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ABSTRACT

We estimate opacity at 225 GHz for the SMA Haystack site, based upon

local weather data, measurements of the opacity at 115.3 GHz, and radiative

transfer modeling. We �nd median zenith opacities of 0.5 (winter), 1.0 (spring),

1.9 (summer), and 1.0 (fall). We estimate the expected observational noise

for these conditions and apply the results to some possible celestial targets.

The results indicate that two-element interferometry testing and single-dish

spectroscopy testing during the summer and early fall will be di�cult, but that

late fall and winter conditions will be adequate for 1 mm band testing.

1. Introduction

Development of the Smithsonian Submillimeter Array will include testing system

performance in single dish and interferometry modes at the SMA Haystack site. These tests

will be conducted at a frequencies from 200 to 250 GHz, a spectral range dominated by

absorption from the far wings of pressure broadened lines of water vapor. The low elevation

and high relative humidity common at the site, suggest that these tests will be di�cult

during at least part of the year due to high atmospheric opacity. In this paper we address

the basic climate of the Haystack site in relation to typical opacities in the 1 mm band.

2. Estimating �225 from Environmental Measurements

For this work we estimate the opacity at 225 GHz since it is near the opacity minimum

in the 1mm band, and because many observatories operate tipping radiometers that measure

�225. A detailed description of the analysis of the opacity used in this paper is provided in

the Appendix. For a clear atmosphere, water vapor is the dominant source of opacity, and

�225 can be approximated by a simple formula involving local environmental variables. The



{ 2 {

water vapor pro�le is speci�ed by the surface relative humidity and a water vapor scale

height (set at 2 km). We �nd a good, theoretically based (see Appendix) representation of

the expected opacity at 225 GHz at sea level (appropriate for Haystack, elevation 140 m) is

�225 � 0:1� PH2O + 0:03 �
W

15
+ 0:03 (1)

where PH2O is the partial pressure of water vapor (mbar) and W is the water column (mm).

Partial pressure is a function of temperature T (�C) and relative humidity RH(%):

PH2O(mbar) = 6:11� 107:5T=(T+237:3)
� RH=100: (2)

Assuming a 2 km scale height, the partial pressure and water column are related

approximately by:

W (mm) = 1:50�
�

288:1

T + 273:1

�
� PH2O (mbar) : (3)

Figure 1. Correlation of Opacity at 225 GHz with Water Vapor Partial Pressure

We emphasize that Eqn. 1 is not exact, but represents an approximation of the median

opacity. This is shown in Figure 1, where opacity at 225 GHz (estimated from 1996 antenna

measurements at 115.3 GHz, see Appendix) is plotted against the local partial pressure of

water vapor. The solid line shows the theoretical formulation. Deviations from the model

are primarily caused by variations in water abundance along the line of sight; the local
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relative humidity in some cases is not a good measure of the mean regional relative humidity

a�ecting opacity. However, the theory does provide a good �t to the median opacity as a

function of water vapor partial pressure, and is therefore adequate for estimating the typical

opacity expected at the Haystack site.

3. Results for Opacity at 225 GHz

We have obtained from the National Climate Data Center website (reachable through

http://www.ncdc.noaa.gov) the mean daily temperature and dewpoint for Hanscom Field,

Bedford, MA, spanning the period 1 January 1994 to 31 March 1998. Hanscom Field lies

approximately 15 miles southwest of the SMA Haystack site, and is at a similar elevation.

It is expected that meteorological conditions between the two sites should be very similar,

particularly in terms of mean temperature and relative humidity. Therefore, we take these

values as representative of the conditions that SMA testing might encounter as a function

of time of year.

Calculating water vapor partial pressure from the Hanscom �eld temperature and

dewpoint, we estimate the zenith opacity at 225 GHz using Eqn. 1. Results for temperature,

water vapor partial pressure, and estimated opacity are provided in the following �gures:

Fig. 2 { Daily mean T , PH2O, and �225 versus time

Fig. 3 { Daily mean T , PH2O, and �225 versus time of year

Fig. 4 { Cumulative distributions of �225 (winter, spring, summer, fall).

Median cumulative opacity results, broken by season and year, are detailed in Table 1.

For purposes of this work, we have de�ned the seasonal groupings as: winter (December

of preceding year plus January, February, and March), spring (April, May, and June),

summer (July and Augus), and fall (September, October, and November). These roughly

comprise the best months (winter), the worst months (summer) and the transition months

(spring and fall). As expected, winter opacities are signi�cantly better than summer

opacities, by roughly a factor of four. Spring and fall opacities are roughly similar.

