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ABSTRACT

Satellite data from the Atmospheric Infrared Sounder (AIRS) is analyzed to examine regions of the
upper troposphere that are supersaturated: where the relative humidity (RH) is greater than 100%. AIRS
data compare well to other in situ and satellite observations of RH and provide daily global coverage up to
200 hPa, though satellite observations of supersaturation are highly uncertain. The climatology of super-
saturation is analyzed statistically to understand where supersaturation occurs and how frequently. Super-
saturation occurs in humid regions of the upper tropical tropopause near convection 10%–20% of the time
at 200 hPa. Supersaturation is very frequent in the extratropical upper troposphere, occurring 20%–40% of
the time, and over 50% of the time in storm track regions below the tropopause. The annual cycle of
supersaturation is consistent for the �2.5 yr of data analyzed. More supersaturation is seen in the Southern
Hemisphere midlatitudes, which may be attributed to higher temperature variance.

1. Introduction
The presence of regions in the atmosphere that are

supersaturated with respect to ice has been known since
the 1940s (Glückauf 1945; Brewer 1946). Molecules of
water do not simply lock together in an ice lattice of
their own accord at saturation pressures, but either re-
quire a surface to condense on to or require conglom-
erations of water molecules as liquid to freeze. Thus it
is not surprising to expect relative humidities over ice
(RHi) in excess of 100% (i.e., supersaturation). Theo-
retically, supersaturation may be observed up to the
saturation vapor pressure over water. Supersaturation
in the upper troposphere can be inferred from the pres-
ence of persistent contrails behind aircraft, which re-
quire humidities above that of ice saturation to form
(Appleman 1953; Schumann 1996).

Supersaturation is critical for understanding the pro-
cess of ice cloud formation. This process, which is also
affected by the presence or absence of atmospheric par-
ticles (aerosol), has implications for the radiative bal-
ance of the climate system through its affect on clouds
(longwave cloud forcing) and water vapor (water vapor
feedbacks). Most global models of the climate system
do not permit supersaturation but instead dictate full
condensation of all water vapor to maintain a vapor
pressure less than 100% over ice at temperatures where
only ice exists (typically below �20° to �40°C). Under-
standing the distribution of water vapor close to and
beyond ice saturation is thus important for simulating
and predicting future climate and the impacts of an-
thropogenic influences on ice clouds. These impacts in-
clude changes in aerosol that affect ice nuclei, or air-
craft emissions of particles and water vapor directly
into the upper troposphere.

In recent years supersaturated conditions (RHi �
100%) both inside and outside of clouds have been
observed extensively from aircraft, balloons, and satel-
lites. During the Stratosphere Troposphere Exchange
Project (STEP), supersaturation was observed near the
tropical tropopause from in situ research aircraft by
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Kelly et al. (1993). Supersaturation in midlatitudes
from research aircraft was reported by Heymsfield et al.
(1998) during the Subsonic Aircraft: Contrail and
Cloud Effects Special Study (SUCCESS) aircraft cam-
paign. Gierens et al. (2000) analyzed data taken from
commercial aircraft and found extensive supersatura-
tion in the upper troposphere. Ovarlez et al. (2002)
reported supersaturation inside and outside of cirrus
clouds for the Northern and Southern Hemisphere
from in situ aircraft during the Interhemispheric Dif-
ferences in Cirrus Properties from Anthropogenic
Emissions (INCA) campaign. Jensen et al. (2000) de-
scribe supersaturated conditions from several NASA
aircraft campaigns in the Tropics and midlatitudes, and
Jensen et al. (2005) describe humidities approaching
water saturation (�200% RHi) from the recent aircraft
measurements.

In addition to aircraft measurements, balloons and
satellites can also observe supersaturation. Supersatu-
ration has been observed from balloonborne hygrom-
eters in the Tropics by Vömel et al. (2002). Spichtinger
et al. (2003a) found supersaturation in radiosonde mea-
surements over midlatitudes (Germany).

From in situ data, it has been estimated that ice su-
persaturated regions, at least in Northern Hemisphere
midlatitudes, are typically 150 km in horizontal extent
with a distribution strongly skewed toward smaller sizes
(Gierens and Spichtinger 2000) and 0.5 km � 0.6 km in
vertical extent (Spichtinger et al. 2003a). Given this
scale, it is not unreasonable to see some of these regions
from satellites, even given their broad weighting func-
tions, despite inherent difficulties with retrieving super-
saturation from remote sensing instruments (Buehler
and Courcoux 2003). Jensen et al. (1999) and Spich-
tinger et al. (2003b) reported supersaturation in RHi
data from the Microwave Limb Sounder (MLS) on the
Upper Atmosphere Research Satellite (UARS),
though cloud contamination may affect these retrievals
(Read et al. 2001). Gierens et al. (2004) also found
evidence of supersaturation in a reanalysis of Televi-
sion Infrared Observation Satellite (TIROS) Opera-
tional Vertical Sounder (TOVS) data over Europe de-
spite the 3–5-km vertical weighting function.

In this work we use newly available satellite obser-
vations from the Atmospheric Infrared Sounder
(AIRS) to develop a global climatology of supersatu-
ration in the upper troposphere up to 200 hPa. Unfor-
tunately, this does not include the Tropical tropopause
layer (TTL). AIRS data and uncertainties are described
in section 2, comparisons with other observations are
presented in section 3, and the climatology of super-
saturation is illustrated in section 4. Discussion of key
points is in section 5 and conclusions are in section 6.

