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and the maximum �ight time is between 8 and 10 hr. When
taking off from Palmdale SOFIA’s operation area is limited to
the Paci�c Ocean and the continental US.

Despite �ying at altitudes that are above 99.9% of the water
vapor in the Earth’s atmosphere, far-infrared observations with
SOFIA nevertheless still suffer from absorption of the astronom-
ical signal by atmospheric gases, especially water vapor. To �rst
order the transmission of Earth’s atmosphere can be parameterized
by the total precipitable water vapor (PWV) content in a column
of air along the telescope’s line of sight. FIFI-LS (Far Infrared
Field-Imaging Line Spectrometer) (Colditz et al. 2012; Klein et al.
2014; Fischer et al. 2018; Colditz et al. 2018) is a SOFIA facility
class science instrument onboard SOFIA. The instrument is an
integral �eld, far-infrared spectrometer spanning the 51–203 � m
wavelength range providing a spectral resolution between R = 500
to R = 2000 depending on the wavelength observed. The
instrument includes two independent grating spectrometers
sharing a common �eld of view (FOV). The short wavelength
spectrometer (blue channel) operates in the 51–125 � m wave-
length region, and the long wavelength spectrometer (red channel)
covers 115–203 � m. Each channel consists of a 5 × 5 spatial pixel

array. The blue channel has a pixel size of 6� × 6� yielding a 0.5�2

FOV, and the red channel has a pixel size of 12� × 12� yielding a
1�2 FOV.

Correcting the Earth’s atmospheric absorption in data
obtained with the FIFI-LS instrument is accomplished by
dividing the measured spectrum with a model atmospheric
transmission curve (currently derived from ATRAN, Lord
1992) calculated for a given PWV value. Example ATRAN
transmission curves for wavelengths around some astronomi-
cally important emission lines within the wavelength range
accessible with the FIFI-LS instrument are shown in Figure 1
for various PWV values. Observations of the [O I]63.18 � m
emission line are most sensitive to PWV while observations of
the [O III]88.36 � m emission line are less sensitive to PWV.

This paper is the third in a series in which we discuss novel
atmospheric calibration efforts for the FIFI-LS instrument on
board SOFIA. In Paper I (Fischer et al. 2021), we discussed in
detail the method for determining and correcting atmospheric
absorption in FIFI-LS spectra using FIFI-LS PWV measure-
ments which are designed to target speci�c water features. In
Paper II (Iserlohe et al. 2021), we discussed a new method for

Table 1
Flight Altitudes at which SOFIA Flies and Corresponding Ambient Pressure

Flight altitude [kft] 37 38 39 40 41 42 43 44 45
Pressure [mbar] 216 206 196 187 178 170 162 154 147

Figure 1. ATRAN atmospheric transmission curves for a PWV value of 2, 4, 8 and 16 � m, a �ight altitude of 43,000 ft and a zenith angle of 50° around a few
astronomically important emission lines in the far-infrared. The PWV curve with the highest average transmission corresponds to the lowest PWV value. The green
lines indicate a velocity shift of the emission line of 0 km s−1. The red bars indicate velocity shifts with prominent ozone absorption features.
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correcting atmospheric absorption in FIFI-LS data based on
satellite observations and atmospheric analyses. In this paper
we present worldwide, seasonal, median PWV maps which
could be used to substantially improve the SOFIA �ight
planning process. Additionally, we discuss observing condi-
tions in terms of PWV for various locations with respect to
future deployments of SOFIA especially to the southern
hemisphere. We also compare PWV values derived from
atmospheric re-analyses (ERA5 and MERRA-2) with in situ
measurements by FIFI-LS.

2. Data

The PWV maps presented here were created from data
downloaded from the ERA5 catalog (Hersbach et al. 2020) of
the European Centre for Medium-Range Weather Forecasts
(ECMWF). We follow the data reduction procedure as outlined
in Paper II (Iserlohe et al. 2021), and used the correlation from
that paper to convert the derived PWV values to those that the

FIFI-LS instrument on board SOFIA would measure during
observations. We created PWV maps for every second day of
the year for every year between 2001 and 2020 for �ight
altitudes ranging from 34,000 ft to 45,000 ft (in steps of 1000
ft). From those we created seasonal maps of the PWV
percentiles with a geographical resolution of 0°.5. Example
PWV maps covering the Earth’s surface for latitudes ranging
from −60° to +60° for a �ight altitude of 39,000 ft on 2020 Jan
01 and 2020 July 01 are shown in Figure 2. This �gure shows,
for example, that the water vapor above 39,000 ft is increased
during the local summer season in, e.g., the altiplano regions of
Bolivia or during the monsoon period in south Asia.

