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ABSTRACT. The results of the characterization of precipitable water vapor in the atmospheric column carried
out in the context of identifying potential sites for the deployment of the Thirty Meter Telescope (TMT) are pre-
sented. Prior to starting the dedicated field campaign to look for a suitable site for the TMT, candidate sites were
selected based on a climatology report utilizing satellite data that considered water vapor as one of the study vari-
ables. These candidate sites are all of tropical or subtropical location at geographic areas dominated by high-pressure
systems. The results of the detailed on-site study, spanning a period of 4 yr, from early 2004 until the end of 2007,
confirmed the global mean statistics provided in the previous reports based on satellite data, and also confirmed that
all the candidate sites are exceptionally good for astronomy research. At the locations of these sites, the atmospheric
conditions are such that the higher the elevation of the site, the drier it gets. However, the data analysis shows that
during winter, San Pedro Mártir, a site about 230 m lower in elevation than Armazones, is drier than the Armazones
site. This finding is attributed to the fact that Earth’s atmosphere is largely unsaturated, leaving room for regional
variability; it is useful in illustrating the relevance of in situ atmospheric studies for understanding the global and
seasonal variability of potential sites for astronomy research. The results also show that winter and spring are the
driest seasons at all of the tested sites, with Mauna Kea (in the northern hemisphere) and Tolonchar (in the southern
hemisphere) being the tested sites with the lowest precipitable water vapor in the atmospheric column and the
highest atmospheric transmission in the near and mid-infrared bands. This is the tenth article in a series discussing
the TMT site-testing project.

1. INTRODUCTION

This article is part of series of papers reporting on the results
of the TMT site-testing campaign. The site-testing effort was
centered on a multiyear on-site study of the characteristics of
five candidate sites and included the measurements of weather-
related, turbulence-related and other atmospheric parameters of
interest. The focus of this manuscript is the discussion of the re-
sults of the statistical characterization of water vapor in the atmo-
spheric column at these sites. A complete description of the
parameters of interest, the location and physical description of
the candidate sites, and the suite of instruments used to study
all these parameters of interest is included in the first paper of
this series (Schöck et al. 2009).

The approach taken by TMT to pick the candidate sites from a
larger list of potential sites for the project was based in part on
remote sensing studies that, among other parameters, reported on
the mean values of precipitable water vapor (PWV) at these sites.
The aim of the TMT on-site testing campaign was to deploy

instrumentation at five candidate sites, those listed in Table 1,
to monitor the PWVin the atmospheric column through the years
and gather enough data to compute the statistics from in situ
observations. Unfortunately, some aspects related to the maturity
of the radiometers used to monitor the PWVand the remoteness
of the candidate sites resulted in a shorter than desired on-site
data series. Therefore, for the three TMT candidate sites located
in northern Chile (Tolar, Armazones, and Tolonchar), PWV is
estimated from in situ surface water-vapor density together with
a water-vapor scale height that was computed for the different
seasons from atmospheric soundings obtained from the city of
Antofagasta in northern Chile. For the 13N site at Mauna Kea
(Hawaii), PWV was estimated from an existing database of time
series of optical depths observed at 225 GHz, and for the San
PedroMártir site (Baja California, Mexico), PWVwas estimated
from an existing database of optical depths at 210 GHz. Conse-
quently, these additional databases, which consist of atmospheric
transparencymeasurements at specificwavelengths that could be
converted to equivalent PWVbymeans of radiative transfermod-
els, atmospheric soundings from nearby stations, and in situ sur-
face weather data, proved essential for confirmation of the
validity of the overall statistics found bymeans of the preliminary
remote sensing studies.

The reasons for monitoring PWV, the experience of TMT in
the in situ monitoring of this variable, and the data sets used for
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confirming the results from the preliminary remote sensing
studies are described in this article.

1.1 The Relevance of Monitoring Water Vapor for TMT

Atmospheric water vapor is one of the main sources of
opacity throughout the infrared spectral region, and the domi-
nant source of opacity at mid and far-infrared wavelengths. The
monitoring of PWV in the atmospheric column, ideally through
several annual cycles, is thus one of the most relevant variables
for the determination of the best location for the deployment of
astronomical observatories with instrumentation in the micro-
wave, millimeter, submillimeter and infrared bands (see, for in-
stance, Giovanelli et al. 2001). Of particular importance for
TMT, the atmospheric thermal background constitutes a large
noise component on mid-infrared observations, the effect being
so strong that any improvement in site quality translates directly
into a significantly better sensitivity of astronomical observa-
tions (Chamberlain 2001).

Specifically, the TMT science objectives require a diffraction-
limited large-aperture telescope capable of high-resolution spec-
troscopy and imaging in the near- and mid-infrared bands. From
the point of view of mid-infrared observations, a high-altitude
site with low PWV content in the atmospheric column is there-
fore favorable for TMT. The reduction in the width of the
pressure-broadened atmospheric lines results in lower thermal
background and greater atmospheric transparency.

1.2 General Aspects in the Global Distribution
of Water Vapor

Figure 1 depicts, with a 1° × 1° horizontal resolution, the
monthly average global distribution of PWV from data gathered
with the Atmospheric Infrared Sounder (AIRS, Aumann et al.
2003) sensor on board the NASA Aqua satellite.6 For the inter-
ested reader, other global water vapor data sets with resolution
of 1° × 1° using data from various remote sensing sensors and

radiosondes are described in Randel et al. (1996) and Simpson
et al. (2001), respectively. Specifically, the data represented in
Figure 1 correspond to the PWV monthly average of 2002 Sep-
tember and help illustrate the following aspects in the distribu-
tion of PWV: (a) the strong gradient with longitude with higher
levels of water vapor in the Inter-Tropical Convergence Zone
(ITCZ7) due to evaporation induced by the larger sensible heat
flux from the Sun, and lower PWV levels in the polar regions;
(b) the variation with geographic altitude is clearly inferred from
the drier regions matching the location of high elevation moun-
tain ranges such as the occidental side of the Americas, the
southwest section of Africa and central Asia; and (c) the humid
feature associated with the low-pressure system over the Ama-
zon region, and the dry areas associated with the subsidence air
of the high-pressure systems off the coast of northern Chile and
the west coast of Australia, among others.