2. Data description

Relative humidity data is derived from the AIRS in-
strument on the NASA Aqua satellite, as discussed by
Gettelman et al. (2006). We restate the key points here.
AIRS is a nadir infrared and microwave sounder with
�2000 independent channels and nine separate pixels,
which enable retrieval of a profile of temperature and
water vapor in the presence of up to 70% effective
cloud fraction (Aumann et al. 2003), where cloud frac-
tion is the product of area and emissivity. No data is
available if the retrieval detects sufficiently opaque
cloud (the surface temperature deviates from what is
expected based on correlative data). We use AIRS
level-2 data retrievals (version 3.0; Fetzer et al. 2003)
with an effective vertical resolution of 1–3 km (Suss-
kind et al. 2003). Horizontal resolution is approxi-
mately 45 � 45 km (nine pixels of 15 � 15 km each),
and there are on the order of 300 000 AIRS profiles per
day. AIRS is in a polar orbit with fixed equatorial local
(solar) crossing times of �1330 and �0130.

Retrieved profiles of water vapor (specific humidity)
and temperature are used to derive relative humidity
for each profile. Retrievals provide the column water
vapor between two pressure levels (q) and temperature
on pressure levels. We construct relative humidity by
dividing the column water vapor by a saturated vapor
column (RH � q/qs). The saturated vapor column (qs)
is estimated by numerically integrating the saturation
vapor pressure, assuming that temperature in the layer
is linear between the two layer edges. We have con-
ducted a detailed sensitivity test of the method of cal-
culating relative humidity, and the results are not highly
sensitive to the method chosen.

The saturation vapor pressure is calculated using the
formulation of Goff and Gratch (1946) over water for
temperatures �273 K (0°C) and over ice for tempera-
tures �253 K (�20°C), with a linear combination of the
two between them. We choose this “merged” relative
humidity (and refer to it as simply relative humidity or
RH) because it is typical of the formulation used for
general circulation models of the atmosphere used in
reanalyses and climate studies. Practically, for most of
the upper-tropospheric data shown here, temperatures
are well below �20°C (253°K), and RH is equivalent to
relative humidity over ice (RHi). Uncertainties in the
saturation vapor pressure at temperatures 220 K and
above are less than 1% (Murphy and Koop 2005). Fol-
lowing the AIRS convention, pressures here refer to
the bottom of the layer.

AIRS data validation is ongoing, but data have been
found to be of high quality. Tobin et al. (2006) com-
pared AIRS retrievals with dedicated radiosondes over
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midlatitudes and tropical oceans and found rms differ-
ences of �1 K (less over ocean) for temperature and
�20% for specific humidity. Divakarla et al. (2006)
found similar results in comparison with the global op-
erational radiosonde archive. Radiosonde sensors in
the upper troposphere however are themselves prone
to some biases (Miloshevich et al. 2006).

Previous comparison of AIRS data with in situ re-
search aircraft in the tropical upper troposphere up to
200 hPa by Gettelman et al. (2004) indicate that the
standard deviation (�) of AIRS data from in situ data is
less than 1.5 K for temperature, �20% for water vapor,
and �20% for relative humidity, but only 9% for RH at
250 hPa and below. The scatter is based on detailed
comparisons of collocated satellite data with aircraft
humidity averaged over the same distance for 40 indi-
vidual flight legs from 200 to 500 hPa (see Gettelman et
al. 2004 for more details). None of the observations
show an obvious bias. Relative humidity uncertainty
(9%) is less than would be expected from simply adding
temperature and water vapor errors (�30%), which in-
dicates some cancellation in uncertainty, or that the
scatter is not normally distributed, though the statistics
(only �40 corresponding 100-km flight segments) are
barely significant.

A resulting map for one day of gridded relative hu-
midity data is illustrated in Fig. 1. Data values are miss-
ing for 1) near-equatorial points where orbit tracks do
not overlap, 2) locations of thick clouds (where no re-
trieval is performed), and 3) large sections of the ex-

tratropical lower stratosphere where water vapor is be-
low the retrieval threshold and does not meet quality
control checks. A detailed analysis of locations of su-
persaturation indicates that high values of RH are
found associated with deep convection in the Tropics
(the western Pacific, Africa, and South America show
up prominently) and with midlatitude storm systems
(extratropical cyclones). Supersaturation is often seen
at the leading edge of baroclinic storms, associated with
fronts in midlatitudes, or occasionally embedded within
frontal cloud bands, though more often at the edge of
these bands or occasionally behind them. Supersatura-
tion from AIRS is only rarely seen in clear sky regions
without upper-level clouds. Supersaturation also does
not appear as pixelated “noise” in individual profiles,
but over coherent regions.

Data from September 2002 through March 2005 (31
months) are used to produce probability distribution
functions (PDFs) of relative humidity in Fig. 2. Data
from 60°S to 60°N latitude and from 600 to 200 hPa are
shown in Fig. 2, annually and seasonally averaged. This
represents on the order of 200 million profiles. The
right panel is the same data, but displayed with a loga-
rithmic vertical axis. Overall, the PDF is peaked toward
low RH, reflecting the large area of subtropical and
tropical dry regions. A total of 4% of the data indicate
RH (merged over ice and water) greater than 100%.
Supersaturation up to 250% over ice (thought to be
physically implausible) is indicated in the raw data on
rare occasions. The right panel indicates that, over most

FIG. 1. AIRS relative humidity (%) for 6 March 2005 from 60°S to 60°N latitude at 250
hPa. Missing data in white.
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of the range of supersaturation, the data is well de-
scribed by an exponential fit with an exponent of �0.06
(the dotted line in Fig. 2b).

