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tober 22, 2001Introdu
tionThe amount of water vapor in the atmosphere above the VLA is an interesting quantityfor two reasons: water vapor 
ontributes signi�
antly to the opa
ity of the atmosphere, andthe 
u
tuations in water vapor are the dominant sour
e of interferometri
 phase 
u
tuations.We 
urrently have the 
apability to 
onstantly monitor the phase stability of the atmosphere,with the site-testing interferometer (Carilli & Roy 1998), and we also have the 
apability todire
tly measure the opa
ity in any of the observing frequen
y bands of the VLA, with thearray antennas themselves (through TIP s
ans - Butler 1996). However, TIP s
ans are doneat essentially random frequen
y bands and times. Also, the site-testing interferometer hasonly been operating for a short time, so information over long time periods is not availablefrom that instrument. If information on atmospheri
 water were available, then it 
ould beused with atmospheri
 models to produ
e estimates of opa
ity quite reliably. The estimationof phase stability from total water is 
onsiderably less 
ertain. Although it is generally truethat more water vapor means more unstable phase 
onditions, this is not always stri
tlytrue. In the ideal 
ase, it is desirable to know the full verti
al distribution of water vaporin the atmosphere, but this is a quantity whi
h is not easy to measure (it 
an be done witha variety of te
hniques, but we have no su
h 
apability at the VLA). However, even some
rude indi
ator of the total amount of water vapor in the atmosphere is better than nothing.The total 
olumn of water is just su
h a beast. This is the equivalent depth of water whi
hwould result if all of the water vapor in the atmosphere were 
on
entrated into a layer ofliquid. It is also 
ommonly referred to as the amount of pre
ipitable water. While knowingthe pre
ipitable water yields little information regarding the phase 
u
tuations, it 
an beused to make a �rst order predi
tion of the opa
ity of the atmosphere.Given measurements of surfa
e temperature and dew point, a rough estimate of thepre
ipitable water 
an be made. Un
ertainties in the a
tual pro�le of water vapor make thisa truly rough estimate, but it is probably good to a few 10's of %. Su
h measurements areavailable from the ele
troni
 versions of the observing logs whi
h have been made for sometime now. The logs from mid-1990 up to the present are 
urrently available, so this is thetime period that will be presented in this memo.
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Deriving the pre
ipitable waterConsider a 
olumn of liquid water with 
ross-se
tional area A, and height h. This height(h) is the pre
ipitable water. The mass of this 
olumn of liquid water is:ml = �l A h ;where �l is the density of liquid water (�l = 1 g/
m3).Now, the mass of the water vapor in an atmospheri
 
olumn with 
ross-se
tional area Ais: mv = A mw Z 10 nw(z) dz ;where mw is the mass of ea
h water mole
ule (mw = 18 amu), nw is the number density ofwater mole
ules, and the integration is done over altitude z. This integration over altitudeis why it is stri
tly ne
essary to have the full verti
al distribution of water vapor in orderto 
al
ulate the pre
ipitable water. However, if the water vapor is distributed exponentially(similar to the bulk of the lower atmosphere) like:nw(z) = n0 e�(z�z0)=H ;where n0 is the number density of water vapor at z0 (the surfa
e, pra
ti
ally speaking),and H is the s
ale height of the water vapor distribution (the e-folding distan
e), then theintegral 
an be done analyti
ally, resulting in:mv = A mw n0 H :To �nd the pre
ipitable water, equate the mass of the vapor to that of the liquid (
on-servation of mass): ml = mv ) �l A h = A mw n0 H ;therefore, h = mw n0 H�l :So, given a measurement of n0, and an estimate for H, the pre
ipitable water 
an be es-timated. From the ideal gas law, the number density of water mole
ules is related to thewater vapor partial pressure (P0) and the temperature (T0) via:n0 = P0k T0 ;Making this substitution, the pre
ipitable water is then:h = mw P0 H�l k T0 :2



The surfa
e temperature, T0 is measured and re
orded regularly in the observing logs. Infa
t, it is measured and re
orded on the visibility ar
hive tapes as well, but getting at thatdata is logisti
ally harder, and the a

ura
y and time resolution gain is not really needed.The surfa
e water vapor partial pressure 
an be derived from the surfa
e dew point (D) via(Clark 1987): P0 = e(1:81+ 17:27DD+237:3) ;where the dew point is in degrees C, and P0 is in millibar. The dew point is also measuredand re
orded regularly in the observing logs. Again, ele
troni
 versions of these logs exist,and these 
an be parsed for the temperature and dew point quantities.What to use for the s
ale heightH? Formally, for an isothermal atmosphere in hydrostati
equilibrium the s
ale height is given by:H = k Tmv g ;where g is the gravitational a