3. Results

All PWV values presented here are scaled with the ECMWF-
to-FIFI-LS correlation presented in Iserlohe et al. (2021):

� � � ���PWV 0.34 0.55 PWVFIFI LS ECMWF*

Figure 2. Total upward PWV map of the world at a �ight altitude of 39,000 ft on 1/ 1/ 2020 and 7/ 1/ 2020, 0:00 UTC between a latitude of −60° and +60°.
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The data plotted in the Figures 4, 5, 6, 17, 20, 21, 22, and 23
can be requested in electronic form from the DSI.3

3.1. Monthly PWV Values, De� nition of SOFIA Seasons

Curves of the median PWV (P50, where 50 designates the
50th percentile) as a function of month of the year and �ight
altitude and latitude range are shown in Figure 3. All P50
curves have their maximum/ minimum in the meteorological
summer/ winter, independent of �ight altitude and latitude. The
three highest P50 values are usually in the meteorological
summer season and the three lowest P50 values are usually in
the meteorological winter season. Hence, in the following we
split our data sets according to the meteorological seasons. The
shaded areas in Figure 3 indicate the P25 (the 25th percentile)
to P75 (the 75th percentile) range (for one latitude range) and
serve as indicators for the stability of the observing conditions.

For example, in the northern hemisphere between +30° and
+50° at 37,000 ft, during the June to August period, P75-P25 is
on average about 8.1 � m while during the December to
February period P75-P25 is on average about 2.0 � m. In the
southern hemisphere between −30° and −50° at 37,000 ft,
during the June to August period, P75-P25 is on average about
1.9 � m while during the December to February period P75-P25
is on average about 4.5 � m. Hence, on a given hemisphere,
conditions are more unstable in the meteorological, local
summer season than in the local winter season.

3.2. Seasonal P50 World Maps

Seasonal P50 maps for �ight altitudes of 37,000, 39,000,
41,000, 43,000, and 45,000 ft for latitudes ranging from −70°
to 70° and longitudes ranging from −180° to +180°are shown
in Figures 4, 5 and 6. The gray contours correspond to the
standard deviations of the PWV values, � PWV. We present
conclusions derived from these maps in the following sections.

3.3. Latitude Dependence of PWV

Seasonal P50 curves calculated from data covering all
longitudes but only a speci�c latitude range, P50L, as a
function of �ight altitude are shown in Figure 7 (top). As a rule
of thumb, P50L decreases with increasing distance from the
equator. For example, at a �ight altitude of 40,000 ft and at a
latitude of +30° the yearly P50L is 5.9 � m while further north
at a latitude of +60° the yearly P50L is only 3.7 � m. The
average rate at which the yearly P50L decreases with
increasing distance to the equator is roughly about 20% per
10° (corresponding to about 1100 km) at 38,000 ft and 10% per
10° at 43,000 ft.

In the equatorial region, at latitudes ranging from −20° to
+20° the atmospheric transmission at the wavelength of the
astronomically important [O I]63.18 � m emission line

calculated with the P50L values (assuming a zenith angle of
50°) is generally below 50% for �ight altitudes below 40,000
ft. Therefore, observations of this line at these latitudes will be
inef�cient and result in relatively low signal-to-noise data. On
the equator P50L is about 17.6 � m at 37,000 ft, corresponding
to a transmission of less than 20%, which renders this emission
line nearly unobservable.

Figure 7 also shows the seasonal dependence of P50L.
While, during the northern winter season (the December to
February season), P50L is lower on the northern than on the
southern hemisphere, the opposite is true for the northern
summer solstice (June to August season). However, the P50L
curves do not shift symmetrically around the equator during the
seasons. For example, the P50L curve for a latitude of −20°
(corresponding to a latitude of about that of Tahiti) during the
December to February season is lower than the corresponding
P50L curve for a latitude of +20° (corresponding to a latitude
of about that of Hilo, Hawaii) during the June to August
season. Hence, north of the equator the PWV values are always
larger with respect to those south of the equator during solstices
which probably is related to the larger land masses in the
northern hemisphere.

Figure 7 (bottom) shows the seasonal standard deviation
curves calculated from data covering all longitudes but only a
speci�c latitude range, � L, as a function of �ight altitude. At
37,000 ft the ratio � L/ P50L is about 0.5 but decreases rapidly
with �ight altitude. Hence, low �ight altitudes provide
generally more unstable conditions in terms of PWV than high
�ight altitudes.

To quickly identify if a geographical area at some
geographical latitude provides better conditions than any other
area at the same latitude we plot the P50-P50L map for a �ight
altitude of 40,000 ft in Figure 8. From this example, one can
easily see that west of the South American continent on the
equator, the median PWV, P50, is smaller by a few microns
than the median PWV for the whole latitude range, P50L. In
the south Asian region the opposite is the case. Tahiti and the
Easter Island are located in regions where the conditions in
terms of PWV are worse than for locations at similar latitudes.

3.4. Notes on Flight Routes Over the North American and
the Paci� c Regions for Flights out of Palmdale

3.4.1. Notes on Selected Regions and US Cities:

SOFIA is stationed at the Armstrong Flight Research Center
in Palmdale, California, USA. Usually �ights start from
Palmdale and end in Palmdale when SOFIA is not deployed
to, e.g., New Zealand or Germany. Seasonal P50 maps for
various �ight altitudes for North America and the Paci�c are
shown in Figures 9, 10 and 11.