Obviously, errors in the temperature and water va-
por retrievals will create uncertainties in the estimation
of relative humidity. It is entirely possible that errors in
the data might create additional supersaturation where
none exists. To investigate this uncertainty, we take RH
data from a simulation of the National Center for At-
mospheric Research (NCAR) Community Atmosphere
Model version 3 (CAM3) and perturb it in two ways: 1)
with a random error sampled from a normal distribu-
tion with standard deviation of 9% [the statistical 1�
uncertainty in RH below 200 hPa found by Gettelman
et al. (2004)] and 2) individual uncorrected errors in
temperature and specific humidity sampled from nor-
mal distributions with standard deviations 1.5 K and
20% (the uncertainty from the aircraft comparisons).
The model is described by Collins et al. (2006). The
important point for this analysis is that the model ex-
plicitly does not allow supersaturation. This Monte
Carlo approach is similar to that taken by Buehler and
Courcoux (2003).

The AIRS PDF for 40°–60°N latitude is shown in
black in Fig. 3. The PDF of model-simulated RH in
midlatitudes is shown in dark gray in Fig. 3. The PDF is
limited to a maximum RH of 100%. Model RH is cal-
culated over ice and liquid the same way as for the
AIRS data. The perturbed data is shown in light gray
for (i) 9% RH uncertainty (solid light gray) and for (ii)
individual temperature and water vapor uncertainty
(dashed light gray). Overall, supersaturation in the re-
gion is found in 5% of the AIRS data, 0% of the un-
perturbed model data, 4% of the perturbed model data

for (i), and 10% of the perturbed data for (ii). Thus, if
the satellite data has normally distributed uncorrelated
errors, it is possible that a majority of supersaturation
observed could be spurious.

The high potential uncertainty of satellite data indi-
cated in Fig. 3 makes interpretation of the satellite data
difficult. Supersaturation measured from AIRS is oc-
curring in a volume of �45 km by �45 km horizontally
and �2 km vertically. If typical sizes of supersaturated
regions in the upper troposphere observed by aircraft
are �150 km in the horizontal (Gierens and Spichtinger
2000; though as noted many regions may be smaller
than this) and from radiosondes are 0.5–1 km in the
vertical (Spichtinger et al. 2003b), it is not unreasonable

FIG. 3. Midlatitude PDFs of RH from 40° to 60°N and 600 to
200 hPa for all months of the year. AIRS data in black, CAM3
output in dark gray, and CAM3 with scatter in light gray: Solid
line represents 9% RH standard deviation; dashed line represents
temperature and specific humidity errors as described in the text.

FIG. 2. Probability distribution function of RH from 60°S to 60°N and 600 to 200 hPa from AIRS data for 2003
and 2004. Black line is the annual average; colored lines are seasonal averages for January–March (purple),
April–June (blue), July–September (green), and October–December (yellow): (left) Linear scale and (right) a log
scale of the same data. Dotted line in the right panel is an exponential fit with exponent of �0.06.
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to expect to see at least some supersaturated regions.
The largest uncertainty is likely to be due to the vertical
weighting function of AIRS, which is thicker than many
of the layers may be. Thus, we note a significant caveat
on this study: AIRS “supersaturation” is a large-scale
quantity. It is not the same supersaturation that would
be felt by cloud particles since there is likely significant
finescale structure in the humidity fields in three di-
mensions, whereas the satellite will only measure a
horizontal and vertical “average” temperature or total
column specific humidity assuming uniform distribu-
tion. However, the large-scale relative humidity is a
useful quantity to use as an attempt to understand the
global distribution of supersaturated regions. The prob-
lem is characteristic of all attempts at measuring super-
saturation (the tail of the RH distribution) with remote
sensing.

It is difficult to quantify the level of supersaturation
from this data and relate it to cloud microphysics. So, in
this work we turn to a statistical quantity: the frequency
(or fraction) of observed supersaturation. This quantity
is directly relevant for understanding persistent con-
trails and cirrus clouds, though perhaps not directly rel-
evant for understanding ice nucleation processes.
Based on the high potential uncertainty noted in Fig. 3,
the frequency of supersaturation is uncertain by up to
100%. Statistically we cannot demonstrate that any su-
persaturation exists at all in AIRS data, a similar con-
clusion to that reached by Buehler and Courcoux
(2003) with MLS data. As a result, we proceed with
caution, and in the next section we will perform more
comparisons between AIRS observations of supersatu-
ration and other measurements to show that the super-
saturation frequency observed from AIRS appears to
be geophysical.

3. Comparisons with aircraft and balloon
observations

In this section we compare AIRS RH observations to
other available observations of relative humidity from
in situ aircraft in the upper troposphere and balloons.
We use three different sets of data. First we compare
with research aircraft data, which have high precision,
but limited sampling and then compare with data from
balloon hygrometers. We also examine data from in-
service commercial aircraft, which have less precision,
but greater sampling.