At a regional scale, the relative dryness of regions around the
world are associated with a combination of factors including:
geomorphology, geographical altitude, air temperature, regional
circulation, and existence of subsidence temperature inversion
layers. Specifically, temperature inversions help to trap the hu-
midity below the cap of the inversion, preventing water vapor
from mixing with higher levels in the atmosphere. Other factors
could be low-level orographic circulations that induce lifting of
the humid air mass reaching precipitation windward of moun-
tains, with the net result of advection of dry air over the lee side
of the mountains. Good examples include the combination of
several of these factors that explains the dryness of the Atacama
Desert region (Otárola et al. 1998); the combination of oro-
graphic precipitation, advection of dry air, and geographical
altitude that explain the dryness of Mauna Kea; and water vapor
concentrations limited by very cold temperatures, such as in the
case of the Antarctic high plateau (see Fig. 1 in Minier
et al. 2008).

TABLE 1

LIST OF TMT CANDIDATE SITES SELECTED FOR IN SITU TESTING AND THEIR COORDINATES

Elevation Latitude Longitude PWV Median PWV 10%

Site name (m) (deg) (deg W) (mm) (mm)

Cerro Tolar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2290 −21.9639 70.0997 4.02 1.59
Cerro Armazones . . . . . . . . . . . . . . . . . . . . . . . 3064 −24.5800 70.1833 2.87 1.15
Cerro Tolonchar . . . . . . . . . . . . . . . . . . . . . . . . 4480 −23.9333 67.9750 1.70 0.70
San Pedro Mártir . . . . . . . . . . . . . . . . . . . . . . . 2830 +31.0456 115.4691 2.63 1.06
Mauna Kea 13N . . . . . . . . . . . . . . . . . . . . . . . . 4050 +19.8330 155.4810 1.86 0.72

NOTE.—The median and best 10% percentile of PWVare estimated from the remote sensing studies. Specifically, the PWV was estimated from 6.7 μm
thermal emission, originating mainly between the 300 hPa and 600 hPa pressure levels, detected by instruments onboard the GOES-8 satellite and making
use of collocated temperature information from nearby radiosonde stations.

6 Extracted from http://disc.sci.gsfc.nasa.gov/AIRS/data‑holdings/by‑data
‑product/.

7ITCZ, the Inter-Tropical Converging Zone, centered mainly at about 5° north
of the equator, is the latitude band over the Pacific and Atlantic oceans where the
northern and southern hemisphere trade winds converge (Wallace & Hobb 2006;
Takahashi & Battisti 2007).
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On a global scale, the water-vapor distribution retains sea-
sonal characteristics. However, on a regional scale, changes in
the regional circulation introduce significant variations in the
absolute humidity levels. Good examples are the monsoon pat-
terns affecting the northwest of Mexico and southwest of the US
(Maddox et al. 1995; Adam & Comrie 1997, Kursinski et al.
2008) and east Asia (Lau & Li, 1984), as well as the advection
of humid air from the Amazon basin over to the Atacama region
that is associated with the southward shift and weakening of the
high-pressure system off the coast of northern Chile (Fuenzalida
et al. 1987; Zhou & Lau, 1998).

The coordinates and altitudes of the five sites tested by TMT
are listed in Table 1; they are all tropical or subtropical locations
in geographic areas that are dominated by high-pressure sys-
tems during a significant part of the year.

2. TMT SITE TESTING: PRELIMINARY STUDIES

Because of the high cost of instrumentation needed for ac-
curate characterization of the transparency and stability of the
atmosphere at potential sites for the deployment of astronomical
facilities, and because of the expensive logistics that are re-
quired, it is advisable to begin with preliminary studies based
on prior experience and with existing climate databases to es-
tablish the mean magnitude of the parameters that are relevant
for the specific site-selection process. Consequently, the selec-
tion of the candidate sites for the Thirty Meter Telescope (TMT)
is the result of accumulated knowledge, mostly obtained from
earlier site-testing studies of geographical areas around the

globe that have been found to meet the requirements for
ground-based observatories, together with logistical consider-
ations. This process limited the possible regions to northern
Chile, the southwestern continental US, northern Mexico,
and the Hawaiian Islands (Walker et al. 2002). In addition, three
specific remote sensing studies, in the form of internal reports
by Erasmus & van Staden (2001, 2002, 2003),8 were undertaken
for TMT and its precursor projects and partners. These studies
provided information on cloud cover and PWV in northern
Chile in the region bounded by latitudes 20.5° S to 30.5° S
and longitudes 66° W to 72° W, and in the southwest US
and northern Mexico over the area 18° N to 40° N and 96° W
to 124° W (Erasmus 2005) and Mauna Kea.

Other large aperture projects, such as the European Ex-
tremely Large Telescope (E-ELT), have invested in putting
together a worldwide climatology database that allows us to
identify good candidate sites for the location of astronomical
projects and keep track of possible trends in the relevant atmo-
spheric variables of interest (Sarazin 2005).

Table 1 includes, for the five candidate sites, the median
and best 10 percentile of PWVestimated from the remote sensing
studies.Specifically, thePWVwasestimated from6.7μmthermal
emission, originating mainly between the 300 hPa and 600 hPa
pressure levels, detected by instruments on board the GOES-8
satellite and making use of collocated upper-troposphere

FIG. 1.—Example of the global distribution of monthly PWV, showing the global monthly average of PWV in 2002 September; it was done as part of this study using
data obtained from the Atmospheric InfraRed Sounder (AIRS) database.