The observing conditions are generally better in terms of P50
and � PWV westwards of Palmdale over the paci�c in the so-
called Dry Hole than the average at that latitude, especially3 https:// www.dsi.uni-stuttgart.de
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Figure 3. P50 curves as a function of month, latitude, and �ight altitude for the northern (top six panels) and southern (bottom six panels) hemisphere. The world maps
indicate the latitude ranges for which the monthly P50 values were determined: −70° to −50°, −50° to −30°, −30° to −10°, −10° to 10°, 10° to 30°, 30° to 50° and
50° to 70°. The histograms show the corresponding monthly P50 values. The blue/ red shaded area indicate the range from P25 to P75 for latitudes ranging from 30° to
50° and −30° to −50°, respectively. The meteorological seasons are indicated by vertical lines.
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from June to August. The center of the Dry Hole is
approximately at 133° W and 34° N (about 1400 km westwards
of Palmdale, which is at 118° 6� W 34° 34� N) and has a radius
of about 1500 km. For example, during the summer at a �ight
altitude of 39,000 ft and within the dry hole P50 is about 7 � m
while outside of the hole, at the same latitude, it is about
11 � m. From June to August the observing conditions over the
southeastern US are generally worse than in the Palmdale area
or in the Dry Hole.

For example, during the June–August season at a �ight
altitude of 41,000 ft the P50 values for Dallas, Texas, and
Miami, Florida, are about 6.6 � m and about 7.8 � m, respec-
tively, while on the west coast at Moffett Field it is about
4.8 � m and further north at Seattle, Washington, it is about
4.1 � m. P50 values for additional US cities can be found in
Table A1.

Figure 12 shows the mean observing time as a function of
�ight altitude. About 60% of the FIFI-LS observations were
carried out at �ight altitudes equal to or higher than 43,000 ft at
distances less than about 1200 km around Palmdale. Air traf�c
is usually less regulated over the paci�c than over the
continental US. However, �ight routes that run N-S directly
west of Palmdale are heavily controlled by air traf�c control

(ATC), and such �ights are often forced to stay at low altitudes
(36,000–37,000 ft) due to heavy air traf�c on the Hawaii/ Asia/
Paci�c to Los Angeles �ight corridor.

3.4.2. The Effect of Transmission Changes on Integration
Times

The total background emission at a speci�c wavelength, B,
in SOFIA observations is the sum of the emission of the sky,
the telescope (primary, secondary, and tertiary mirror), and the
instrument, and can be modeled as:

( ( )
( )

( )) ( )
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with the telescope area, A, the pixel scale, � , the �lter
throughput, Q, the integration time, t, the transmissivity and
emissivity of the sky, the telescope, and the instrument, a and ò
(with ò = 1 − a), and blackbody emission at the temperature of
the sky, the telescope and the instrument, �� .

In the case of the FIFI-LS instrument we can ignore the last
term in Equation (1) since all optical components and the

Figure 4. Seasonal P50 maps (in � m) for a �ight altitude of 37,000 ft. White contours correspond to the standard deviations of the PWV values, � PWV, in � m.
Magenta points locate (from west to east) Hilo (Hawaii), Tahiti, the Dry Hole, Palmdale (USA), Easter Island (Chile), Santiago de Chile (Chile), Buenos Aires
(Argentina), Cologne (Germany), Christchurch (New Zealand).
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Figure 25. Correlation of FIFI-LS PWV measurements with atmospheric models. In the �rst and second row the ECMWF model is used. The �rst row shows the
correlation where the black line is a linear regression line (coef�cients are noted). Color coding represents the �ight altitude at which the FIFI-LS PWV measurement
took place. The dashed line indicates a one-to-one correlation. The second row gives the relative deviation of the FIFI-LS PWV measurements from the atmospheric
model. There, the left panel shows the relative deviations from the model. The middle panel shows the relative deviations in histogram form considering FIFI-LS PWV
measurements that were obtained on all �ight altitudes. The right panel shows the relative deviations in histogram form considering FIFI-LS PWV measurements that
were obtained on �ight altitudes less equal 40,000 ft (cyan) and less equal 39,000 ft (blue) respectively. A Gaussian is �tted to each histogram and its FWHM is noted.
The third and fourth row are the same as the �rst and second row but the GEOS model was used instead.
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The results contain modi�ed Copernicus Climate Change
Service information. Neither the European Commission nor
ECMWF is responsible for any use that may be made of the
Copernicus information or data it contains.

Data from the “ERA5 hourly data on pressure levels from
1979 to present” data set were downloaded between December
2020 and December 2021.

SOFIA, the “Stratospheric Observatory for Infrared Astron-
omy” is a joint project of the Deutsches Zentrum für Luft- und

Raumfahrt e.V. (DLR, German Aerospace Centre; grants
50OK0901, 50OK1301, 50OK1701 and 50OK2002) and the
National Aeronautics and Space Administration (NASA). It is
funded on behalf of DLR by the Federal Ministry for Economic
Affairs and Climate Action (the former Federal Ministry for
Economic Affairs and Energy) based on legislation by the
German Parliament and funded by the state of Baden-
Württemberg and the Universität Stuttgart. Scienti�c operation
for Germany is coordinated by the German SOFIA Institute
(DSI) of the Universität Stuttgart, in the USA by the
Universities Space Research Association (USRA).

Figure 26. PWV curves for SOFIA �ight 638 derived from ECMWF (ERA5) in black and GEOS (MERRA-2) in orange. The curves were scaled with the
corresponding equations from Figure 25. FIFI-LS PWV measurements during this �ight derived from data from the red/ blue channel of the instrument in red/ blue,
their average in cyan, and �ight altitude in kft in gray.