First we compare AIRS observations of supersatura-
tion with in situ data from a research aircraft. We use
the same data as Gettelman et al. (2004) from the Pre-
liminary Aura Validation Experiment (PreAVE), con-
ducted using the NASA WB57 aircraft. The campaign

was based in Houston, Texas, and San Jose, Costa Rica.
The flight latitudes ranged from approximately 5°S to
30°N and flight dates from 16 January to 2 February
2004. Details of the data and instruments are described
by Gettelman et al. (2004). In contrast to the scatter-
plots along flight tracks shown by Gettelman et al.,
which require averaging over 100 km or so, we show
high-resolution data in Fig. 4 for points within the ver-
tical sampling range of AIRS (up to 200 hPa), which is
below the aircraft cruise altitude, so this data represents
only several ascents, decents, and dives. Data is from
three different instruments. Harvard water vapor and
total water are described by Weinstock et al. (1994).
The Jet Propulsion Laboratory laser hygrometer (JLH)
measuring water vapor is described by May (1998).
Quoted uncertainty for the Harvard water vapor in-
strument, as validated by laboratory calibrations, in-
flight intercomparisons with JLH (May 1998), and in
situ vacuum ultraviolet absorption, is �5%. The data
have occasional significant differences, with the Har-
vard instruments (10-s data) showing saturation for 8%
of the points and the JLH instrument (1-s data) having
a similar distribution and range, but with supersatura-
tion only 1% of the time. Statistics for clear-sky points
only (estimated in Fig. 4 in red where the ratio of total
water to water vapor is less than 1.1) are similar be-
cause most of this mission was conducted in regions
without clouds. Overplotted is the AIRS climatology
for this region of the tropical and subtropical eastern
Pacific for January–March (the curve is not very sensi-
tive to the particular region boundaries or to the time
average). AIRS data are supersaturated 1% of the
time. RHi � 160% is not physical at these altitudes and
data beyond this range are likely due to noise (though,
since this is a log scale, the number of points in this
region is small). AIRS and aircraft PDFs have similar
slopes throughout the entire range of the data. Statis-
tically, AIRS is producing reasonable results relative to
these data for supersaturated points, though this cam-
paign does not provide enough statistics to reliably es-
timate a PDF, nor because of spatial sampling differ-
ences do we necessarily expect the PDFs to be the
same.

Supersaturation is seen frequently from balloons.
Frost-point hygrometer data from Vömel et al. (2002)
indicates that in the layer 2 km below the tropopause
supersaturation is seen on all 14 flights in the tropical
western Pacific and on just over 50% (7 of 12 flights) in
the tropical eastern Pacific. These data are not directly
comparable to AIRS data since AIRS does not observe
this region (it is above 200 hPa). High-latitude balloon
flights from the same instrument at 60°–70°N (H.
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Vömel 2005, personal communication) indicate that su-
persaturation is seen in the layer 2 km below the extra-
tropical tropopause 67% of the time (30 of 45 flights).
In the same region, AIRS sees supersaturation in the
upper troposphere 40%–70% of the time. This is not a
robust statistical comparison due to the small sample of
balloons. The frost point hygrometer described here
was noted to be up to 20% drier than the aircraft in-
struments described above in the upper troposphere/
lower stratosphere (UT/LS) region (K. H. Rosenlof
2005, personal communication).

The Measurement of Ozone and Water Vapor by
Airbus In-Service Aircraft (MOZAIC) project has
been taking observations of humidity for the last 10
years. The project is described by Marenco et al. (1998),
and the humidity observations are described by Helten
et al. (1998). To measure humidity, MOZAIC uses a
modified humidicap sensor in a housing on the aircraft.
The air undergoes significant compressional heating
upon measurement, which is empirically corrected. It is
thus not a reference instrument for humidity measure-
ment in the upper troposphere. However, MOZAIC
has nearly 1500 flights a year, concentrated in the
Northern Hemisphere along flight routes from Europe.

We have performed detailed comparisons averaging
MOZAIC data in 100-km flight segments and compar-
ing to AIRS data in 1° boxes around the aircraft.
MOZAIC humidity (reported over water) is recalcu-

lated using the same merged ice and water vapor pres-
sure formulation (Goff and Gratch 1946) as for AIRS
data. For temperature and water vapor separately (not
shown) results are quite good with no obvious biases
throughout the range of AIRS data. However, there is
significant scatter and uncertainty in both measure-
ments. This leads to large uncertainties in individual
point RH measurements. Much of this uncertainty
comes from vertical gradients in humidity, particularly
around the tropopause where much of the MOZAIC
data is taken at flight levels but provides little informa-
tion on vertical gradients (except on ascent and de-
scent). So, for comparison purposes we again turn to a
climatology, in this case for 2003, when we have a com-
plete set of both AIRS and MOZAIC data.

Figure 5 illustrates comparisons between AIRS and
MOZAIC data for 2003 for the Tropics and subtropics
(30°S–30°N, Fig. 5a) and midlatitudes (40°–60°N, Fig.
5b). The AIRS supersaturation fraction is 1% in the
Tropics and 6.5% in midlatitudes, while the corre-
sponding fractions for MOZAIC are 9% in the Tropics
and 18% at midlatitudes. While the fraction of points
supersaturated is different, the exponential slopes are
similar. The exponent of the slope for AIRS data is
�0.08 (Tropics) and �0.06 (midlatitudes), and the
MOZAIC slopes are �0.08 (Tropics) and �0.07 (mid-
latitudes). The important point is not the quantitative
slope, but the exponential distribution, which is seen in

FIG. 4. PDFs of RH from the PreAVE experiment in January–February 2004 for altitudes
600–200 hPa. Harvard water vapor (black), Harvard water vapor sorted by Harvard total
water for clear sky (red), and JPL laser hygrometer (blue). AIRS RH PDF from January–
March and 5°S–20°N, 110°W–80°W (green).
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most other data (e.g., Spichtinger et al. 2002). Gierens
et al. (1999) provides a discussion of the statistical
modes to explain this distribution. Buehler and
Courcoux (2003) notes how uncertainties, particularly
in temperature, can give rise to such a distribution.