8There are plans to make these internal studies available in the open scientific
literature.
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temperature information from radiosondes launched fromnearby
sounding stations. For a detailed description of the methodology
used to estimate PWV from 6.7 μm radiances, see Erasmus &
Sarazin (2001, 2002).

These preliminary studies were followed by a site-testing
campaign intended to provide a more complete understanding
of the statistics and variability of all the parameters of interest,
water vapor included. This article provides a more detailed de-
scription of the equipment used for the monitoring of precipi-
table water vapor in the atmospheric column (§§ 3 and 4),
results (§ 5), as well as interpretation of results and conclusions
(§§ 6 and 7).

3. INSTRUMENTS AND DATABASES USED FOR THE
CHARACTERIZATION OF PWV AT THE TMT

CANDIDATE SITES

This series of TMT site-testing papers is an effort not only to
share with the scientific community the results of the site-testing
campaign, but also to share the lessons learned in the process.
Specifically, one lesson learned was that the maturity of the in-
struments used to monitor site characteristics is crucial for the
success of the campaign. In the specific case of the radiometers
intended to be used as the main source of integrated water vapor
measurements, additional effort was required to improve their
calibration and reliability, which resulted in a more limited data

set than originally desired. However, in the end, the validity of
the measurements taken could be shown and the data set was
used to validate other PWV data series, such as those estimated
from surface water vapor density computed from in situ mea-
surements of temperature and relative humidity.

3.1 The IRMA Infrared Water Vapor Radiometers

For the monitoring of the integrated water vapor in the atmo-
spheric column above the candidate sites, the TMT project
decided to use three Infrared Radiometers for Millimetre As-
tronomy (IRMA), built by the University of Lethbridge, that
derive PWV from the observed atmospheric radiances in the
atmospheric band around the 20 μm wavelength (Smith et al.
2001; Riddle et al. 2010, in preparation). The atmospheric water
vapor content can be obtained by matching the observed infra-
red radiances to those computed from a line-by-line, layer-by-
layer, radiative transfer model that requires knowledge of the
surface pressure, temperature, and the temperature lapse rate,
as well as the water vapor scale height. Detailed technical in-
formation on the radiometers as well as on the calibration
and logic of the line-by-line radiative transfer model is found
in Smith (2001) and Naylor et al. (2002).

As an historical note, a prototype IRMA radiometer was de-
veloped in the late 1990s by the University of Lethbridge group
and tested at the James Clerk Maxwell Telescope (JCMT) site in

FIG. 2.—Armazones site: Comparison of collocated PWV data series obtained with the IRMA radiometers (gray) and that derived from measurements of the surface
water vapor density (black). The water vapor scale heights used to estimate PWV from surface water vapor density are: 1.55 km for summer season data and 1.74 km for
all of the other seasons (scale heights were obtained from the analysis of radiosonde profiles). See the electronic edition of the PASP for a color version of this figure.
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Mauna Kea in 1999 December. The motivation for construction
of the infrared radiometer and the results of the tests at the
JCMT site are given in Smith et al. (2001). This first generation
of an IRMA instrument used liquid nitrogen as a reference cali-
brator. Results of these and of followup tests were encouraging
(see, e.g, Fig. 7 in Smith et al. 2001) and were the basis for
the decision to use three new-generation IRMA radiometers
for the monitoring of water vapor at the TMT candidate sites.
Since the prototype IRMA required liquid nitrogen both for
cooling the detector and as a calibration source, it required fre-
quent operator support (approximately every few hours) and did
not lend itself to a remote deployment. The design of the new
generation of IRMA radiometers required significant modifica-
tions to allow their autonomous use at remote sites. Major
changes included the use of a mechanical Stirling engine to cool
the detector to 77 K, and a redesign of the calibration source,
which is now attached to the instrument lid.

The three IRMA radiometers were delivered to TMT in 2006
January and a side-by-side comparison campaign was conducted
during 3weeks at Cerro Paranal with the support of the ESOVery
Large Telescope staff. This test identified problems with both the
hardware and the calibration method, problems that were ad-
dressed throughout the next year at the University of Lethbridge.
Specifically, the problems found in the calibration of the IRMA
instruments were related to temperature gradients in the calibra-
tion source and the detection of a stray radiation component
traced to reflections within the IRMA enclosure. The net effect
of these problems was to introduce bias and variability in the de-
termination of PWV that are due to instrumental issues and do not
represent real fluctuations of PWV in the atmospheric column.
The latter point was complicated by the fact that, in the absence
of a liquid nitrogen reference load, calibration required observa-
tions of an ambient blackbody, attached to the inside of the IRMA
lid, that could also be heated. Unfortunately, when the blackbody
was heated, the thermal environment of the interior of the IRMA
enclosure was affected, making calibration of the units more
challenging. These problems were eliminated, or reduced, by
the addition of temperature sensors at 16 locations across the in-
side of the IRMA units; cross referencing of the internal calibra-
tion load with an external blackbody that contains additional
embedded temperature sensors; and the use of an aperture mask
in front of the detector. A sophisticated calibration method link-
ing all the different pieces of information was developed in the
process (Querel 2007). After these modifications were imple-
mented, the three IRMA units becamemore stable and they were
redeployed for another side-by-side comparison campaign on
Cerro Armazones in 2007 January. At that time, the results
showed good repeatability between the units, with an output
stable at a level of about 0.25 mm over the PWV range from
2mm to 20 mm that was encountered during the test period. This
side-by-side comparison also showed offsets of the order of
0.5 mm between units, which were likely due to remaining un-
certainties in the absolute calibration procedure. In commonwith

all remote sensing instruments, the derived PWV values depend
on the atmospheric model used and in particular on the physical
profiles (e.g., temperature, pressure, composition) of the model,
which are site dependent.