eleration. If this were the right value for H, then substitutingthis would yield the following very simple equation for the pre
ipitable water:h = P0�l g :Unfortunately, it turns out that the above formal expression for the s
ale height is not 
orre
tfor water vapor. Given a typi
al surfa
e temperature (T = 10ÆC), that expression wouldgive a s
ale height of about 13 km. Observationally, the s
ale height of water vapor inthe Earth's atmosphere is between 1.5 and 2 km (e.g. Uli
h 1980). Therefore, the slightlymore 
ompli
ated expression (with s
ale height and surfa
e temperature expli
itly in
luded)must be used. In this memo, a s
ale height of 1.5 km will be assumed. Sin
e the derivedpre
ipitable water is linearly proportional to the assumed s
ale height, the results 
an bes
aled as desired with little e�ort.ResultsEle
troni
 versions of the observers logs from the beginning of September 1990 throughthe end of August 1998 were parsed for re
orded values of temperature and dew point.Oddball values were ex
luded (quite often, for example, the dew point and temperaturewould be swit
hed, or the dew point would not have a negative sign when it 
learly shouldhave). A total of 26659 valid 
ombinations of temperature and dew point were found andused. The values were used to 
al
ulate the pre
ipitable water (h) a

ording to the aboveformula, and this value along with the date and time were re
orded for analysis. Figure 1shows a plot of the entire set of data obtained. The seasonal variation is readily apparent inthe data. Figure 2 shows the data for 1997 only. The e�e
ts of weather systems 
an be seen
learly at this higher time resolution (variations on the s
ales of a few to 10 days).3



Figure 1: All pre
ipitable water data from September 1, 1990 to August 31, 1998.

Figure 2: Pre
ipitable water data for 1997.4



Monthly valuesFigure 3 shows the monthly mean and minimum value (the absolute lowest value in all ofthe data for that month) for all of the data. Again, the seasonal variation is 
learly evident.The wet summer months have a mean pre
ipitable water whi
h is more than twi
e whatit is in the winter months. The typi
al mean pre
ipitable water in the \winter" months(November - April) is about 5 mm, while in the middle of \monsoon" season (July andAugust), the typi
al mean pre
ipitable water is as bad as almost 15 mm. The absolute verybest 
onditions are about 1 mm of pre
ipitable water in the months from De
ember to April,about 2 mm in O
tober, November, May, and June, about 3 mm in July and September,and about 6 mm in August.

Figure 3: Monthly mean (open stars) and absolute minimum (�lled stars) values of pre
ip-itable water.Hourly valuesFigure 4 shows the hourly mean values for all of the data. No 
lear trend is apparent,whi
h is somewhat surprising on �rst inspe
tion. However, when looking at the winterdata by itself, a 
lear diurnal variation of about 20% is seen (Figure 5). This must bebe
ause during winter night, a sizable portion of the atmospheri
 water freezes out, loweringthe amount of vapor. During the summer, on the other hand, the atmosphere does not 
ooldown enough to freeze out an appre
iable fra
tion of the vapor, and so little diurnal variationis seen. Sin
e the summer pre
ipitable water values are larger than the winter ones, theymask the wintertime signature in the overall average.5



Figure 4: Hourly mean values of pre
ipitable water.

Figure 5: Hourly mean values for wintertime data only (November through April).6



Comparison with measured opa
itySin
e water vapor is one of the primary 
ontributors to the opa
ity at radio wavelengths,the opa
ity is expe
ted to 
orrelate very well with the amount of pre
ipitable water. However,there is some disagreement about whether surfa
e measurements 
an yield any reasonableestimate of the pre
ipitable water (e.g. Reber & Swope 1972). In order to test whether thepre
ipitable water derived via the te
hnique outlined above has a good 
orrelation with trueopa
ity, I took the results of reliable TIP data taken at K-band (frequen
ies between about21 and 25 GHz) over the last 3 years (177 TIP s
ans in total), and plotted the measuredopa
ity (via the te
hnique outlined in Butler 1996) against the estimated pre
ipitable water(via the te
hnique outlined above - the temperature and dew point are provided with ea
hset of TIP data). The result is shown in Figure 6. A good 
orrelation is seen, and a �t witha se
ond order polynomial is also shown in Figure 6. This �t is of the type:� = a0 + a1 h + a2 h2 ;where the three 
oeÆ
ients are: a0 = 3:8%, a1 = 0:23%, a2 = 0:065%. While individual datapoints 
an be signi�
antly di�erent from the �t, for the purposes of statisti
al analysis itseems quite valid to use the surfa
e measurements to predi
t pre
ipitable water (and hen
eopa
ity).

Figure 6: Measured opa
ity at K-band at the VLA (via TIP s
ans) 
ompared with estimatedpre
ipitable water over the past 3 years.Is this 
orrelation unique to K-band, the VLA band where the opa
ity e�e
ts of atmo-spheri
 water are greatest? In order to test this, I took TIP data at Q-band (I used data7



only from frequen
ies between 42 and 44 GHz) from the same 3 year period (164 TIP s
ansin total), and plotted the same quantities (measured opa
ity against estimated pre
ipitablewater). The result is shown in Figure 7. Again, a good 
orrelation is seen. The �t 
oeÆ
ientsare: a0 = 5:5%; a1 = 0:19%, and a2 = 0:0026%.

Figure 7: Measured opa
ity at Q-band at the VLA (via TIP s
ans) 
ompared with estimatedpre
ipitable water over the past 3 years.A
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