Interannual variations in opacity are generally much less signi�cant than seasonal variations.
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Figure 2a. Daily Mean Temperature, January 1994 { Mar 1998

Figure 2b. Daily Mean Water Vapor Partial Pressure, January 1994 { Mar 1998

Figure 2c. Daily Mean Estimated 225 GHz Opacity, January 1994 { Mar 1998



{ 5 {

Figure 3a. Daily Mean Temperature, January 1994 { Mar 1998

Figure 3b. Daily Mean Water Vapor Partial Pressure, January 1994 { Mar 1998

Figure 3c. Daily Mean Estimated 225 GHz Opacity, January 1994 { Mar 1998
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Figure 4a. Cumulative 225 GHz Opacity { Winter

Figure 4b. Cumulative 225 GHz Opacity { Spring
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Figure 4c. Cumulative 225 GHz Opacity { Summer

Figure 4d. Cumulative 225 GHz Opacity { Fall
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TABLE 1. Estimated Median Opacities: 1994.00{1998.25

Year Winter Spring Summer Fall

1994 0.39 1.18 2.22 0.90

1995 0.48 0.99 1.78 1.01

1996 0.40 0.86 1.89 0.93

1997 0.46 0.96 1.96 0.96

1998 0.56 { { {

All Years 0.46 1.02 1.94 0.97

4. Estimated System Temperature and Visibility Noise

Using these results, we now estimate the system temperatures the SMA will encounter

operating at 225 GHz at the SMA Haystack site. We calculate the system temperature

assuming SSB receiver temperatures of 75 K and 125 K, and an atmospheric temperature

of 300 K. The system temperature is given approximately by (e.g. Thompson, Moran, and

Swenson 1986)

TSY S � TRXe
A� + TATM

�
eA� � 1

�
� �eA� � 300; (4)

where A is the airmass and � = 375 or 425. Figure 5 presents the variation of system

temperature with airmass for the seasonal opacities shown in Table 1. Estimated visibility

amplitude noise is also shown, calculated assuming two 6-m antennas, 60 s integration, 500

MHz BW, and one polarization. In addition, the transit elevation angles for 3C273, Jupiter,

Saturn, and Uranus are shown.

The 1mm band ux for 3C273 is currently between 15 and 20 Jy (OVRO database).

The unresolved ux of Uranus at 225 GHz is approximately 36 Jy; on the short (�10 m)

baseline at the Haystack site, the visibility ux should not be reduced by more than 10% of

this value. The apparent diameter of Saturn varies between approximately 16 and 2000 over

the year, which is close to (but less than) the fringe spacing for a 10-meter baseline at 225

GHz (� 2700). Thus the visibility ux is reduced from the unresolved ux of roughly 1500

Jy, but should be in the range of 500{1000 Jy and thus will make an excellent target for

initial testing. Jupiter, with an apparent diameter of 33{5000, will be resolved by the SMA

Haystack two-element interferometer. The visibility ux for Jupiter could range from 0{500

Jy, depending on the exact time and observing geometry. In addition, the resolved ux of

Jupiter will change rapidly with time as the projected baseline varies.
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Figure 5. Estimated System Temperature and Visibility Noise at 225 GHz

5. Conclusion

We have estimated the 225 GHz opacity for the SMA Haystack site based upon local

conditions (temperature and relative humidity). Using this formulation, we have calculated

the expected opacity from meteorological data from nearby Bedford, MA over the period

of January 1994 to March 1998, and determined median values for opacity as a function of

season. These results show that the summer months of July and August are particularly

poor for 225 GHz testing, as expected. However, the winter months, along with late fall

and early spring, are substantially better, with median opacities below 1, which should be

acceptable for 1 mm band testing of the SMA.
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APPENDIX

A. Contributions to Opacity

At millimeter and submillimeter wavelengths, clear air opacity in the Earth's

atmosphere can be formulated as the sum of the opacity from four sources (see Leibe, 1985,

1989, 1992): resonant absorption due to water lines, \continuum" absorption by water,

resonant absorption due to oxygen lines, and induced dipole \continuum" absorption by

nitrogen.

�(�) = �H2O(l)(�) + �H2O(c)(�) + �O2
(�) + �N2

(�) (A1)

The water continuum term is most likely due to the very far wings of strong water lines

with rest frequencies above 1000 GHz.

A model of atmospheric absorption based on the Leibe formalisms was created, and

the clear air opacity calculated for typical sea level conditions. The atmospheric pro�les of

temperature and pressure were adapted from the NOAA U.S. Standard Atmosphere (1976,

from Appendix III of Chamberlain and Hunten, 1987). Using a surface relative humidity

(RH) of 25% and a 2 km scale height for water vapor, the zenith opacity was calculated

from 100 to 250 GHz in increments of 0.1 GHz, and the results are presented in Figure A.