Figure 27. Linear regression lines to correlations of FIFI-LS PWV measurements from individual years with PWV values derived from ECMWF (left) and GEOS
(right). The numbers in parenthesis give the number of FIFI-LS PWV measurements used.
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Appendix
Additional Tables

Table A1
Seasonal P50 Values as a Function of Flight Altitude for Selected Sites in the US

Level Sites

[kft] HI CA WA AZ TX MN FL DC DL

P50 [� m]

Dec—Feb
37 6.8 5.8 4.8 6.0 6.9 4.3 8.7 5.3 6.3
39 5.0 4.3 3.8 4.3 4.8 3.7 5.6 4.0 4.6
41 3.8 3.5 3.3 3.5 3.6 3.3 4.0 3.3 3.5
43 3.1 3.0 2.9 2.9 3.0 2.9 3.1 3.0 3.0

Mar—May
37 9.4 7.3 5.1 7.3 8.8 5.6 10.1 7.1 8.4
39 6.6 5.0 3.9 5.2 6.1 4.1 6.7 5.0 5.8
41 4.9 3.8 3.2 3.9 4.3 3.3 4.7 3.7 4.2
43 3.7 3.0 2.9 3.1 3.3 2.9 3.5 3.0 3.2

Jun—Aug
37 12.1 9.0 8.5 12.3 16.3 9.9 20.6 15.2 14.9
39 8.0 6.4 5.7 8.2 10.3 6.6 12.2 9.5 9.7
41 5.8 4.8 4.1 5.8 6.9 4.7 7.8 6.3 6.6
43 4.3 3.8 3.3 4.4 5.0 3.6 5.3 4.4 4.7

Sep—Nov
37 12.0 8.1 7.1 8.3 9.9 7.0 15.2 8.7 9.1
39 7.9 5.7 5.1 5.9 6.7 5.0 9.6 5.9 6.3
41 5.6 4.3 3.9 4.5 4.9 3.9 6.2 4.4 4.7
43 4.1 3.5 3.3 3.6 3.8 3.3 4.3 3.5 3.7

Note. HI: Hickham Field; CA: Moffett Field; WA: Seattle; AZ: Tucson; TX: Austin; MN: Minneapolis; FL: Miami; DC: Washington, DC; DL: Dallas. Values have
been extracted from the model grid box (50 × 50 km).
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Table A2
Seasonal P10, P50, and P90 Values for Worldwide Selected Sites

Level Sites Sites Sites

[kft] TA HI EI SC DH PD BA CC CO L TA HI EI SC DH PD BA CC CO L TA HI EI SC DH PD BA CC CO

P10 (� m) P50 (� m) P90 (� m)

Dec–Feb
34 16.6 7.1 11.0 7.9 5.9 5.7 8.2 6.4 5.0 35.1 13.1 19.3 13.7 11.6 10.6 15.3 13.6 7.0 64.0 35.2 33.0 31.5 21.8 21.3 44.2 27.7 11.6
35 13.3 6.0 9.1 6.7 5.1 5.0 6.8 5.4 4.5 26.6 10.4 15.1 10.9 9.2 8.5 11.9 10.6 6.1 46.9 26.2 24.7 23.8 16.3 16.1 33.2 20.6 9.4
36 10.8 5.2 7.5 5.7 4.5 4.4 5.8 4.7 4.2 20.4 8.5 12.0 8.9 7.4 7.1 9.6 8.5 5.4 34.7 19.8 18.8 18.2 12.5 12.4 25.2 15.5 7.8
37 9.0 4.6 6.4 4.9 4.1 4.1 5.0 4.2 3.9 15.9 7.2 9.7 7.4 6.2 6.0 7.9 6.9 4.8 26.1 15.3 14.7 14.2 9.9 9.8 19.4 12.1 6.7
38 7.4 4.1 5.4 4.3 3.8 3.7 4.4 3.8 3.7 12.3 6.0 7.9 6.2 5.2 5.1 6.5 5.7 4.3 19.4 11.8 11.5 11.0 7.9 7.8 14.8 9.4 5.8
39 6.2 3.7 4.6 3.8 3.5 3.4 3.9 3.5 3.5 9.6 5.1 6.5 5.2 4.5 4.4 5.4 4.8 3.9 14.3 9.1 9.1 8.6 6.3 6.3 11.3 7.4 5.0
40 5.2 3.3 4.0 3.5 3.2 3.2 3.5 3.3 3.3 7.6 4.5 5.5 4.5 3.9 3.9 4.6 4.1 3.6 10.9 7.3 7.4 6.9 5.3 5.3 8.9 6.0 4.5
41 4.4 3.0 3.5 3.2 3.0 3.0 3.2 3.1 3.1 6.1 3.9 4.6 3.9 3.5 3.5 4.0 3.6 3.4 8.3 5.9 6.0 5.6 4.5 4.5 6.9 4.9 4.0
42 3.8 2.8 3.1 2.9 2.8 2.8 3.0 2.9 2.9 5.0 3.5 4.0 3.5 3.2 3.2 3.5 3.3 3.2 6.4 4.9 5.0 4.7 3.9 3.9 5.5 4.1 3.6
43 3.4 2.6 2.8 2.7 2.7 2.7 2.8 2.7 2.8 4.3 3.2 3.5 3.2 3.0 3.0 3.2 3.0 3.0 5.2 4.1 4.3 4.0 3.5 3.5 4.6 3.6 3.3
44 3.0 2.5 2.6 2.6 2.5 2.5 2.6 2.6 2.7 3.7 2.9 3.1 2.9 2.8 2.8 3.0 2.8 2.9 4.4 3.7 3.8 3.6 3.2 3.2 3.9 3.2 3.1
45 2.7 2.3 2.4 2.4 2.4 2.4 2.5 2.5 2.5 3.2 2.7 2.8 2.7 2.6 2.6 2.7 2.7 2.7 3.7 3.2 3.3 3.2 2.9 2.9 3.4 2.9 2.9

