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Upper tropospheric water vapor and cirrus: Comparison of
DC-8 observations, preliminary UARS microwave limb
sounder measurements and meteorological analyses

Reginald E. Newelll, Yong Zhul, Edward V. Browell2, Syed Ismail2,
William G. Read3, Joe W. Waters3, Kenneth K. Kelly4, and Shaw C. Liu#

Abstract. Upper tropospheric water vapor in the tropical West Pacific has been
examined by three approaches that were operational during the NASA Pacific
Exploratory Mission-West A (PEM-West A) in September-October 1991: direct
measurement with a Lyman-a fluorescence instrument on the NASA DC-8; remote
sensing by the microwave limb sounder (MLS) on the Upper Atmosphere Research
Satellite (UARS); and deduction of cirrus clouds by differential absorption lidar
(DIAL) flown on the DC-8 together with environmental conditions derived from
meteorological analyses made by the European Centre for Medium-Range Weather
Forecasts (ECMWF). Comparison between the DC-8 direct measurement and the
preliminary MLS (12 cases) estimates showed fair agreement with a tendency for
MLS to show an overestimate at low mixing ratio values (< ~200 parts per million by
volume). The comparison between the DIAL and the ECMWEF analyses (13 cases)
showed that cirrus occurred in regions where there was rising motion and relative
humidity near 100%. The DIAL observations are from much smaller spatial regions
than can be resolved from the ECMWF analyses. The cirrus tops occurred below the
tropopause as measured by the vertical ozone gradient in the DIAL data; no cases of

tropopause penetration were observed during this season. In most cases the cirrus
formed in air of low potential vorticity and relatively low ozone. At 150 and 200
hPa the center of the rising motion, as shown by the maximum in the velocity
potential pattern based on the ECMWEF analysis, is at about 18°N, 145°E in close
correspondence to the MLS water vapor mixing ratio maximum deduced for 147 and

215 hPa.

Introduction

As part of the NASA Global Tropospheric Experiment,
the NASA DC-8 was deployed to the western Pacific
region in September-October 1991 to measure atmospheric
trace gases and aerosol in airstreams coming off the Asian
continent and to compare their concentrations with those in
relatively clean marine air entering the region from the east.
This mission, known as Pacific Exploratory Mission-
West A (PEM-West A), laid strong emphasis on the ozone
and sulphur cycles and involved other trace gases which
play a role in these cycles such as carbon monoxide, nitric
oxide, and water vapor. Upper tropospheric water vapor
was measured on the DC-8 with a Lyman-o. resonance
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fluorescence hygrometer [Kley and Stone, 1978] modified
from the one used in the high-altitude aircraft (ER-2)
mission carried out over Darwin in January and February
1987 [Kelly et al., 1993]. At altitudes below about 5 km
the Lyman-o instrument saturates and two standard
frostpoint hygrometers were used to measure water vapor;
these lower troposphere measurements are not considered
in this paper. Preliminary estimates of upper tropospheric
water vapor are also available from the Upper Atmosphere
Research Satellite (UARS) microwave limb sounder
(MLS) which became operational about one week after the
September 12, 1991, launch of UARS. Read et al. [1995]
discuss how upper troposphere water is obtained from
MLS, Waters [1993] gives the MLS measurement
principles, and Barath et al. [1993] describe the UARS
instrument. MLS water vapor results used here are 2.5 to
3-km-thick layer averages, for layers centered at 215 and
316 hPa (relatively near the pressure levels flown by the
DC-8 during PEM-West A). It should be emphasized that
the current MLS upper tropospheric water vapor results are
preliminary and obtained from a relatively unsophisticated
retrieval algorithm which yields a precision estimate of
about 30%; further work is under way by the MLS team to
improve their quality and confidence.
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The DC-8 also measured aerosols and ozone with an
airborne differential absorption lidar (DIAL), with nadir-
and zenith-pointing instruments for obtaining a two
dimensional cross section of aerosols and ozone from near
the surface (or cloud top if cloud was present below the
aircraft) to well above the tropopause along the flight track
[see Browell et al., this issue]. Most of the time the
aerosols seen above the DC-8 when it was flying at 8 km
or higher had the characteristics of cirrus clouds: their
scattering ratio, relative to molecular scattering, was large,
and the wavelength dependence of the scattering was small.
In the vicinity of this cloud the water vapor mixing ratio
would be expected to be close to that corresponding to
saturation over ice at the appropriate temperature and
pressure. Thus if the latter two variables could be obtained
at the cirrus altitude, then the corresponding water vapor
may also be compared with that measured by the MLS.
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During PEM-West A, extensive use of the
meteorological analyses drawn up by the European Centre
for Medium-Range Weather Forecasts (ECMWF) for their
numerical forecast model was made as part of the flight
planning process; after the mission the full set of grid point
data on wind velocity, vertical motion, geopotential,
temperature, and relative humidity were provided as a
function of pressure. Relatively little data on upper
tropospheric humidity is incorporated into these analyses,
although the situation has improved since June 1992 in
regions north of 20°N [see Eyre et al., 1993]. However,
temperature is well analyzed and, in principle, it is
therefore possible to use ECMWF temperature data and
assume saturation at the DIAL-observed cirrus level to
deduce water vapor mixing ratios; but the vertical extent of
the cirrus precludes a direct comparison with the MLS
observations. However, the DIAL-observed cirrus may be
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Plate 1. DIAL cross section along DC-8 flight track of aerosol and ozone for September 27, 1991.
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Figure 1. Comparison of water vapor measured by

