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RELATIONSHIPS BETWEEN TROPOSPHERIC WATER VAPOR 
AND SURFACE TEMPERATURE AS OBSERVED BY RADIOSONDES 

Dian J. Gaffen •,2, William P. Elliott • and Alan Robock 2 

Abstract. Using radiosonde data from 50 stations for 1973- 
1990, we quantify relationships between surface air 
temperature (Ts) and precipitable water vapor (W) for 
different time scales. Monthly _mean observations are fairly 
well described b 7 an equation of the form In W = A + B Ts, 
but the coefficients _4 and B depend on the Ts range 
considered. At high T•, the relationship is poor. This 
relationship and relationships between sea surface 
temperature (SST) and W based on satellite microwave 
observations over oceans are in remarkably good agreement 
over restricted SST ranges. Monthly and annual anomalies 
of W and T• are well correlated only outside the tropics, but 
on longer time scales, there is some evidence of positive 
trends in both W and T• at most of the stations studied. 
Thus the relationship between W and T• depends on the 
time scales and geographic region considered. 

Introduction 

Global radiosonde data, from continental and island 
stations, o.ffer an opportunity to examine the relationships 
over a wider temperature range, for a longer period, and 
with spatially and temporally consistent data, because 
radiosonde reports yield both W and Ts. In the following 
sections, we describe such a data set, and present 
relationships between W and T• for both monthly mean data 
and monthly and annual anomalies. Trends in both 
variables are also presented. 

Data 

Twice-daily radiosonde reports for the period 1973-1990 
from 50 stations (Table 1) were used to compute W as the 
vertical integral of specific humidity from the surface to 500 
rob. Monthly means of W and Ts were computed for both 
0000 and 1200 UT observations, when available. Inspection 
of the time series at each station and historical information 
about the radiosonde stations revealed inhomogeneities in 

The water vapor-greenhouse feedback is considered the the records of about half of the stations, due to changes in 
strongest positive feedback in the climate system. Recent instrumentation. To avoid making corrections to the data, 
climate model simulations [Rind et ai., 199!; del Gerdo et the records of these stations were shortened to include only 
al., 1991; Shine and Sinha, 1991] lend theoretical support to the most recent period of 4 or more years of homogeneous 
a positive feedback among surface temperature, observations (Table 1). A more complete description of the 
tropospheric water vapor and the greenhouse effect. data set is given by Gaffen [1992]. 

Observational studies of the feedback [Rural and 
Ramanathan, 1989; Stephens and Greenwald, !991; Duvel Results and Discussion 
and Br•on, 1991] have relied on correlations between 

satellite measurements of column water vapor, or Mean MonthlyPreciœitable Water andTemperature precipitable water (W), over open oceans and sea surface 
temperatures (SST). One might expect the relationship Combining mean monthly W and T, data for all stations, 
between W and SST or surface air temperature (Ts) to we fLmd a general increase in W with T• for Ts from about 
resemble an exponential form, because saturation vapor 238 to 302 K (Figure la). Between 302 and 312 K there is 
pressure increases roughly exponentially with temperature, much more scatter in the data; these warmest temperatures and therefore an equation of the form are associated with W values ranging from 10 to 50 kg m '2 

On a logarithmic plot (Figure lb), there is a suggesti7•n o• 
In W = A + B T• (1) a general linear increase of In(W) with T•; the linear 

should apply. Such equations (but for SST, not Ts) were correlation coefficient r between in(W) and Ts for all the data is 0.94 (Table 2). 
used by RavaI and Ramanathan [!989] and Stephens and The linear increase of ln(W) with T• is not valid for all Ts Greenwald [1991] to quantify the greenhouse effect of ranges. A least-squares linear regression line based on the 
atmospheric water vapor. Those studies were based on data for T• < 273 K (obviously not over open ocean areas) satellite scanning multichannel microwave radiometer has smaller slope than at higher T•. The data from stations 
(SMMR) W measurements available for open ocean areas poleward of 200latitude show a strong relationship between 
for the period 1979-1983, although Raval and Ramanathan ln(W) and T• (Figure lb), but tropical data show a much 
[1989] used only one month of W data. Using two years of poorer correlation (Figure lc). Most of the scatter is W data from the s ecial sensor microwave ima er, Duvel P g because there are large seasonal and geographic variations 
and Br6on [1991] demonstrated the importance of using in tropical Wbut only small T• variations. The concentrated 
simultaneous measurements of W and SST to derive mass of points in Figure l c with T• between 295 and 305 K 
relationships between them, and showed that the slope of and In(W) between 3 and 4 is from island stations in the 
the I/near regression of In W and SST varies with latitude. tropical Pacific Ocean, where seasonal T• variations are 
Inoue [1990] also showed that W and SST are related minimal, but substantial W increases occur above the 
differently in the intertropical and the South Pacific boundary layer during the convective season [Gaffen et al., 
convergence zones. !992]. The outlying points are from continental stations in 
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Africa, where both Ts and W are more variable but still not 
well correlated. The correlation coefficient between tn(W) 
and T• for T• > 290 K in the tropics is 0.16 (for 2343 data 
pairs), compared with 0.61 for non-tropical stations (1069 
pairs) both significant above the 99.9% confidence level. 