Mar–May
34 14.7 9.9 10.1 7.6 7.4 6.8 7.5 5.9 4.9 30.6 20.2 19.3 13.2 14.2 12.9 13.4 10.5 8.0 54.6 44.2 33.7 26.0 25.4 24.0 29.4 19.3 13.6
35 12.0 8.3 8.4 6.5 6.2 5.8 6.4 5.1 4.4 23.5 16.0 15.1 10.6 11.4 10.5 10.7 8.5 6.7 40.3 33.4 25.3 19.7 19.5 18.3 22.2 14.7 10.8
36 9.9 7.1 7.1 5.6 5.3 5.0 5.5 4.5 4.1 18.2 12.8 12.0 8.6 9.4 8.7 8.7 7.0 5.7 30.0 25.4 19.3 15.3 15.2 14.3 17.0 11.5 8.8
37 8.4 6.1 6.1 4.9 4.7 4.4 4.8 4.0 3.8 14.3 10.5 9.7 7.2 7.8 7.3 7.3 5.9 4.9 22.7 19.7 15.1 12.1 12.2 11.5 13.3 9.2 7.3
38 7.0 5.2 5.2 4.3 4.1 3.9 4.2 3.7 3.5 11.2 8.6 7.9 6.1 6.6 6.1 6.1 5.0 4.3 17.0 15.1 11.7 9.5 9.8 9.3 10.4 7.4 6.2
39 5.9 4.5 4.5 3.8 3.7 3.6 3.7 3.4 3.3 8.8 7.1 6.5 5.1 5.5 5.2 5.1 4.3 3.8 12.7 11.6 9.2 7.6 8.0 7.6 8.1 6.0 5.2
40 5.0 4.0 3.9 3.4 3.4 3.3 3.4 3.2 3.1 7.1 6.0 5.4 4.4 4.7 4.5 4.4 3.8 3.5 9.8 9.2 7.4 6.2 6.7 6.3 6.6 5.1 4.5
41 4.3 3.5 3.5 3.1 3.1 3.1 3.1 3.0 3.0 5.7 5.1 4.6 3.8 4.0 3.8 3.8 3.4 3.2 7.5 7.3 6.0 5.2 5.6 5.3 5.4 4.3 4.0
42 3.7 3.2 3.1 2.9 2.9 2.9 2.9 2.8 2.8 4.7 4.4 3.9 3.4 3.5 3.4 3.4 3.1 3.0 5.9 5.9 5.0 4.3 4.7 4.5 4.5 3.7 3.5
43 3.3 2.9 2.8 2.7 2.7 2.7 2.7 2.6 2.7 4.0 3.8 3.4 3.1 3.1 3.0 3.1 2.8 2.9 4.8 4.9 4.2 3.8 4.1 3.9 3.9 3.2 3.2
44 3.0 2.7 2.6 2.6 2.6 2.5 2.6 2.5 2.6 3.5 3.4 3.1 2.8 2.9 2.8 2.8 2.7 2.8 4.1 4.2 3.7 3.3 3.6 3.5 3.4 2.9 3.0
45 2.7 2.5 2.5 2.4 2.4 2.4 2.4 2.4 2.4 3.1 3.0 2.8 2.6 2.7 2.6 2.6 2.6 2.6 3.5 3.6 3.2 3.0 3.2 3.1 3.0 2.7 2.8