Lyman-o instrument on DC-8 with that deduced from
microwave limb sounder (MLS) in same region. Units,
parts per million by volume. Points marked with asterisk
correspond to haze cases in Table 1.
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compared with ECMWF rising motion and 100% relative
humidity regions, recognizing that the DC-8 gives data in
much smaller spatial regions than those resolved in the
ECMWEF analysis.

DC-8 Water Vapor Versus MLS Water Vapor

There were 12 occasions when the DC-8 measured
water vapor in the upper troposphere, and concomitant
MLS measurements at 215 and 316 hPa were available.
These DC-8 measurements were outside cloud, the
presence of which influences the Lyman-o instrument.
These data are summarized in Table 1. The sampling
periods and latitudes and longitudes at the beginning and
end of the sampling periods are noted, as well as the
aircraft pressure level. The instrument samples every
second, and the large number of independent samples used
accounts for the small standard deviations associated with
the mixing ratio values. On three occasions haze was
present, but this does not necessarily influence the
instrument unless the haze contains cirrus cloud particles.

The along-orbit MLS water vapor mass mixing ratio
values (q) were plotted and hand-drawn contours were used

Table 2. Comparison of DIAL Aerosol (Cirrus) Layers and Ozone With ECMWF Relative Humidity, Vertical

Motion, and Potential Vorticity

Selected Point for DIAL
Comparison Aerosol 90% RH Layer ECMWF
PV at
wat nter
Layer 107 DIAL
Center d 2 Ojat Aerosol Top
Mission, Image Base, Top, Base, Top, 10-2 _?_gln_l_ Center, Near
Date No.  Lat Long. kn  km km km Pas! kgs™ ppbv Tropopause?
6, Sept.22 20 27.0°N  145.0°E  10.0 12.0 10.2 11.8 -10 7 <40 yes
7, Sept. 24 26 350N 146.0°E 120 12.7 11.9 12.3 -4 4 ~60* yes
8, Sept. 25 40 329°N  142.5°E  10.0 13.0 10.5 135  -20 1 ~25 yes
9, Sept. 27 44 27.7°N  1358°E  12.0 16.0 14.0 15.2 -3 3 ~20 yes
10, Oct. 1 50 19.1'N 1255°E  11.5 16.0 13.8 16.0 -2 1 ~25 yes
11, Oct. 2 52 20.8°N  120.8°E 98 155 10.5 13.6 -16 1 <40 no, 1 km
below