The IRMA radiometer concept is currently being redesigned
to address the calibration issues identified during the TMT test
campaign. The goal is to achieve in future units an absolute
calibration accuracy of �0:1 mm PWV.

For the interested reader, cryogenics, using liquid helium or
liquid nitrogen, for calibration and cooling of sensing instru-
ments operated at remote sites has been shown to be possible.
An example of this approach was the use of a Fourier Transform
Spectrometer monitoring the atmospheric transmission from
300 GHz to 3.5 THz at the remote area of Chajnantor (Paine
et al. 2000).

In summary, the IRMA radiometer installed at the Arma-
zones site produced data that covered about 200 days during
2007 (Fig. 2). As can be seen in Figure 2, there are two large
gaps in the time series that affect the last part of the austral sum-
mer (February/March) as well as a significant fraction of the
austral spring (October/November). The other two IRMA radi-
ometers, which were redeployed to Mauna Kea 13N and
Tolonchar after the side-by-side test, were affected by various
problems to the point that their scarce data was not of sufficient
quality to be used in this study.

3.2 Additional Databases for the Estimation of PWV

In order to gain insight into the magnitude, fluctuations, and
statistical properties of PWV at the TMT candidate sites, the
IRMAwater vapor measurements were supplemented with data
sets available from several instruments operated at nearby sta-
tions, including surface weather station measurements as well as
radiosonde soundings available for cities near the TMT sites. In
the case of the sites in northern Chile, the analysis shows that
PWV values obtained from radiosonde data for the city of
Antofagasta correlate well with the IRMA results (see scatter
plot in Fig. 3 for an example). However, a bias between the
two data sets is obvious; in § 4 it is shown that this offset, ap-
parent in the scatter plot in Figure 3, can be attributed largely to
a dry bias identified in the vertical profiles of humidity mea-
sured with radiosondes launched from the city of Antofagasta.
In addition, in this study the IRMA PWV data observed at Ar-
mazones, after redeployment in 2007, is compared to the PWV
inferred from time series of surface water density obtained from
measurements of temperature and relative humidity at the site.
This comparison (§ 4, Fig. 2) shows good agreement, support-
ing the use of PWV data estimated from surface measurements
as a good way to generate long PWV data series for the statis-
tical analysis of overall and seasonal PWV conditions at all the
sites in Chile.

For the case of San Pedro Mártir and the 13N site on Mauna
Kea, precipitable water vapor data series were calculated from
zenith optical depth data, obtained with a 210 GHz tipping
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radiometer and with a 225 GHz tipping radiometer, respectively.
Equations (1) and (2) provide the models to convert the optical
depths into an equivalent PWV measurement, in mm. The
210 GHz optical depth to PWV model is described in Otárola
et al. (2009), while the 225 GHz optical depth to PWV model
was communicated to the authors of this study by Simon
Radford (2008, private communication):

PWV ¼ 19:46 × τ 0ð210 GHzÞ � 0:31; (1)

PWV ¼ 21:422 × τ 0ð225 GHzÞ � 0:296: (2)

The 210 GHz hardware, data acquisition, and calibration at San
Pedro Mártir are described in Hiriart et al. (1997) and the
225 GHz radiometer at Mauna Kea is described in the technical
reports of Liu (1987) and McKinnon (1987). The use of micro-
wave and millimeter wavelength radiometry for the monitoring
of PWV in the atmospheric column is a well-established tech-
nique; see, for example, Westwater (1978), Han & Westwater
(2000), andDelgado et al. (1999). Additionally, two other impor-
tant studies in the open literature make use of the 225 GHz radi-
ometers for the conversion of 225 GHz atmospheric radiances
into PWV and provide detailed description of the calibration

and description of errors affecting this type of measurements:
Chamberlain & Bally (1995) and Chamberlain (2004).

4. DATA ANALYSIS

4.1 PWV from IRMA Instrument Observations and
Derived from Surface Weather Data

As stated in § 3.2, the IRMA PWV data gathered in 2007 at
the Armazones site were compared to results from PWV data
series derived from the surface weather data obtained locally
at the Armazones site and also from the analysis of atmospheric
soundings from a nearby radiosonde station (Antofagasta,
85442 SCFA). Figure 2 shows the comparison of the 2007
IRMA PWV data with those derived from measurements of
the surface water vapor density. The latter are computed from
surface measurements of temperature and relative humidity ob-
tained with the TMTweather station, and make use of a median
value of the water vapor scale height of 1.55 km for data that
falls in the summer season and 1.74 km for the data in the rest of
the year. These water vapor scale heights were computed from
the analysis of profiles of PWVof four years (2004–2007) ob-
tained from vertical atmospheric soundings from the Antofagas-
ta sounding station. The analysis showed that the mean PWV
profiles of fall, winter and spring are comparable giving similar

FIG. 3.—Comparison of PWV values obtained with the IRMA radiometer at the Armazones site and the PWV computed from radiosonde soundings available from the
Antofagasta sounding station (one sounding a day at 12 UT). (Top) the 12 UT time series of IRMA PWVand PWV derived from radiosondes; (bottom) the correspond-
ing scatter plot. The identity line in the scatter plot shows the linear correspondence between the IRMA and sounding results, but also demonstrates the offset between the
results from the two methods. See the electronic edition of the PASP for a color version of this figure.
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scale height in the vertical distribution of PWV. The integrated
water vapor in the atmospheric column is estimated from the
observation of surface weather parameters using the model

e0 ¼ es
RH
100

es ¼ 611:21 · eð18:678�
T ð∘CÞ
234:5 Þð T ð∘CÞ

257:14þT ð∘CÞÞ

ρV 0
¼ e0

RV · T
ρV z

¼ ρV 0
· e�

ðz�z0Þ
H

PWV ¼
Z

zmax

z0

ρV 0
· e�

ðz�z0Þ
H · dz

PWV ¼ ρV 0
·H · 1000 · ð1� e

z0�zmax
H Þ:

(3)

Here, the variables are: e0, the surface level partial pressure of
water vapor (Pa); es, the partial pressure of water vapor (Pa) at
saturation as a function of the surface air temperature T (used in
degrees Celsius where indicated, otherwise in Kelvin); RH, the
surface relative humidity (in percent); ρV 0

, the surface water va-
por density (kgm�3); ρV z

, the water vapor density at the altitude
z above sea level (kgm�3) RV ¼ 461:9, the water vapor gas
constant (J kg�1 K�1); H, the water vapor scale height (km);
z0, the geographic elevation of the site (km); and zmax, the max-
imum altitude in the atmosphere considered for the integration
of the water vapor density profile, in this analysis zmax ¼
12 km. The equation for the determination of the water vapor
at saturation is from the Buck Research CR4 Hygrometer
Manual (2009).