Jun–Aug
34 10.6 14.5 7.1 5.3 11.0 10.7 5.3 4.5 7.2 18.5 24.6 15.0 10.4 18.1 18.0 10.4 6.1 15.3 37.0 47.1 27.2 21.3 31.6 39.7 21.9 9.9 25.2
35 9.0 12.1 6.1 4.8 9.3 9.0 4.8 4.2 5.8 14.8 19.5 11.8 8.5 14.5 14.4 8.4 5.3 11.9 27.8 35.8 20.7 16.4 24.1 29.9 16.9 8.0 19.1
36 7.7 10.1 5.4 4.4 7.9 7.7 4.4 3.9 4.9 12.1 15.6 9.5 7.1 11.9 11.8 7.0 4.7 9.4 21.2 27.4 16.0 12.9 18.8 22.8 13.2 6.7 14.8
37 6.7 8.7 4.8 4.0 6.8 6.7 4.0 3.7 4.4 10.1 12.8 7.9 6.0 9.9 9.8 6.0 4.3 7.6 16.5 21.3 12.6 10.4 15.0 17.9 10.5 5.7 11.8
38 5.8 7.4 4.4 3.7 5.9 5.8 3.7 3.5 3.9 8.4 10.4 6.5 5.2 8.3 8.2 5.2 3.9 6.2 12.8 16.3 10.0 8.3 11.9 14.0 8.4 4.9 9.3
39 5.1 6.3 3.9 3.5 5.1 5.1 3.5 3.3 3.6 7.0 8.5 5.5 4.5 6.9 6.9 4.5 3.6 5.1 10.0 12.5 7.9 6.8 9.6 11.0 6.8 4.3 7.5
40 4.5 5.4 3.6 3.3 4.5 4.5 3.3 3.1 3.4 6.0 7.1 4.8 4.0 5.9 5.9 4.0 3.3 4.3 8.0 9.8 6.5 5.7 7.9 8.9 5.7 3.9 6.1
41 4.0 4.7 3.3 3.1 4.0 4.0 3.1 2.9 3.1 5.1 6.0 4.2 3.6 5.0 5.1 3.6 3.1 3.8 6.5 7.7 5.4 4.8 6.6 7.3 4.8 3.5 5.1
42 3.6 4.1 3.1 2.9 3.6 3.6 2.9 2.8 3.0 4.4 5.0 3.7 3.3 4.4 4.4 3.3 3.0 3.4 5.3 6.2 4.6 4.1 5.5 6.1 4.1 3.2 4.3
43 3.3 3.6 2.9 2.8 3.3 3.3 2.8 2.7 2.8 3.9 4.4 3.3 3.0 3.9 3.9 3.0 2.8 3.1 4.5 5.2 4.0 3.7 4.7 5.2 3.6 3.0 3.7
44 3.0 3.3 2.7 2.6 3.0 3.0 2.6 2.5 2.7 3.5 3.8 3.1 2.9 3.5 3.6 2.8 2.7 2.9 4.0 4.5 3.6 3.3 4.2 4.6 3.3 2.8 3.4
45 2.8 3.0 2.6 2.5 2.8 2.8 2.5 2.4 2.5 3.1 3.4 2.8 2.7 3.2 3.2 2.7 2.6 2.7 3.5 3.9 3.2 3.0 3.7 4.0 3.0 2.7 3.0

Sep–Nov
34 12.4 12.4 8.9 6.1 9.2 8.6 6.2 4.7 6.1 24.1 26.3 17.5 11.7 16.4 15.1 12.0 7.5 11.9 45.0 51.6 29.9 22.4 29.5 29.0 27.3 15.3 21.4
35 10.4 10.2 7.5 5.4 7.8 7.3 5.5 4.4 5.3 18.8 20.5 13.8 9.5 13.0 12.1 9.7 6.3 9.7 33.5 38.6 22.7 17.3 22.3 22.0 20.9 11.9 16.5
36 8.7 8.5 6.4 4.9 6.6 6.3 4.9 4.1 4.8 14.8 16.2 11.1 7.9 10.5 9.9 8.0 5.4 8.0 25.2 29.1 17.5 13.6 17.3 17.0 16.1 9.5 13.0
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Table A2
(Continued)

Level Sites Sites Sites

[kft] TA HI EI SC DH PD BA CC CO L TA HI EI SC DH PD BA CC CO L TA HI EI SC DH PD BA CC CO

37 7.6 7.3 5.6 4.4 5.8 5.6 4.5 3.8 4.4 12.0 13.0 9.1 6.7 8.7 8.3 6.8 4.8 6.7 19.4 22.3 13.9 10.9 13.7 13.5 12.8 7.7 10.5
38 6.5 6.2 4.9 4.1 5.1 4.9 4.1 3.6 4.1 9.7 10.4 7.5 5.7 7.2 7.0 5.8 4.3 5.7 14.8 16.9 11.0 8.7 10.8 10.7 10.1 6.4 8.5
39 5.6 5.4 4.4 3.8 4.5 4.4 3.8 3.4 3.8 7.9 8.4 6.2 5.0 6.1 5.9 5.0 3.9 4.9 11.4 12.8 8.7 7.1 8.6 8.5 8.0 5.3 7.0
40 4.9 4.7 4.0 3.5 4.0 4.0 3.5 3.3 3.6 6.6 7.0 5.3 4.4 5.2 5.1 4.4 3.6 4.3 9.0 9.9 7.2 6.0 7.1 7.0 6.6 4.5 5.9
41 4.3 4.2 3.6 3.3 3.7 3.6 3.3 3.1 3.3 5.5 5.8 4.6 3.9 4.5 4.4 3.9 3.4 3.8 7.1 7.7 5.9 5.0 5.9 5.8 5.4 4.0 5.0
42 3.9 3.8 3.3 3.1 3.4 3.3 3.1 2.9 3.2 4.7 4.9 4.0 3.5 4.0 3.9 3.5 3.2 3.5 5.8 6.2 5.0 4.4 5.0 4.9 4.6 3.5 4.3
43 3.5 3.4 3.1 2.9 3.1 3.1 2.9 2.8 3.0 4.1 4.2 3.6 3.3 3.6 3.6 3.3 3.0 3.2 4.9 5.1 4.3 3.8 4.3 4.3 4.0 3.3 3.8
44 3.2 3.1 2.9 2.8 2.9 2.9 2.8 2.7 2.8 3.7 3.7 3.3 3.1 3.3 3.3 3.1 2.9 3.1 4.2 4.4 3.8 3.5 3.8 3.8 3.6 3.0 3.4
45 2.9 2.9 2.7 2.6 2.8 2.7 2.6 2.6 2.7 3.3 3.3 3.0 2.9 3.0 3.0 2.9 2.7 2.9 3.7 3.8 3.4 3.2 3.4 3.4 3.2 2.9 3.1