12, Oct. 4 58 21.8°N 121.0°E 105 13.0 11.8 13.8 +14 2 <40 yes
14, Oct. 8 70 183'N 124.0°E  10.0 158 10.2 14.8 -4 <1 ~10 yes
16, Oct. 13 86 6.9°N 1340°E 157 17.0 133 158 +1 10 <1007 no
17, Oct. 14 96 15.0°N  140.3’E 11.5 16.0 11.0 13.0 ) 2 ~35 yes
18, Oct. 18 101 12.8°N  153.0°E  12.5 152 11.5 14.7 -4 3 - -
19, Oct. 19 106 19.3'°N  173.77E  13.0 155 13.2 15.5 2.5 3 42 yes
20, Oct. 20 112 19.6°N  1558°'W 13.0 15.0 11.0 13.0 -2 ~3 ~40 yes

ECMWF, European Center for Medium-Range Weather Forecasts; DIAL, differential absorption lidar.
*This value is elevated because it is in vicinity of a stratospheric intrusion. There is also a resolution problem.
tThe DIAL measurement of ozone did not resolve this thin aerosol layer.
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Figure 2. Comparison of cirrus altitude range measured
by differential absorption lidar (DIAL) with European
Center for Medium-Range Weather Forecasts (ECMWF)
vertical motion (®) and vertical extent of layer with
relative humidity greater than 90%.

to estimate the patterns; these were compared with
ECMWEF vertical motion patterns to assist in deciding
whether patterns of water vapor were associated with
atmospheric features. The vertical motion at the aircraft
position is given in the central column of Table 1. Except
for two cases when haze was reported, large-scale sinking
motion prevailed. MLS values are available at 147, 215,
and 316 hPa (about 14.3, 12, and 9 km, respectively). In
most cases the DC-8 flew close to one of the two latter
levels, but even when it did not, the water vapor mixing
ratio for comparison was obtained from a logarithmic
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Figure 3a. Cross section of relative humidity in percent
drawn up from ECMWF grid point data for September 27,
1991. Values >80% shaded.
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ECMWF VERTICAL VELOCITY (102 Pa/s)
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Figure 3b. Cross section of vertical motion in 102 Pa s°!
from ECMWF data for September 27, 1991. Rising
motion shaded.

pressure interpolation from the MLS data to the DC-8
flight altitude. The adopted mixing ratio for comparison is
given in the last column. The data sets arc compared in
Figure 1. The maximum value of q of 653 parts per
million per volume (ppmv) is associated with haze, and in
this case the Lyman-o instrument may read high because
of entrained cirrus particles; the DC-8 value of 487 ppmv
occurred when the plane had just left a cloudy region.
Thus the October 4 data, while plotted in Figure 1, are
excluded from the comparison. The October 14 value of
594 ppmv for the DC-8 occurred immediately after a 30-
min run in the tropical boundary layer and could also be
suspect. In two other cases (marked on Figure 1), haze
was reported from perusal of the aircraft videos. Excluding

CROSS—SECTION OF PV (1077 deg.m?/(kg.s)),
0000UTC, 09/27/91

HEIGHT (km)

| . ) . L . L L
27.6N 28.8N 29.4N
135.9E 135.2E 134.9E

30.0N
134.6E

27.0N 28.2N
136.2E 135.6E
Figure 3c. Cross section of potential vorﬁcity in 107 deg
m? kg1 571 for September 27, 1991. Plate 1 and Figures

3a-3c are in the same plane.
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the three high values which appear potentially
contaminated, the comparison shows fair agreement
between the two techniques with a high bias for MLS at
low Lyman-ot q values.

DC-8 Cirrus Versus ECMWF H;0 and
Rising Motion

As noted above, aerosols and ozone are measured with
DIAL, both above and below the aircraft. The aircraft
tracks consist of survey flights from Japan to Hong Kong
to Guam to Wake Island to Hawaii and intensive flights
with four based in Japan, two in Hong Kong, three in
Guam, and one in Hawaii (see Hoell et al. [this issue] for
details of tracks). The period of sampling was from
September 22, 1991, the first intensive flight out of Japan,
to October 20, 1991, the only intensive flight out of
Hawaii. During this month there were 15 separate flights
with cirrus being detected by lidar on 13 out of 14
measurement opportunities (the system could not make
cirrus measurements on the flight of October 10). On
October 6 no cirrus was observed at all, and this may have
been related to the presence of Typhoon Orchid to the
southeast. There is often a region of strong subsidence
ahead of a typhoon, and this was suggested by the Japanese
Geostationary Meteorological Satellite (GMS) images.