The time series of precipitable water vapor observed with the
IRMA radiometers in 2007 and that estimated from the surface
water vapor density, as well as the corresponding scatter plot,
are shown in Figure 2. This figure shows two large gaps (the
first from mid-February until mid-April and a second one from
mid-September until mid-November) when the IRMA radi-
ometer at Armazones did not produce useful data, consequently
the available data cover only about 65% of the year. Figure 2
shows no significant difference in the baseline level, and a good
match of the baseline-trend throughout the year. Also, the scat-
ter plot computed using daily averages of PWV for the IRMA
and surface data PWV shows a reasonably good agreement.
However, several very large PWV peaks are seen in the IRMA
results that significantly exceed the surface data values. These
are likely the result of clouds affecting the IRMA radiometer
measurements. It is important to clarify that the determination
of the integrated water vapor in the atmospheric column from
surface measurements of weather parameters gives accurate re-
sults only in the absence of temperature inversion layers aloft,
such that water vapor distributes exponentially with altitude
with a given scale height. For estimating integrated water vapor
in the atmospheric column at Tolar and Armazones from the
measurements of surface water vapor density, the water vapor
scale heights obtained from the analysis of radiosondes from the
Antofagasta stations were used (1.55 km in summer, 1.74 km in
all the other seasons). For the case of the higher elevation site of

Tolonchar, a scale height of 1.13 km, as reported for the atmo-
sphere above the Chajnantor site (Giovanelli et al. 2001), was
used. Similarly, the conversion of atmospheric radiances ob-
served by the IRMA radiometers into an equivalent amount
of water vapor in the atmospheric column makes use of a multi-
layer line-by-line radiative transfer code that has its own water
vapor scale height embedded in the model (Chapman et al.
2005). Consequently, an accurate determination is only possible
under ideal conditions. A more precise determination of PWV
requires knowledge of the vertical distribution of water vapor,
e.g., from a radiosonde or nearby weather stations located at
different altitudes. If the models used describe average condi-
tions, the average statistics of PWV should be captured correctly
by both data sets for the periods for which data are available.

4.2 PWV from Radiosondes Soundings from the
Antofagasta Sounding Station

In addition to the IRMA and surface data, a permanent
sounding station in the region of Antofagasta within 150 km
of Armazones (Antofagasta, 85442 SCFA) launches radio-
sondes daily at 12:00 UT (9:00 A.M. standard local time,
8:00 A.M. local daylight saving time). The soundings for the
period 2004 January 1 through 2007 December 31 were avail-
able for this study.9 The vertical profiles of air temperature and
relative humidity were used to compute the vertical profile of
water vapor density using the first three steps shown in equa-
tion (3). Finally, the integrated water vapor in the atmospheric
column is the result of integrating the water vapor density pro-
file from the altitude of the Armazones site up to a cutoff alti-
tude set to 12 km (∼204 hPa pressure level). The PWV data
series provides a total of 1160 days of coverage during the pe-
riod from the end of 2004 October, when the surface weather
station was installed at Armazones, until the end of 2007 De-
cember. Figure 4 shows the cumulative distribution of PWV
computed from the soundings and from the PWV data series
estimated from the surface weather data. It is very interesting
to notice the difference between the statistics obtained from
these two methods, with the sounding statistics being drier than
those obtained from surface weather station data. A similar off-
set is also evident in the scatter plot in Figure 3 where the PWV
data series of the IRMA radiometer and that derived from the
soundings are compared. This discrepancy required some addi-
tional research. Considering that the absolute magnitude of the
PWV time series from surface data and that from the IRMA
radiometer compared reasonably well, we started with the hy-
pothesis that the soundings results were drier than the real be-
havior of the atmosphere. This implied a dry offset in the
determination of the relative humidity. From the statistics in

9Soundings downloaded from the Department of Atmospheric Sciences, Col-
lege of Engineering, University of Wyoming, http://weather.uwyo.edu/upperair/
sounding.html.
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Figure 4, this offset is estimated to be approximately 1 mm
PWV. Making use of a water vapor scale height of 1.74 km,
a 1 mm PWV offset translates into a dry bias in the relative
humidity sensor of about 7% (δρV ∼ 1:0 Kg=m2=1800 m ¼
5:57E � 4 Kg=m3, using a mean temperature of 280 K for
the site, the relative humidity offset can be estimated from
the following expression,δRH ¼ δρV RV T=esðT Þ × 100, with
esðT Þ the saturation water vapor pressure at temperature T ).