Note. Seasonal 10th, 50th, and 90th percentiles of the PWV value, P10, P50, and P90, in � m for selected sites as a function of �ight altitudes and corresponding transmissions at the wavelength of the
astronomically important [O I]63.18 � m emission line at rest. TA: Tahiti; HI: Hilo, Hawaii; EI: Easter Island, Chile; SC: Santiago de Chile, Chile; DH: Dry hole; PD: Palmdale, USA; BA: Buenos
Aires, Argentina; CC: Christchurch, New Zealand; CO: Cologne, Germany.
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Table A3
Seasonal P25 and P75 Values for Worldwide Selected Sites

Level Sites Sites

[kft] TA HI EI SC DH PD BA CC CO L TA HI EI SC DH PD BA CC CO

P25 [� m] P75 [� m]

Dec–Feb
34 23.9 9.0 14.4 10.1 8.6 7.9 10.6 9.4 5.7 50.5 21.2 26.5 21.1 17.0 15.9 26.5 20.2 9.6
35 18.7 7.6 11.5 8.3 7.1 6.7 8.6 7.6 5.1 37.6 16.1 20.2 16.2 13.0 12.3 20.0 15.3 8.0
36 14.8 6.4 9.4 7.0 6.0 5.7 7.2 6.2 4.7 28.2 12.5 15.6 12.7 10.1 9.8 15.4 11.9 6.8
37 12.0 5.6 7.9 6.0 5.2 5.0 6.1 5.3 4.3 21.5 10.0 12.4 10.2 8.2 8.0 12.1 9.4 6.0
38 9.6 4.9 6.6 5.1 4.5 4.4 5.2 4.6 4.0 16.2 8.1 9.8 8.2 6.7 6.6 9.5 7.5 5.2
39 7.7 4.3 5.5 4.4 4.0 4.0 4.5 4.0 3.7 12.2 6.6 7.9 6.7 5.5 5.5 7.5 6.0 4.6
40 6.4 3.9 4.7 4.0 3.7 3.6 4.0 3.6 3.5 9.5 5.6 6.5 5.6 4.8 4.7 6.2 5.0 4.2
41 5.3 3.5 4.1 3.5 3.4 3.3 3.6 3.3 3.3 7.4 4.8 5.4 4.7 4.1 4.1 5.1 4.2 3.8
42 4.5 3.2 3.6 3.2 3.1 3.1 3.2 3.1 3.1 5.9 4.1 4.6 4.1 3.6 3.6 4.3 3.7 3.4
43 3.9 3.0 3.2 3.0 2.9 2.9 3.0 2.9 3.0 4.8 3.7 4.0 3.6 3.3 3.3 3.8 3.3 3.2
44 3.4 2.8 2.9 2.8 2.8 2.8 2.8 2.8 2.9 4.1 3.3 3.5 3.3 3.1 3.1 3.4 3.0 3.0
45 3.0 2.6 2.7 2.6 2.6 2.6 2.6 2.6 2.7 3.5 3.0 3.1 3.0 2.9 2.8 3.0 2.8 2.9

Mar–May
34 20.6 13.7 13.6 9.6 10.5 9.6 9.6 7.8 6.1 43.5 31.1 26.7 19.0 19.7 18.0 19.4 14.7 10.8
35 16.3 11.3 11.0 8.0 8.7 8.0 8.0 6.6 5.3 32.6 23.8 20.4 14.7 15.3 14.2 15.0 11.5 8.7
36 13.1 9.4 9.0 6.7 7.2 6.8 6.7 5.6 4.7 24.7 18.5 15.8 11.6 12.2 11.4 11.8 9.2 7.2
37 10.7 8.0 7.6 5.8 6.2 5.8 5.8 4.9 4.3 19.0 14.7 12.5 9.4 10.0 9.4 9.5 7.5 6.1
38 8.7 6.7 6.3 5.0 5.2 5.0 5.0 4.3 3.9 14.5 11.7 9.9 7.6 8.2 7.8 7.7 6.2 5.3
39 7.1 5.7 5.3 4.3 4.5 4.3 4.3 3.8 3.6 11.0 9.3 7.9 6.3 6.8 6.5 6.3 5.2 4.6
40 5.9 4.9 4.6 3.8 3.9 3.8 3.8 3.4 3.4 8.6 7.6 6.5 5.3 5.8 5.5 5.3 4.4 4.1
41 5.0 4.2 4.0 3.4 3.5 3.4 3.4 3.2 3.2 6.8 6.3 5.4 4.5 4.9 4.7 4.5 3.8 3.6
42 4.2 3.7 3.5 3.1 3.2 3.1 3.1 3.0 3.0 5.5 5.2 4.5 3.9 4.2 4.0 3.9 3.4 3.3
43 3.7 3.3 3.1 2.9 3.0 2.9 2.9 2.8 2.9 4.5 4.5 3.9 3.4 3.7 3.5 3.4 3.0 3.1
44 3.3 3.0 2.9 2.7 2.8 2.8 2.7 2.7 2.8 3.9 3.9 3.5 3.1 3.3 3.2 3.1 2.8 2.9
45 2.9 2.8 2.7 2.6 2.6 2.6 2.6 2.6 2.6 3.4 3.4 3.1 2.8 3.0 2.9 2.8 2.7 2.7