On 13 flights the lidar two-dimensional aerosol cross
sections suggested that cirrus was present. Similar cross
sections of relative humidity and vertical motion were
interpolated from the ECMWF grid point data which was
available at standard pressure levels of 70, 100, 150, 200,
250, and 300 hPa in the cirrus altitude range; these were
spaced about 2 km apart in the vertical. From the lidar
profile the latitude, longitude, base, and top of the cirrus
were recorded. From the ECMWF profiles the base and
top of the layer with greater than 90% relative humidity at
the same geographical point was recorded, together with
the vertical motion near the center of the lidar layer. For
the same cross section used for relative humidity and
vertical motion, a cross section of potential vorticity (PV)
was drawn up, and its value at the center of the cirrus layer
was recorded. An ozone value at the same point was
estimated from the DIAL profile.

The parameters described above are shown in Table 2.
Also included is an answer to the following question: Was
the cirrus near the tropopause as estimated from the DIAL
ozone gradient? A summary of the vertical extent of the
DIAL image, the extent of almost-saturated air, here
defined as greater than 90% relative humidity, and the
ECMWF upward or downward motion at the center of the
DIAL layer is shown in Figure 2. It can be seen that in 10
cases out of 13 the presence of cirrus in the DIAL results
was supported by upward motion and near saturation in the
ECMWF data. The three exceptions are October 4 at
21.8°N, where the vertical motion is downward over the
cirrus layer; October 13 at 6.9°N, where again there is
sinking motion and very little support for cirrus from the
relative humidity pattern; and October 20, where at 19.6°N
there is scarcely any overlap between the DIAL aerosol and
the ECMWF 90% values. To illustrate one of these cases
where there is good agreement between the rising motion
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and the relative humidity, the ECMWF-derived data sets
for these two quantities are shown in Figures 3a and 3b,
together with the potential vorticity in Figure 3c, for
September 27. The DIAL cross section for the same
region appears in Plate 1. The typhoon mission, from
which this example is derived, is treated elsewhere in this
volume [Newell et al., this issue (b)]. Plate 2 and
Figures 4a, 4b and 4c give another example of good
agreement between the various quantities for October 1.
The cirrus cloud forms within the 90% relative humidity
centered at 14 and 15.5km. At 14 km there is rising
motion in the ECMWF cross section, though it turns to
sinking motion toward the north. Note the very low
values of potential vorticity characteristic of the low-
latitude troposphere. Plate 3 and Figures 5a, 5b and 5c
show the same quantities for October 4. As mentioned
above, the vertical motion is downward at 21.8°N, 121°E,
but the northern extremity of these profiles at 25.5°N,
122.6°E shows rising motion. This was the worst case of
agreement within the sample. Overall, in 10 cases out of
13, there is very good agreement between the analysis of
vertical motions and the relative humidity distribution and
cirrus cloud observations.

The implication that the acrosol is cirrus cloud rather
than stratospheric aerosol is borne out by the characteristics
of the images, as noted earlier, and by the fact that the
potential vorticity was generally low, in the range from
less than 1 to about 6 (in units of 10-7 deg m2 kg'! s°1);
for comparison, values of about 15 are often used to
delineate the tropopause [e.g., Hoskins et al., 1985].
Ozone is also low in most of those cases, and the cirrus
only extended up to the sharp increase in ozone that
usually accompanies the tropopause. Considering the
relatively small amount of water vapor data that is used as
input to the ECMWF analysis (radiosondes plus a limited
amount of satellite data), the observed agreement speaks
well for the ability of the model to produce the conditions
for cirrus clouds, namely, vertical motion and moisture, in
regions where they are actually observed by lidar.