The recent work of Miloshevich et al. (2009) reports on the
dry bias that has been identified in the RS92 sounding packages.
From Figure 9b in Miloshevich et al. (2009) it is possible to
infer that this daytime dry bias goes from about 10% of the mea-
sured RH at 700 hPa to about 35% of the measured RH at the
204 hPa pressure level, with a daytime uncertainty, independent
of height, of about �5%. The geometric mean of this dry bias is
19%� 5%. A quick analysis of the radiosonde profiles from the
Antofagasta station indicates the mean RH in the region
700 hPa–204 hPa is about 20%. Therefore, the mean bias ex-
pected in the RS92 RH sensor is estimated to be ð19%� 5%Þ=
100 × 20% ¼ ð4%� 1%Þ of RH. The order of magnitude of
this RH dry bias is close to that estimated from the offset iden-
tify in this study to exist between the PWV derived from the
IRMA and radiosonde databases at the Armazones site. This
finding, plus the confirmation that the Antofagasta sounding
stationhas indeed been using the RS92 sounding model since
2005 April (Aravena, J., 2009, private communication), sup-
ports our claim that the PWV time series derived from the radio-

sonde profiles is most likely affected by a dry bias as observed
in Figure 3.

In summary, considering the good agreement of the PWVdata
series derived from surface water vapor density and the IRMA
data series for 2007 found in § 4.1, and illustrated in Figure 2,
and the fact that this PWV data series was of sufficient quality to
detect the dry biasdry bias in the humidity sensor used in the
soundings of the Antofagasta (85442 SCFA) sounding station,
we decided to use the surface PWV data as our best estimate
of the overall and seasonal statistics of PWV at the three sites
in Chile: Tolar, Armazones, and Tolonchar. On the other hand,
for the San Pedro Mártir and the Mauna Kea 13N sites, the PWV
in the atmospheric column was derived from radiances observed
at 210GHz (see Otárola et al. 2009) and from radiances observed
with a 225 GHz radiometer, respectively. In order to provide a
further verification that PWV values derived from surface mea-
surements of temperature and relative humidity were good
enough to estimate the global statistics of PWV at a given site,
this hypothesis was tested for the 13N Mauna Kea site by com-
paring PWV computed from surface water vapor density to that
retrieved from the 225 GHz optical depths by means of equa-
tion (2). Daily averages of PWV from both methods and for a
total of 680 days are shown in the scatter plot in Figure 5. This
scatter plot shows a good agreement, cross-correlation coeffi-
cient of 0.8, between the radiometric and surface data methods
for deriving PWVat the level of daily averages. This result pro-
vides support for using PWVderived from surfacemeasurements
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of temperature and relative humidity in assessing the global
(long-term) statistics of PWV at a given site.

5. RESULTS

5.1 Overall Statistics

Figures 6 and 7 show the overall statistics, in terms of cu-
mulative distribution and histograms, of PWV in the atmo-
spheric column at all TMT candidate sites. The overall
median values computed from the available in situ data are in-
cluded in Table 2 and can be compared to the median values
obtained from the preliminary satellite studies by Erasmus &
van Staden (2001, 2002, 2003) shown in Table 1. The results
from the preliminary studies and those obtained from the in situ
site-testing studies are within 30% for all sites. At Armazones,
Tolonchar, and Mauna Kea they compare to better than 10%
which supports the careful work done by Erasmus and van
Staden in the analysis of 6.7 μm GOES satellite images. The
surface data for Tolar give a PWV median value of 4.7 mm,
about 17% larger than that reported by the Erasmus studies.
Considering that Tolar is the lowest elevation site (see Table 1)
and that the satellite studies make use of radiances in the 6.7 μm
channel whose weighting function is more sensitive to the PWV
in the mid- to upper-troposphere (Erasmus & Sarazin 2001;
2002), it is quite possible that in this case the 4.7 mm PWV
median value is closer to the actual value for this site. The larg-
est discrepancy was found in the case of San Pedro Mártir,
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where the satellite studies give a median value of 2.6 mm while
the in situ PWV data series gives a median of 3.4 mm (30%
wetter than the preliminary satellite studies). The statistics
for San Pedro Mártir came from a data series that included
two gaps at the beginning and end of the fall season. If those
gaps, falling in a relatively dry season of the year, were filled
with the median value of the winter season then the overall me-
dian of the San Pedro Mártir site becomes 2.8 mm (Otárola et al.
2009), also within 10% of that anticipated by the Erasmus and
van Staden studies.

The histogram shapes in Figure 7 tell something about the
differences in climate between the sites as well. For example,
while the Tolonchar distribution shows an upper wing that falls
quite sharply, an indication of a relatively short and not too vari-
able wet season, the histogram for Tolar shows a longer tail ex-
tending to higher PWV values, an indication of a longer wet
season. The case of San Pedro Mártir is also special in the sense
that its histogram shows a very long tail, extending about 4 stan-
dard deviations and with a small secondary peak at about 12 mm
of PWV. This confirms the known climate of the site, charac-
terized by a longer and highly variable wet season. However,
some of the long tail effect in the histogram might be due to
summer clouds illuminating the 210 GHz detection system dur-
ing the atmospheric scanning.

The overall median PWV values found from the data analy-
sis at the tested sites, plotted in Figure 8, confirm the known
paradigm that, on average, the higher a site is, the drier it is.

The support for this paradigm lies in the decrease of temperature
with altitude and energy considerations that limit the absolute
magnitude of water vapor pressure possible at those conditions.
However, the Earth’s atmosphere is highly unsaturated with re-
spect to water vapor, with an estimated long-term average of
about 50%� 5% relative humidity in the latitude band from
60N to 60S and from 200 hPa to 700 hPa along the vertical axis
(Cess 2005), and therefore there is plenty of room for natural
variability in the PWV between sites at similar geographic alti-
tudes. In fact, one observation from this study is that San Pedro
Mártir is drier than Armazones in their respective winter seasons
(Table 2) despite the fact that San Pedro Mártir is approximately
200 m lower in elevation than Armazones.