With respect to Fig. 5, MOZAIC sees �100% RH
much more frequently than AIRS. One possible cause
for this discrepancy is that MOZAIC may be seeing
significant thin cirrus cloud particles, which are evapo-
rated in the inlet before measurement, thus shifting the
RH PDF toward higher values, particularly around
100% RH. Alternatively, vertical sampling issues from
AIRS may be a cause of the discrepancy (e.g., when
part of the AIRS averaging kernel is in the lower strato-
sphere). As noted, from microphysical considerations
we do not expect to see RH � 160%, and values higher
than this are likely due to noise in both AIRS and
MOZAIC data.

We summarize these comparisons and others re-
ported in the literature in Table 1. In addition to the
MOZAIC and PreAVE observations, we also cite ob-

servations using the TOVS satellite over Europe by
Gierens et al. (2004) and MLS observations at 215 hPa
reported by Spichtinger et al. (2003a). In general, AIRS
reports less supersaturation than most in situ sensors. It
reports more supersaturation than TOVS and MLS in
midlatitudes, which is not surprising given the higher
vertical resolution available from AIRS. However,
AIRS reports a lower frequency of supersaturation in
the Tropics and globally than MLS at 215 hPa. We
might expect this for two reasons: First, the low vertical
resolution of MLS means that 215-hPa data includes
information from higher altitudes where humidity in-
creases rapidly around the tropical tropopause. Second,
MLS is able to sound in regions of cirrus clouds, where
humidity is higher and supersaturation is more likely.

In summary, despite uncertainties inherent in satel-
lite data, upper-tropospheric supersaturation observed
from AIRS appears to be consistent with in situ data.
The frequencies of supersaturation are lower than ob-
served in situ, which may be expected based on the
large AIRS sampling volume. Uncertainties discussed

TABLE 1. Frequency of supersaturation.

Location Observation source

Frequency (%)

ReferenceObserved AIRS

Tropics (30°S–30°N) MOZAIC 9.3 1.1 This study
Midlatitudes (40°–60°N) MOZAIC 18 6.5
Tropical east Pacific PreAVE Harvard 6.1 1.1 This study
Tropical east Pacific PreAVE JPL LH 1.3 1.1
Northern Europe, 300–500 hPa TOVS 8 14 Gierens et al. (2004)
Global 90°S–90°N, 215 hPa MLS 10.6 3.2 Spichtinger et al. (2003a)
NH: 30°–90°N MLS 0.9 2.9
Tropics: 30°S–30°N MLS 18.9 2.6
SH 90°–30°S MLS 0.3 4.6
Antarctic: 55°–90°S MLS 6 3.7

FIG. 5. PDFs of RH from AIRS for (a) the Tropics (30°S–30°N) and (b) Northern Hemisphere midlatitudes
(40°–60°N). AIRS: black line, MOZAIC: gray line; dashed lines are exponential fits to the data between 100% and
200% RH.
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in section 2 would tend to increase the frequency of
supersaturation. However, individually and statistically,
the results compare well to available in situ data from
aircraft and balloons. In general, the higher the vertical
resolution, the more supersaturation is observed. This
is not surprising, given a simple thought experiment.
Suppose a 500-m-thick layer just below the tropopause
is supersaturated, with very low humidity above it the
stratosphere and subsaturated air below. Then an in
situ sensor measuring within the supersaturated layer,
or a remote sensor with vertical weighting of 500 m
(seeing only the layer), will indicate supersaturation. A
sensor with a vertical weighting of 1000 m from the
tropopause down may report supersaturation, and a
sensor with a vertical weighting of 1500 m (and includ-
ing part of the stratosphere) is not likely to see the
500-m supersaturated layer. Thus, the frequency of su-
persaturation observed from AIRS has significant geo-
physical uncertainty. However, AIRS provides unprec-
edented daily global coverage with sufficient horizontal
and vertical resolution to detect large-scale supersatu-
ration, with coarse resolution reducing the amount of
supersaturation observed (and “noise” increasing it).

4. AIRS climatology

In this section we use AIRS RH observations to de-
velop a climatology of the frequency of supersatura-
tion. We start with the annual zonal mean and then
look at various regions and locations.

The annual zonal-mean frequency of supersaturation
observed from AIRS is illustrated in Fig. 6. In general,
the frequency of supersaturation maximizes below the
extratropical tropopause (red line in Fig. 6) between

10% and 30% of the time. This value is similar to the
annual mean potential contrail coverage frequency
(which implies RH over ice greater than 100%) re-
ported from ECMWF reanalyses by Sausen et al.
(1998).

The frequency of supersaturation is higher in the
Southern Hemisphere than the Northern Hemisphere,
a point that we return to in section 5. There is rarely
ever any supersaturation seen in the middle tropo-
sphere in the Tropics and subtropics (less than 0.1% of
the time). There is an increase in the frequency of su-
persaturation at higher altitudes in the Tropics. The
AIRS data does not extend high enough to resolve the
tropical tropopause layer, where MLS sees high fre-
quencies of supersaturation.