MLS Water Vapor Versus ECMWF Motion
Field

Preliminary MLS data at 147 hPa currently have
absolute values which are very uncertain, but nevertheless,
when averaged for the days available during the PEM-West
A mission (September 22 and October 1-20, 1991), they
give a coherent pattern shown in Figure 6a. This may be
compared with the velocity potentials and associated
divergent winds computed for the same period from the
ECMWEF grid point data (Figure 6b). There is excellent
agreement with the position of the moisture maximum
seen by MLS and the rising arm of the Walker circulation
deduced from ECMWF. At higher levels some of this
rising motion may penetrate into the stratosphere, forming
what is termed the stratospheric fountain [Newell and
Gould-Stewart, 1981]. The best season for this
penetration is January to February, and its presence will be
more evident in the PEM-West B data, when the
tropopause and its associated cirrus is higher. Associated
with the divergence at 150 hPa, there is a convergence
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Plate 2. DIAL cross section along DC-8 flight track of aerosol and ozone for October 1, 1991.

pattern at 1000 hPa (Figure 6c), which shows that air
enters the rising motion regions in the surface layers from a
variety of sources, including the continent, the southern
hemisphere, and the marine regions to the east. The full
set of rotational and irrotational wind components for the
PEM-West A period are presented elsewhere in this issue
[Newell et al., this issue (a)]. Temperatures at 150 hPa, as
analyzed by ECMWF, are shown in Figure 6d. The
central column temperature is about -68°C or 205 K, which
corresponds to about 15 ppmv of water vapor at saturation
over ice, if the constants presented by Rogers and Yau

[1989, pp. 14-15] are used in the equation for the
saturation vapor pressure over ice. This value compares
with MLS estimates at the center of the moisture
maximum of about 90 ppmv. DIAL-observed cirrus
occurrences at or above 14 km (not far from the 147-hPa
level) are included in Figure 6a. While cirrus was
observed by DIAL at a number of places covered by PEM-
West A flights, there was not complete cover. These
considerations suggest that the preliminary MLS estimates
are biased high at 147 hPa, as expected from the nature of
the retrieval algorithm. Over South Korea, where a higher
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Figure 4a. Cross section of relative humidity in percent
drawn up from ECMWF grid point data for October 1,
1991. Values >80% shaded.

temperature of -58°C occurs, the appropriate saturation
mixing ratio is about 60 ppmv, over twice the value
observed by MLS, but there are no cirrus data there for
comparison.

The situation at 215 hPa (Figure 6¢) is somewhat
better, MLS mixing ratios at the center of the moisture
maximum are about 210 ppmv, while the temperature at
200 hPa is -54°C (not shown) corresponding to a
saturation mixing ratio over ice of about 74 ppmv. Again
MLS values show a high bias in the moisture maximum.
On October 13 the DC-8 was flying at 215 hPa (see Table
1) close to this (mean) central core and its direct
measurement of 83 ppmv is in good agreement with the

CROSS—SECTION OF VERTICAL VELOCITY (1072 Pa/s)
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Figure 4b. Cross section of vertical motion in 10-2 Pa s°1
from ECMWF data for October 1, 1991. Rising motion
shaded.
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Figure 4¢c. Cross section of potential vorticity in 10-7 deg
m? kg1 s for October 1, 1991. Plate 2 and Figures 4a-4c
are in the same plane.

saturated value reported as haze, which could well have
been cirrus. However, over Taiwan the saturation mixing
ratio at the observed temperature of -50°C at 200 hPa is
122 ppmv, the same as the MLS value at 215 hPa. DIAL
also showed cirrus at this level; the DIAL reports on
Figure 6e correspond to cirrus occurring at 12 km.

Concluding Comments

Comparison of water vapor mixing ratios measured on
the DC-8 with a Lyman-a fluorescence instrument with the
measurements deduced from MLS at similar heights gives
fairly good agreement, with a tendency toward high values
by MLS, compared to the Lyman-o. measurements, at the
low end of the range.

The presence of cirrus derived from the DIAL aerosol
cross sections on the DC-8 occurs in 10 cases out of 13
where the ECMWF analyses show rising motion and .
relative humidity greater than 90%. This agreement
between direct observation and values from a model which
has little input moisture data at the levels of interest here
speaks well for the fidelity of the model.