5.2 Seasonal Variability of PWV at the Sites

The PWV data series for each of the TMT candidate sites
was split into four different data sets by season, taking into con-
sideration the fact these sites are located in different hemi-
spheres.10 The first quartile and the median values from the
statistical analysis of the seasonal data for each site are shown
in Table 2. If attention is given to the seasons when the median
PWV is at or below the somewhat arbitrarily chosen value of

0 2 4 6 8 10 12 14 16 18 20
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

PWV, mm

N
or

m
al

iz
ed

 H
is

to
gr

am

 

 

Tolar/from Surface Data
San Pedro Martir/from 210 GHz Rad.
Armazones/from Surface Data
Mauna Kea/from CSO 225 GHz Rad.
Tolonchar/from Surface Data

FIG. 7.—Overall statistics: Histograms of PWVof the TMT candidate sites in the period from late 2004 until the end of 2007. Each histogram was normalized to the
total number of data points available in each of the corresponding data series.

10Seasons were defined as the following dates (southern hemisphere/northern
hemisphere): 03/21-06/20 (fall/spring), 06/21-09/20 (winter/summer), 09/21-12/
20 (spring/fall), 12/21-03/20 (summer/winter).
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3.1 mm, we see that the San Pedro Mártir and the Armazones
sites are quite comparable, with both sites characterized by dry
winter and spring seasons. The Tolonchar median PWV values
are below 2.0 mm for the fall, winter, and spring seasons, and
the summer statistics almost made the cut of the 3.1 mm set in
this example. In the case of Mauna Kea, the statistics show that
the median values are below 3.1 mm for all seasons. While the
Tolonchar statistics for fall, winter, and spring are slightly better
than those for Mauna Kea, the main difference is seen in the
summer season when Tolonchar is affected by the moist air
advected to the region due to the change in the regional circula-
tion, from the southward shift and weakening of the high-
pressure system off the coast of northern Chile (Fuenzalida et al.
1987; Zhou & Lau 1998).

The seasonal histograms and cumulative distributions of
PWV are shown in Figure 9. They show many of the same ef-
fects pointed out before, such as the dry conditions of San Pedro
Mártir in the winter and spring season and the highly variable
and wet atmospheric conditions during the summer season in-
dicated by the long tail of the histogram that includes a clear
secondary peak at 12 mm of PWV. Another important charac-
teristic is the large number of occurrences of low PWV values at
the Tolonchar site for the fall, winter, and spring seasons, while
Mauna Kea is drier than Tolonchar during the summer season.

In addition to the “the higher, the drier” paradigm, the data
shown in Figure 9 and Table 2 also confirm another rule of
thumb, that winter is the driest season at all five locations tested
by TMT, closely followed by the spring season.

6. MID- AND FAR-INFRARED CAPABILITIES OF
THE TMT TESTED SITES

As stated in § 1, the relevance of researching the magnitude
and variability of the concentration of water vapor in the atmo-
spheric column for the location of astronomical facilities has to
do with minimizing the atmospheric thermal background that
affects the performance of mid-infrared detection systems
and limits the use of the mid-infrared and far-infrared bands
as potential windows for astronomical research. Consequently,
a low water vapor content in the atmospheric column makes the
atmosphere more transparent, and opens opportunities for as-
tronomers to research objects of astronomical interest, at bands

that carry important information for understanding the physical
and dynamic processes taking place in these objects. Examples
of these processes are included in the TMT Detailed Science
Case (Silva et al. 2007 and references therein). One such exam-
ple is the physics of star formation, where mid-IR observations
can help detect stars that are heavily obscured by dense molec-
ular clouds; other examples include: star-forming cores and
their accretion disks, where mid-IR and far-IR emission can
help elucidate the total luminosity of the forming star and its
accretion disk; determination of the timescale for the dissipation
of gas in circumstellar objects using molecular and atomic
tracers in environments, where given the temperature magni-
tude, the emission of the spectral lines falls between 1 and
25 μm, and with the relevance that this dissipation timescale
is strongly associated with the viability of the formation of giant
planets; the detection of prebiotic molecules with spectral lines
lying in the mid-IR band (Knez et al. 2005); research on mo-
lecular species in the atmospheres of exoplanets (Burrows et al.
2004) as well as in the atmospheres of solar system objects
(Roe et al. 2003).

For completeness, the modeled atmospheric transmissions
expected for the TMT candidate sites have been included in this
article (Fig. 10). The calculations were done for the best PWV
quartile (Fig. 10a) and the median PWV conditions (Fig. 10b)
obtained for these sites from the analysis of the PWV data series
and shown in Table 2. The atmospheric transmission for the best
quartile and mean conditions was computed using a multi-
layer, line-by-line near-IR to far-IR radiative transfer model
(NIRFIR_RTM11) that uses the HITRAN 2008 molecular spec-
troscopic database (Rothman et al. 2009), which includes the
contributions to the atmospheric absorption by H2O, CO2,
O3, N2O, CO, CH4, and O2 molecules without considering
the effect of their isotopic species.

The science drivers and design overview of a TMT mid-
infrared echelle spectrograph (Elias et al. 2006) state that the
instrument performance is relatively insensitive to PWV in
the range from 8 μm to 13 μm, while for longer wavelengths,
water vapor is critical. Consequently, the transmission plots

TABLE 2

SUMMARY OF PWV VALUES OBTAINED FROM ANALYSIS OF IN SITU DATA FOR THE TMT CANDIDATE SITES

Season Tolar 2290 m San Pedro Mártir 2830 m Armazones 3064 m Mauna Kea 4050 m Tolonchar 4480 m

Summer . . . . . . . . . . . . . 5:4=7:5 4:0=7:9 3:8=4:9 1:6=2:4 2:5=3:2
Fall . . . . . . . . . . . . . . . . . . 3:6=4:7 2:3=3:7 2:7=3:5 1:4=2:4 1:5=1:9

Winter . . . . . . . . . . . . . . . 3:1=3:7 1:3=2:2 2:1=2:5 1:0=1:8 1:1=1:3
Spring . . . . . . . . . . . . . . . 3:2=4:0 2:2=3:1 2:1=2:7 1:2=1:8 1:2=1:6
Global results . . . . . . . 3:6=4:7 2:1=3:4 2:4=3:2 1:2=2:1 1:4=1:8

NOTE.—First quartile values (in mm), format: 25% to left of /, median, to right. Results are shown by season and overall data set available for each site
from early 2004 through the end of 2007. The exception is San Pedro Mártir, whose statistics are based only on the 210 GHz radiances observed in 2006 (see
text and Otárola et al. 2009 for details).