Jun–Aug
34 13.6 18.5 10.0 7.1 13.7 13.4 7.0 5.2 10.6 27.3 36.2 21.3 15.5 24.3 27.7 15.8 7.9 20.5
35 11.3 15.1 8.2 6.1 11.3 11.1 6.0 4.7 8.3 21.0 27.9 16.3 12.2 19.0 21.2 12.4 6.6 15.7
36 9.5 12.4 6.9 5.3 9.5 9.3 5.3 4.3 6.7 16.4 21.8 12.8 9.7 15.1 16.6 9.9 5.6 12.2
37 8.2 10.5 6.0 4.8 8.1 8.0 4.7 4.0 5.6 13.2 17.3 10.3 8.0 12.3 13.4 8.1 5.0 9.8
38 7.0 8.8 5.2 4.3 6.9 6.8 4.2 3.7 4.8 10.6 13.6 8.3 6.6 10.0 10.8 6.7 4.4 7.8
39 6.0 7.4 4.6 3.9 5.9 5.9 3.8 3.5 4.2 8.5 10.8 6.7 5.6 8.2 8.8 5.6 3.9 6.3
40 5.3 6.3 4.1 3.6 5.1 5.1 3.5 3.3 3.8 7.1 8.7 5.7 4.8 6.9 7.3 4.8 3.6 5.3
41 4.6 5.4 3.7 3.3 4.5 4.5 3.3 3.1 3.4 5.9 7.1 4.8 4.2 5.8 6.2 4.2 3.3 4.5
42 4.0 4.6 3.4 3.1 4.0 4.0 3.1 2.9 3.2 5.0 5.8 4.2 3.7 5.0 5.2 3.7 3.1 3.9
43 3.6 4.1 3.1 2.9 3.6 3.7 2.9 2.8 3.0 4.3 4.9 3.7 3.4 4.3 4.6 3.3 2.9 3.5
44 3.3 3.6 2.9 2.8 3.3 3.4 2.8 2.7 2.9 3.8 4.3 3.4 3.1 3.9 4.1 3.1 2.8 3.2
45 3.0 3.2 2.7 2.6 3.0 3.1 2.6 2.6 2.7 3.4 3.7 3.1 2.9 3.5 3.7 2.9 2.7 2.9

Sep–Nov
34 16.5 18.3 11.9 8.4 12.2 11.5 8.4 5.6 8.3 34.9 40.8 23.5 16.5 23.3 22.1 17.8 11.1 16.8
35 13.4 14.7 9.8 7.1 10.1 9.6 7.1 5.0 7.0 26.5 31.0 18.1 12.9 18.0 17.1 13.8 8.8 13.2
36 11.1 12.0 8.1 6.1 8.4 8.0 6.1 4.5 6.0 20.3 23.8 14.2 10.3 14.1 13.6 11.0 7.2 10.6
37 9.3 9.9 6.9 5.3 7.1 6.9 5.3 4.2 5.3 16.0 18.5 11.4 8.5 11.4 11.0 9.0 6.0 8.7
38 7.8 8.2 5.9 4.7 6.1 5.9 4.7 3.9 4.7 12.5 14.3 9.2 7.0 9.2 9.0 7.4 5.1 7.2
39 6.6 6.9 5.1 4.2 5.3 5.2 4.2 3.6 4.2 9.8 11.1 7.5 5.9 7.5 7.4 6.1 4.4 6.0
40 5.7 5.9 4.5 3.9 4.6 4.6 3.9 3.4 3.9 8.0 8.9 6.3 5.1 6.2 6.2 5.2 4.0 5.2
41 4.9 5.0 4.0 3.6 4.1 4.1 3.6 3.3 3.6 6.5 7.1 5.3 4.4 5.3 5.3 4.5 3.6 4.5
42 4.3 4.4 3.6 3.3 3.7 3.7 3.3 3.1 3.4 5.4 5.8 4.5 3.9 4.5 4.5 4.0 3.3 3.9
43 3.8 3.9 3.3 3.1 3.4 3.4 3.1 2.9 3.2 4.6 4.8 4.0 3.6 4.0 4.0 3.6 3.1 3.6
44 3.5 3.5 3.1 3.0 3.2 3.2 2.9 2.8 3.0 4.0 4.2 3.6 3.3 3.6 3.6 3.3 3.0 3.3
45 3.1 3.2 2.9 2.8 3.0 3.0 2.8 2.7 2.9 3.5 3.6 3.2 3.0 3.3 3.3 3.1 2.8 3.0

Note. Seasonal 25th and 75th percentiles of the PWV value, P25, P75, in � m for selected sites as a function of �ight altitudes and corresponding transmissions at the
wavelength of the astronomically important [O I]63.18 � m emission line at rest. TA: Tahiti; HI: Hilo, Hawaii; EI: Easter Island, Chile; SC: Santiago de Chile, Chile;
DH: Dry hole; PD: Palmdale, USA; BA: Buenos Aires, Argentina; CC: Christchurch, New Zealand; CO: Cologne, Germany.
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