Supersaturation in the Tropics is highlighted at 200
hPa in Fig. 7. In general, higher frequencies of super-
saturation are seen to follow the seasonal evolution of
deep tropical convection in the upper tropical tropo-
sphere. Highest frequencies of 10%–20% are seen
around the Asian monsoon in July–September (Fig.
7c), and over convective regions of Africa and South
America, following the sun (and deep convection). Vir-
tually no supersaturation is observed in the extratropi-
cal lower stratosphere or in subtropical dry regions in
the upper troposphere, particularly the southeastern
Pacific.

At 300 hPa (Fig. 8) the distribution of supersatura-
tion is quite different. The subtropical subsidence re-
gions rarely, if ever, experience supersaturation, but
mid- and high latitudes in the upper troposphere, and
occasionally in the lower stratosphere, experience su-
persaturation as much as 20%–30% of the time, while
lower levels of the tropical convection regions see su-
persaturation less than 5% of the time. The values at
midlatitudes are qualitatively similar to persistent con-
trail coverage (which requires supersaturation with re-
spect to ice) as reported by Minnis et al. (2003) over
regions of the continental United States with frequent
aircraft traffic.

Supersaturation frequency is not zonally uniform in
Fig. 8, particularly in mid- and high latitudes of the
Northern Hemisphere. Less supersaturation is seen in
the North Pacific in all seasons than in the North At-
lantic. This is probably due to lower relative humidities
(Gettelman et al. 2006), but it may also be an artifact of
a lower tropopause in this region, yielding a greater
influence of stratospheric air. Supersaturation is more
frequent over Asia, the western region of North
America, and the Atlantic in most seasons. The South-
ern Hemisphere has a more zonally symmetric distri-
bution.

FIG. 6. Annual zonal mean frequency (%) of supersaturation by
latitude and height calculated from all points. Note that the color
scale is not linear. Red line is the annual zonal mean tropopause
from NCEP–NCAR reanalysis data.
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Another way to look at the data is to sort by only
those points that are in the troposphere. Figure 9 illus-
trates the same field as Fig. 8 but sorted for only points
that are at least 50 hPa below the tropopause. This
removes variations due to the tropopause from the es-
timates. At mid- to high-latitudes supersaturation is ob-
served at high latitudes below the tropopause nearly
half the time in both hemispheres. Patterns are similar
between hemispheres, but planetary wave structures
are slightly different. Less supersaturation below the
tropopause is seen in winter and spring in each hemi-
sphere, and more is seen in summer (January–March in
the Northern Hemisphere and October–December in
the Southern Hemisphere).

Figures 8 and 9 highlight another reason why the
supersaturation observed from AIRS is unlikely to be
noise. Because nadir retrievals are sensitive to surface
properties, AIRS temperature retrievals have higher
rms errors over land (1–2 K) than over ocean (less than
1 K; Tobin et al. 2006). Thus, if temperature noise were
creating spurious supersaturation, we would expect
higher supersaturation frequency over land and discon-
tinuities in coastal regions. An increase in temperature

variance from 1 to 2 K would double the frequency of
supersaturation. This is clearly not the case in the fre-
quency maps in Figs. 7, 8, and 9, or for a daily map of
RH in Fig. 1.

AIRS retrieves data globally, even over the poles.
More data is available near the poles as the satellite
orbits converge. Resolution is the same, but there are
more samples per day. Figure 10 illustrates the fre-
quency of supersaturation near the surface over both
poles (600 hPa in the Southern Hemisphere over the
Antarctic ice cap, 850 hPa over the north polar region).
Over the Antarctic ice cap (Fig. 10a), supersaturation is
observed over 70% of the time, while over the North
Polar region, supersaturation is observed 10%–20% of
the time. Extremely cold temperatures over Antarctica
may be a reason for this difference. It is likely that over
Antarctica in winter the regime is always one of pure
ice saturation near the surface (temperatures below
�40°C) whereas over the North Polar region mixed
phase processes at higher temperatures may be acting.

While the AIRS record only spans 31 months, data
over 2.5 annual cycles allows some analysis of the re-
peatability of the annual cycle. Figure 11 illustrates the

FIG. 7. Frequency of supersaturation at 200 hPa for four seasons: (a) January–March, (b) April–June, (c)
July–September, and (d) October–December. Red line is the seasonal mean tropopause from NCEP–NCAR
reanalysis data.
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supersaturation fraction in percent for four regions.
These estimates are made using only points in the tro-
posphere, similar to Fig. 9. In general, there is a repro-
ducible annual cycle at all four locations. The most
variation year to year is seen in the Southern Hemi-
sphere midlatitude upper troposphere (Fig. 11b), which
also has the highest frequency of supersaturation.

As indicated in Fig. 6 and Fig. 11, there is more su-
persaturation in the midlatitude upper troposphere in
the Southern Hemisphere (Fig. 11b) than in the North-
ern Hemisphere (Fig. 11c). Figure 12 illustrates the
PDFs for each hemisphere, highlighting the difference.
Ovarlez et al. (2002) observed higher relative humidi-
ties in the Southern Hemisphere than the Northern
Hemisphere during fall on a limited basis with in situ
measurements during the INCA campaign and attrib-
ute the difference to higher levels of pollution in the
Northern Hemisphere, which imply more ice nuclei and
more heterogeneous nucleation of clouds at lower RHi
than for homogeneous nucleation.