Figure A. Contributions to opacity from 100 to 250 GHz
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B. Estimating �225 from �115:3

The Millimeter-wave Group headed by Pat Thaddeus at SAO has operated a 1.2-m

radio antenna since 1986 from the roof of \Building D" on the Harvard College Observatory

campus. This antenna is used to map the galaxy's CO (1-0) emission at 115.3 GHz. Tom

Dame of the Millimeter-wave Group has provided us with water opacities at 115.3 GHz

from the Oct 1996 through May 1997 observing season, determined from tipping scans of

the antenna. The water opacity was calculated from the observed opacity by subtracting

an assumed constant contribution from oxygen and nitrogen of 0.378, nearly all of which is

due to the strong oxygen line at 118 GHz. The basic model results shown in Fig. A are

consistent with this assumption using the standard atmosphere. However, based on the

radiative transfer model we �nd that there is a dependence on local temperature for the

oxygen opacity at 115.3 GHz. We parameterize the combined oxygen and nitrogen opacity

as

�O2+N2;115:3 = 0:434 � 2:52� 10�3 T (�C) (B1)

Estimates of the opacity at 225 GHz were made by determining a scaling factor  for

the opacity due to water at 225 GHz to that at 115.3 GHz, and then adding the oxygen and

nitrogen dry air components. As can be seen in Fig. A, oxygen absorption is completely

negligible above 150 GHz, but nitrogen absorption does contribute a small fraction of the

opacity. Water opacity is directly proportional to the water vapor abundance, and therefore

a linear scaling factor is appropriate. From the atmospheric model we �nd

�225 =  �H2O(l+c);115:3 + �N2;225 = 4:41� [�115:3 � �O2+N2;115:3] + 0:027 (B2)

The opacity measurements from the 1.2-m were scaled to produce estimated 225 GHz

opacities, with the results shown in Figure B. Points represent individual tipping scans,

and the solid lines present the 25%, 50%, and 75% quartiles determined in a sliding 31-day

window. These quartile results should be viewed with some caution, since the tipping data

is non-uniform in time. According to Tom Dame, measurement of the opacity is usually

attempted at least every 6 hrs, and more frequently when the weather is changing. This

results in a majority of tippings taking place when the weather is good to marginal, but no

tippings when the weather is really bad (e.g., raining for several days). Therefore, a simple

average of the all the opacity values may not be very meaningful. However, the quartiles

for 25% and 50% should be less a�ected, since there is more uniform coverage during good

to moderate weather conditions.
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Figure B. Estimated Opacity at 225 GHz

As expected, the best opacities occur around mid-winter, with increasing opacity

occurring towards mid-spring. The data set ends at the end of May, and the summer

months are not covered. However, the trend suggests median opacities are signi�cantly

greater than unity in summer.

C. Estimating � From Environmental Data

The opacity tipping scan measurements do not cover the summer and early fall periods,

so we have developed a procedure to estimate the mean opacity from other information.

Opacity at 225 GHz is dominated by water vapor absorption, and it is reasonable to

correlate opacity with water abundance in the atmosphere.

Along with measurements of opacity, Tom Dame has provided us with the local

temperature and relative humidity at the time of each tipping scan. This determines the

surface partial pressure of water through the formula (e.g., CRC Handbook, 1985)

PH2O (mbar) = 6:11� 107:5T=(T+237:3)
� RH=100 (C1)

where T is the local temperature in �C and RH is the relative humidity. Water abundance
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in the atmosphere drops rapidly with altitude, and for modeling purposes can be speci�ed

by a water vapor scale height H, typically 2 km. Under these conditions, the relation

between the water column W (in millimeters) and the surface partial pressure is

W (mm) = 1:50�
�

288:1

T + 273:1

�
�

�
H

2 km

�
� PH2O (mbar) : (C2)

For a suface temperature of 20�C and a relative humidity of 75%, W=26 mm.

Figure C presents the correlation of 225 GHz opacity (estimated from 115.3 GHz

opacity) with the partial pressure of water vapor determined from the local conditions at

the time of the opacity measurement. There is a large scatter, but there is also a moderate

correlation. The scatter shows that in many cases the local relative humidity is only

partially correlated with the more regional water column.

Figure C. Correlation of Opacity at 225 GHz with Water Vapor Partial Pressure

The solid line represents the approximate, theoretically based formula we have

determined for the 225 GHz opacity at sea level:

�225 � 0:1� PH2O + 0:03 �
W

15
+ 0:03 (C3)

As seen in Fig. C, this provides a reasonable �t to the mean opacity values. We use this

equation for determining opacity based on measurements of local temperature and humidity

in the main text.