11 The NIRFIR_RTM atmospheric transmission model was implemented by
A. Otárola on a MATLAB ® platform.
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shown in this study emphasize the wavelength range from
17 μm to 28 μm that lies right after the wide atmospheric
CO2 absorption band centered at about 15 μm.

The transmission plots show that in the best PWV statistical
quartile (winter season), Tolonchar and Mauna Kea are the best
of all sites considered in this study and have similar atmospheric
transmission levels. In both cases, the transmission in the most
affected atmospheric window (considered in this study) between
27 μm and 28 μm reaches 70%.

Figure 10b shows that for the overall median PWV condi-
tions there is a larger difference between Tolonchar (55% trans-
mission) and Mauna Kea (48% transmission), with Tolonchar
having approximately 15% better transmission in the 27 μm
to 28 μm window. For reference, we note that under the median
PWV conditions at the summit of Chajnantor, an exceptionally
dry site, the sky transmission in the 27 μm to 28 μm window
reaches almost 90% (see Fig. 2 in Sako et al. 2008).

The overall median PWV shows that the atmospheric trans-
missions at San Pedro Mártir and Armazones are more compa-
rable in magnitude. However, in the relative comparison of the
sites, attention should also be paid to the fact, as shown in the
seasonal PWV histograms in Figure 9, that the summer season
at San Pedro Mártir is wetter and more prolonged that in
Armazones.

7. INTERPRETATIONS AND CONCLUSIONS

The Thirty Meter Telescope project conducted a site-testing
campaign at five sites that were preselected based on satellite

infrared image studies (Erasmus & van Staden 2001; 2002;
2003). These sites exhibit overall median values ranging from
1.8 mm PWV for the highest site to 4.7 mm for the lowest site.
The overall relative comparison of the five sites is well illus-
trated by Figure 8, which shows the median values as a function
of the site altitude, and confirms the paradigm that the
higher the site is, the drier it is. An exponential model that rep-
resents the best fit to the median PWV reported in Figure 8 is
presented in equation (4), in which PWV is given in mm as a
function of altitude, z, above mean sea level in km

PWVðzÞ ¼ 12 × e�
z
2:3: (4)

All the sites tested byTMTare located in geographic areas that
are naturally dry. In the case of the Atacama Desert, the dryness
is explained by the high altitude of the Andes mountain range
and its mechanical influence on the zonal mean flow that is de-
flected northward, producing the South Pacific subtropical anti-
cyclone with subsidence of dry air (Rodwell & Hoskins 2001;
Takahashi et al. 2007). At Mauna Kea, the dryness is explained
by a combination of main direction of the air flow, orographic
precipitation, advection of dry air and geographical altitude,
while San Pedro Mártir’s dryness is explained by the location
of the semipermanent high-pressure system in the east Pacific.

Concerning humidity trends, recent studies using the NCEP
reanalysis data series for the period 1973–2007 show indica-
tions of a negative humidity trend above 700 hPa in the tropical
regions, on the order of 1% every 10 years (Fig. 4 in Paltridge
et al. 2009). This negative trend in humidity lies below the
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FIG. 9.—Seasonal statistics for (a,b) summer, (c,d) fall, (e,f) winter, (g,h) spring: Histograms of PWVof the TMT candidate sites in the period from late 2004 until the
end of 2007. Each histogram was normalized to the total number of data points available in each of the corresponding data series. Sites are identified by color: red, Tolar;
green, San Pedro Mártir; black, Armazones; cyan, Mauna Kea; blue, Tolonchar.
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accuracy of standard humidity sensors. The analysis of Otárola
et al. (2005, Fig. 16) of PWV estimated from measurements of
surface water vapor density in the region of Antofagasta, and for
the period 1973–2004, does not show an obvious trend, but it
does show the dryness of the site and the humid signature of
atmospheric oscillations such as El Niño. The feedback in
the PWV as a function of an increase in the mean temperature
of the planet, based strictly on energy considerations, is ex-
pected to be positive. This implies an increase in atmospheric
water vapor as the result of an increase in the mean temperature
of the planet. However, this increase is only explained in the
sense of global averages. Dessler et al. (2008), from the analysis
of height-resolved specific humidity and relative humidity in the
period 2003–2008 using NASA’s AIRS data, show that over
most of the troposphere, specific humidity has increased as a
result of the increasing global average surface temperature,
but that some regions, including the tropics, show the opposite.
Thus, no statements about the expected long-term changes in
precipitable water vapor can be made for the TMT can-
didate sites.

The seasonal statistics of PWVat the five sites shows that all
sites are particularly dry during their respective winter and
spring seasons with PWV median values below 3.1 mm for
all sites except Tolar, the lowest elevation site, and below
2 mm in the case of Mauna Kea and Tolonchar, the highest ele-

vation and driest of the five sites. The very low PWV content in
the atmospheric column at sites like Mauna Kea and Tolonchar
is favorable for observation in the mid-IR, and into the far-IR
bands, as shown by the transmission spectra in Figure 10.
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FIG. 10.—Atmospheric transmission at the five sites tested by TMT in the wavelength region from 17 to 28 μm for (a) the best quartile PWV values, and (b) the overall
median PWV values. The transmission spectra makes use of the averages of the winter and annual vertical pressure and temperature profiles computed for each site from
the nearest permanent radiosonde station (Antofagasta, San Diego, and Hilo, respectively). The water vapor density profiles were normalized such that the integrated
PWV profile amounts to (a) the best quartile PWV values, and (b) the overall median PWV values, respectively.
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