Data in Ovarlez et al. (2002) indicate that outside of
clouds (where AIRS sees) relative humidities greater
than 105% were observed 23% of the time in the
Southern Hemisphere and 9% of the time in the North-
ern Hemisphere during fall for one region in each hemi-

sphere. AIRS data in Fig. 12 for a hemispheric average
of the latitude band 40°–60° indicate supersaturation
8% of the time in the Southern Hemisphere and 6% in
the Northern Hemisphere. If only points in the tropo-
sphere are considered, the values are 17% and 12% for
the Southern and Northern Hemispheres, respectively.
These values are comparable to the INCA out of cloud
data, especially considering that we expect lower fre-
quencies due to the vertical resolution of AIRS. The
hemispheric differences are less in this study than in
Ovarlez et al. (2002), probably owing to the larger sam-
pling volume in space and time of the AIRS data.

5. Discussion

AIRS RH shows significant regions of supersatura-
tion, to the extent that it is visible from a satellite. Sta-
tistically, it is possible that much of the observed super-
saturation could be due to random errors in tempera-
ture and specific humidity observations, if they are
normally distributed and uncorrelated. Statistical un-
certainties tend to increase the supersaturation ob-
served by AIRS, while the large sampling volume tends
to reduce the observed frequency of supersaturation.
We have several reasons for concluding that at least

FIG. 8. As in Fig. 7 but at 300 hPa.
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some supersaturation is seen from AIRS. First, regions
of observed supersaturation from AIRS are coherent
on daily to seasonal time scales and occur in geophysi-
cally realistic locations. Second, AIRS data are consis-
tent with other analyses and agree quite well with sta-
tistical distributions from in situ aircraft and balloons in
similar regions, or with regions of persistent contrails.
Frequencies of supersaturation are less than in situ ob-

servations, likely due to the large sample volume rep-
resented by AIRS (45 km � 45 km � 2 km), which may
miss the significant fraction of events on a smaller scale.
Finally, the frequency of supersaturation observed
from AIRS does not resemble the known land–sea con-
trast of the retrieval uncertainty. If noise in either the
temperature or water vapor retrieval were causing most
of the supersaturation in AIRS data, we would expect

FIG. 10. Frequency of supersaturation in the lower troposphere for (a) the South Pole at 600 hPa in
July–September and (b) the North Pole at 850 hPa in January–March.

FIG. 9. As in Fig. 8 but in the upper troposphere for data points below the tropopause.
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much higher supersaturation frequency over land (up
to twice as much), which is not observed.

As a result of this large sampling volume and uncer-
tainty, it is difficult to relate supersaturation observed

from AIRS quantitatively with details of cloud micro-
physics (i.e., the critical supersaturation for ice nucle-
ation). The “relative humidity” observed by AIRS is
really a “bulk” relative humidity, and no doubt varies
significantly within the sampling volume. This is par-
ticularly true in the vertical, as the upper troposphere is
a region of strong vertical gradients in water vapor,
either due to the tropopause or vertical shear in the
horizontal wind, which creates significant stirring and
layering. Thus it is not appropriate to quantitatively
discuss the implications of supersaturation observed
from satellites for cloud formation. However, we can
discuss the implications of the climatology of bulk su-
persaturation, which is relevant for understanding the
persistence of contrails and cirrus clouds.

Overall, AIRS data paint a coherent picture of su-
persaturation in the upper troposphere. Relative hu-
midity and the frequency of supersaturation increase
with altitude in the upper tropical troposphere but,
since AIRS is unable to resolve values above 200 hPa,
it is not clear how much supersaturation is present in

FIG. 12. PDFs of RH from AIRS in the upper troposphere
(400–200 hPa) in the midlatitudes of the Southern (black) and
Northern (gray) Hemispheres.

FIG. 11. Frequency of supersaturation in the upper troposphere for each month of the year in four different
regions observed by AIRS: (a) the Tropics (10°S–10°N) at 250–200 hPa, (b) Southern Hemisphere (60°–40°S) at
400–300 hPa, (c) Northern Hemisphere (40°–60°N) at 400–300 hPa, and (d) North Pole (70°–90°N) at 850–600 hPa.
Different years shown: 2002 (solid), 2003 (dotted), 2004 (dash), and 2005 (dot–dash).
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the Tropical tropopause layer. In the subtropics, very
little supersaturation is seen. Seasonally, supersatura-
tion in the upper tropical troposphere follows major
regions of convection (and the supply of humidity).

In middle and high latitudes, there is significant su-
persaturation near the tropopause, especially in the re-
gions of storm tracks. Highest frequencies in the upper
troposphere (Fig. 9) are found in spring and summer. In
polar regions (Fig. 10), supersaturation is often seen
near the surface as well, particularly in winter, and is
quite high over the Antarctic ice cap.

AIRS data also show hemispheric differences in su-
persaturation, with more supersaturation in the South-
ern Hemisphere (Fig. 12). Ovarlez et al. (2002) make
the claim that this difference is likely due to enhanced
pollution in the Northern Hemisphere observations,
which were taken in the North Atlantic off the coast of
Ireland, whereas the observations from the Southern
Hemisphere were taken off the coast of South America.
AIRS data indicate that the differences are general and
hemispheric. However, it is not clear that this is due to
enhanced ice nuclei from anthropogenic sources. An
examination of Fig. 8 indicates for example that the
northeastern Pacific and the North Atlantic have simi-
lar frequencies of supersaturation (10%–40% depend-
ing on season). As the northeastern Pacific is likely
cleaner, it should have more supersaturation if anthro-
pogenic pollution dominates the frequency of super-
saturation.