The mean MLS water vapor pattern at 147 hPa shows a
plume centered near 18°N, 145°E, which matches the
maximum in velocity potential at the same pressure
indicating large-scale rising motion and divergence from
that region. Cirrus occurrences from DIAL in the region
and this pattern suggest again that the preliminary MLS
data may be too high at this pressure level. The situation
is better for MLS values at 215 hPa. Though MLS still
reads high in the center of the plume, over Taiwan there is
a region where DIAL cirrus, MLS, and the saturated
mixing ratio appropriate to the ECMWF temperature are
all in agreement. It will be of great interest to compare
these results with those from PEM-West B carried out in
February-March 1994 when the tropopause is higher and
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Plate 3. DIAL cross section along DC-38 flight track of aerosol and ozone for October 4, 1991.

tropopause temperatures in the West Pacific are near their
seasonal lows [Newell and Gould-Stewart, 1981].

It is noteworthy that in the early planning of the PEM
experiment, much attention was paid to the Walker
circulation with its rising arm in the West Pacific and its
sinking arm in the East Pacific (these motions being
deduced from meteorological data by Newell et al. [1974]).
It was also known that ozone in the western tropical Pacific
upper troposphere, as measured from aircraft, was frequently

low, similar to ozone in the tropical boundary layer, and it
was suggested that this circumstance was caused by the
rising arm of the Walker circulation [Newell and Wu,
1985]. In the present study it appears that the rising arm
is water vapor rich, consistent with the ozone-poor values
found previously. A study of the ozone and water vapor
association in layers found by aircraft measurements in situ
and ozone layers found from DIAL gives support to these
ideas and is discussed elsewhere in this volume.
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Figure 5a. Cross section of relative humidity in percent
drawn up from ECMWF grid point data for October 4,
1991. Values >80% shaded.
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Figure 5b. Cross section of vertical motion in 10-2 Pa s°!
from ECMWEF data for October 4, 1991. Rising motion
shaded.

CROSS—SECTION OF PV (1077 deg.m?/(kg.s)),
0000UTC, 10/04/91

HEIGHT (km)

25.5N
122.6E

2 n
21.8N 22.5N
121.0E 121.3E

Figure Sc. Cross section of potential vorticity in 107 deg
m? kg1 s for October 4, 1991. Plate 3 and Figures 5a-5¢
are in the same plane.

23.3N
121.6E

24 ON
122.0E

24 8N
122.3E

NEWELL ET AL: DC-8 LIDAR CIRRUS AND UARS MLS H,0

a MEAN MLS H,O MIXING RATIO ON 147 hPa
CONTOUR INTERVAL 10 ppmv

60N - = i
N\
50N | . ) Q’\v
. o . fk/q,_‘"\//\/-e\/\
40N - N\ N
/1 D<= o>
30N | —) @
(e
® .\\_—J O Q °
e NRNENA
X O o\&
EQ 00E 110E 120F 130E 140E 150E 160E 170E 180  170W
b PEMWA VELOCITY POTENTIAL (10*m?¥s) &

DIVERGENT WIND (m/s) ON 150 hPa _

T 7ot
—t+— y s '
r\ka?
Ay - P ’
7 R S s—-

Rl
N

RN AR
RN~ DT

EQ
100E  110E

120E  130E 140E 150E 160E 170E 180  170W
2.389+81
MAXIMUM VECTOR
c PEMWA VELOCITY POTENTIAL (10*m7s) &
DIVERGENT WIND (m/s) ON 1000hPa
60N
g L s
<7
E ~-
R
\/
40N [ X
§ -G
’ 5
< 7 Y
20N |+ e A W el
e \‘;/e:\/\
1 Ve . ~ae
ey DAL T
1 A T BN NERN
k. 300--~ "~ -300-i.___ VT
Q00E 110E 120E 130E 140E 150E 160E 170 180  170W

0.3316001
MAXIHUN VECTOR

Figure 6. (a) Map of MLS water vapor mixing ratio at
147 hPa. Averaged for period October 1-20 and September
22, 1991. Units, parts per million by volume. Contours
are for every 10 ppmv. DIAL cirrus occurrences are
marked. (b) Mean velocity potential and divergent winds
for same period from ECMWF analyses. (c) Same as
Figure 6b for 1000 hPa. (d) ECMWF temperature field at
150 hPa. (e) Same as Figure 6a for 215 hPa. Contours are
for every 20 ppmv.
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Figure 6. (continued)
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