. While the implementation of the IDVAR scheme
directly impacts moisture through the TOVS water vapor
channels, it was implemented only north of 20°N and thus
is not the explanation (ECMWEF, personal communication,
1994).

Because of the spurious changes in time, it is not clear
from the above what the best value for the global mean py,
might be. As part of a separate project, we have compared
ECMWF precipitable water with Special Sensor Microwave
Imager (SSM/I) data from F. Wentz [see Liu et al., 1992
for July 1987 to June 1991. The SSM/I data are available
only over the oceans, and the annual mean over the global
oceans for the 4-year period is 26.8 mm compared with 28.9
mm from ECMWF for the same region (and coincidentally
compared with the global mean from ECMWF of 26.8 mm for
the same period). Note that 1 mm is the same as 1 kg m™2.
As found also by Liu et al [1992], ECMWF values are too large
in the subtropics and somewhat too low in the intertropical
convergence zones. Full results will be reported on elsewhere.
The implication is that overall there was a bias of ~2 mm in
precipitable water over the oceans which converts to about 0.2
mbar in p,,. Accordingly, there is much less bias globally after
June 1992, although regionally, substantial differences remain
between the annual mean precipitable water from ECMWF
in 1993 and the 4-year mean (July 1987 to June 1991) from
SSM/1L.

It is also of interest to examine the meridional profiles of
the interannual variability because of the presence of two El
Nifio events (1986-1987 and 1991-1992) and a La Nifia 1988—
1989 during this period. Figure 5 shows the latitude-time
sections with a cos ¢ area weighting applied. As we have
seen previously [Trenberth and Christy, 1985; Trenberth et
al., 1987; Christy et al., 1989], the dominant variation is one
where mass exchanges occur between 30°to 60°S and south
of 60°S and there is a similar but less active mode within the
NH.

A signature of the El Nifo events is an expectation of
more precipitable water, with an increase in the tropical
regions. The 1986-1987 event began around August 1986
and continued until January 1988 and does seem to be
accompanied by a marked increase in p,, from 20°N to 25°S
of 0.2 mbar (or 2 mm of precipitable water) in the zonal mean.
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(bottom) pg = ps — pw. Values are shown for the NH, SH, and the globe in mbar.
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The 1991-1993 event began about April 1991, when a similar
increase from 0 to 10°N occurs, but the changes are masked
by the changes in the analysis system discussed earlier.

Another important factor may have been the eruption of
Mount Pinatubo on June 15, 1991, which deposited a veil
of aerosol in the stratosphere and was forecast to reduce
global temperatures by about 0.5°C by Hansen et al. [1992]
and has evidently done so (Figure 1.5 of U.S. Department of
Commerce, 1994). The global cooling in the last 7 months
of 1992, in particular, could have substantially impacted the
moisture content of the atmosphere. However, a check of
the changes in temperatures and relative humidities shows
that the change is mainly in the latter. The moisture
decrease is seen in the tropics (Figure 5), while the surface
temperature decrease was mostly in the NH extratropics.
Hence, overall, there is not a good match between the
moisture and the temperature changes, either in time or as
a function of latitude, and the evidence suggests that the
changes in analysis procedures overwhelm any climate signal.
A reanalysis of the data will facilitate study of these intriguing
interannual variations.
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7. Conclusions

Accurate formulae for determining the mass of the atmo-
sphere in terms of the surface pressure ps have been derived
and applied to ECMWF data for 1985 through 1993. The
formulae factor in effects on the shape of the Earth and
variations in gravity with latitude and height. Variations in
total mass occur because of changes in the water vapor loading
of the atmosphere. Spurious trends in both the mass of dry air
and the atmospheric moisture are found to arise from changes
in the analysis system at ECMWF.

In view of the spurious trends in both ps and p,, arising
from improvements in the system, it seems that the best
estimate of the total mass of the atmosphere should be one
based on the more recent analyses. For the 4-year period
1990 to 1993 the mean annual ps; was reasonably stable at
984.76 mbar with a maximum in July of 984.98 mbar and a
minimum in December of 984.61 mbar. Thus the total mass
of the atmosphere is 5.1441x 10'8 kg with a range of 1.93
x 1015 kg throughout the year associated with changes in
water vapor in the atmosphere. There is excellent agreement

Total surface pressure
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Figure 5. Anomalies as a function of latitude of (top) pscos¢ and (bottom) py, cos ¢ in mbar. Contour

interval is (top) 0.5 mbar and (bottom) 0.1 mbar.
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between the mean annual cycles from ps and py, and the
global mean p,, varies by 0.36 mbar with an annual cycle
maximum in July and a minimum in December.

The global mean water vapor surface pressure p,, varies in
a spurious way along with changes in the ECMWF analysis
system by ~ 0.2 mb (Figure 4), and similar changes have been
seen in previous years [Trenberth et al., 1987]. The mean
of the entire period for this quantity for 1985-1993 is 2.58
mbar corresponding to 2.63 cm of precipitable water. But
after mid-1992, mean values are 2.4 mbar and thus close to
1-in. of precipitable water. The mean mass of water vapor
for 1985-1993 is 1.35 x 1016 kg, but as discussed in section 6,
a more realistic value is probably that following the changes
in mid-1992 of 1.25 x 10'® kg. Hence the dry air mass is
5.132 x 108 kg, corresponding to a mean surface pressure of
982.4 mbar. As seen above, the uncertainties are about 0.1
mbar or 0.5x 10'® kg in ps; and about double those values
for py and pg. The mean annual cycle is known much more
accurately; it is the annual average water content that has
greatest uncertainty. The differences from previous values
of Trenberth [1981] in the revised numbers are within this
uncertainty.

Differences from previous estimates arise from (1) modifi-
cations in the methodology as detailed in section 3 leading to
the development of equation (13), which produces a slight
increase, and (2) the new global data at higher spatial
resolution and 4 times daily plus more information in the
vertical as well as improved procedures for producing the
global analyses. Some uncertainties remain in these numbers
and it is not yet possible to obtain reliable estimates of the
interannual or interdecadal variability of the total mass which
arise through changes in water vapor loading.
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