It appears more likely from AIRS data that there is
simply a larger variance in temperature in the Southern
Hemisphere, which leads to a larger variance in relative
humidity. As Fig. 3 makes clear when applied to a simu-
lated distribution, adding variability to RH tends to

broaden the RH distribution. There is also good corre-
spondence between the regions of supersaturation in
Fig. 8 and regions of high RH variance (see Gettelman
et al. 2006, Fig. 5). Because RH is linear with respect to
water vapor but exponential with respect to tempera-
ture (due to the dependence of saturation vapor pres-
sure in the Clausius–Clapeyron equation), relative hu-
midity variance is more sensitive to temperature vari-
ance. This point is discussed using theoretical
distributions by Kärcher and Haag (2004).

Figure 13a illustrates that AIRS temperature data
show more variance in the Southern Hemisphere. A
theoretical analysis of perturbations using these distri-
butions indicate that increasing the standard deviation
of temperature by 1 K can double the frequency of
supersaturation, consistent with Buehler and Courcoux
(2003). There is little difference in the standard devia-
tion of water vapor observed from AIRS (Fig. 13b) and
quite a large difference in RH variance (Fig. 13c) be-
tween the hemispheres. It is not clear why there should
be larger temperature variance at a given level in the
Southern Hemisphere. Furthermore, there is not a clear
correlation between regions of higher temperature vari-
ance and higher supersaturation. Nonetheless, the data
in Fig. 13 is suggestive of a link that does not require
aerosols, and does not seem to be correlated with geo-
graphical variations in aerosol sources. We hesitate to
speculate further because satellite observations of su-
persaturation are themselves sensitive to the tempera-
ture variance or uncertainty, as discussed in section 2
and by Buehler and Courcoux (2003). More detailed
studies including humidity as well as aerosol observa-
tions will be necessary to fully understand these differ-
ences in supersaturation.

FIG. 13. PDFs of the standard deviation of (a) temperature, (b) water vapor, and (c) relativew humidity from 31 months
of AIRS data in the upper troposphere (300–250 hPa) in the midlatitudes (40°–60° latitude) of the Southern (black) and
Northern (gray) Hemispheres.
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6. Conclusions

AIRS RH observations are a unique dataset to study
supersaturation in the upper troposphere. AIRS RH
data have similar distributions to in situ aircraft data
from research aircraft (PreAVE) and commercial air-
craft (MOZAIC), or balloons. The overall frequency of
supersaturation from AIRS up to the limit of its range
(200 hPa) is qualitatively consistent with other obser-
vations from satellites (Spichtinger et al. 2003b) and
from estimates of potential contrail coverage from ob-
servations (Minnis et al. 2003) and reanalysis (Sausen et
al. 1998).

AIRS RH is not a pointwise measurement and ob-
served supersaturation may not quantitatively define
what an air parcel or a cloud/ice nucleus experiences.
Statistical uncertainties mean that we must treat the
data with extreme caution, but it is plausible from the
size of supersaturated regions that AIRS can observe
supersaturation, and it appears likely from comparisons
to in situ data that some of the supersaturation is real.
The results do not have the characteristics of retrieval
noise. Our conclusions are not dependent upon the spe-
cific quantitative frequency of supersaturation ob-
served from AIRS.

In AIRS data, supersaturation appears to be very
common in the upper troposphere just below the tropo-
pause in midlatitudes, often at the leading edge of fron-
tal systems. While AIRS does not observe the tropical
tropopause layer, it appears from other data that su-
persaturation is also common near the tropical tropo-
pause. There is extensive supersaturation near the sur-
face in polar regions. There are distinct patterns to satu-
rated air, with higher frequencies in storm track regions
in midlatitudes. The annual cycle in the frequency of
supersaturation is repeatable from the several years of
AIRS data.

These data strongly suggest that much of the upper
troposphere frequently experiences supersaturation
over ice. Most global models of the atmosphere do not
represent this process. Models need to properly repre-
sent the ice nucleation process if we are to understand
the global impact of ice clouds and possible perturba-
tions to ice nucleation processes by anthropogenic ice
nuclei. AIRS observations may help constrain global
parameterizations of cloud formation processes.

AIRS observations indicate higher frequency of su-
persaturation in the Southern Hemisphere midlatitude
upper troposphere, consistent with limited aircraft ob-
servations. However, geographic variations of the fre-
quency of supersaturation show little correspondence
with zonal patters of anthropogenic ice nuclei, theo-
rized to affect the hemispheres differently. Rather, the

higher frequency of supersaturation is consistent with
hemispheric and regional differences in temperature
variance, which would lead to a broader distribution of
RH and more supersaturation. AIRS temperature data
are consistent with this hypothesis on a hemispheric
basis, but correlations are not precise. Further, more
detailed studies to supplement the global picture are
desirable.

Further studies of supersaturated conditions from
AIRS may be able to shed some light on cloud nucle-
ation processes when combined with other satellite sen-
sors. If done properly, an integrated retrieval algorithm
will directly produce relative humidity (as well as spe-
cific humidity and temperature) with uncertainties
lower than this method. Using an updated AIRS re-
trieval and cloud properties from a suite of sensors fly-
ing in formation on NASA’s A-Train [such as the Mod-
erate Resolution Imaging Spectroradiometer (MODIS)
and CloudSat], we may be able to examine these im-
portant questions of ice nucleation and its global im-
pact, as well as improve global models to examine per-
turbations to the earth system.
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