Regression coefficients of W and T• computed from the 
radiosonde data are remarkably close to those derived from 
satellite data and SST [Raval and Ramanathan, !989; 
Stephens, 1990], for the ranges for which the latter 
regress!ohs were made (Table 2 and Figure 2). The 
regression to the radiosonde data over the T.• range 273-304 
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Table !. List of stations and data period used. For stations 
with at least !0 years of homogeneous observations, trends 
in surface temperature T s (K •ecade 4) and surface-to-500- 
mb precipitable water W (kg m '2 decade't), for 0000 and --- 50- 
1200 UT-are shown. Underlined trends are significantly 
different from zero, based on a two standard deviation "• 

_z 40- range about the estimate. 

Ts Trends W Trends • 30 - 
Station (Lat., Lon.) Yrs. 0000 1200 0000 1200 • 

73-90 0.84. 0.50 0.1 0.0 œ 20- 
73-90 0.22 0.03 0.0 -0.1 '5_ 
73-84 1.50 1.18 0.6 0.4 u , (D 

73-90 0.60 0.59 0.0 0.1 •_ q¸- 
73-90 0.12 0.17 -0.2 -0.3 
73-85 0.15 -0.3 

82-90 
73-84 0.58 0.52 0.4 0.4 
73-90 !.,20 0.68 .0.4 0.3 
73-90 1.13 0.85 0.9 0.•9 
73-90 0.,77 0.60 0,2 0.3 
78-90 0.32 -0.2 

73-90 -0.01 -0.10 0.0 0.1 
73-90 -0.11 0.07 0.0 0.0 
73-90 0.17 0.24 0.4 0.2 
73-90 -0.11 0.02 -0.1 0.0 
73-86 -0,89 0.42 0.3 0.4 
73-90 0.40 0.26 .0.3 0,3 
82-90 
73-88 0.71 0,41 1,8 1.6 
73-90 0.11 -0.04 1,7. 0.9 
82-90 
73-90-0.29 0,25 .3,3 2.6 
73-90-0.08 0.09 3.0 2.4. 
73-90 -0.07 -0.!8 3,7 3.! 
73-90 0.78 -0.9 

73-90 ...0.23. 0,14 2,7 3.0 
73-90 0.30 -2,7 
73-90 0.38 

0.31 3.1 

Alert (82,-62) 
Mould Bay (76, -119) 
Dikson (73, 80) 
Barrow (71, -156) 
Jan Mayen (70, -8) 
Chetryrekhstolbovy 
(70, 162) 

Sodankla (67, 26) 
Kirensk (57, 108) 
St. Paul (57, -170) 
Annette (55, -131) 
Omsk (54, 73) 
Valentia (51,-10) 
Orenburg (51, 55) 
Moosoneß (51, -80) 
Kiev (50, 30) 
Stephenville (48,-58) 
Munich (48, 11) 
Great Falls (47,-1!1 ) 
Wakkanai (45, 141)_ 
San Diego (32,-117) 
Brownsville (25,-97) 
Hong•Kong (22, 114) 
Hilo (19,-155) 
Wake (19,4166) . 
San Juan (18, -66) 
Dakar (14,-17) 
Guam (13, 144) 
Niamey (!3, 2) 
Majuro (7, 171) 
Abidjan (5,-3). 73-82 
Cayenne (4,-52) 81-86 
Bogota (4, 747) . 73-80 
Singapore (1, 104) 81-90 -0.09 
Honiara (-9, 160.) 73-86 0.82 
Tahiti (-17,-149 ) 73-90 0.40 
Nadi (-17, 177). . 78-87 0.22 
Antananarivo (-18, 47) 82-86 
Townsville (-19, 146) 83-86 
Bulawayo (-20, 28) 82-86 
Port Hed!and (-20, 118) 83-86 
New Amsterdam 77-86 

R(-37, 77) 
io de Janeiro (-22, -43) 75-86 

Antofagasta (-23,-70) 77-86 
Adelaide (-34, 138) 83-86 
Gough (-40,-9) 80-86 
Puerto Montt (-4!, -73) 73-85 
Chatham (-,3, -176) 80-85 
Marion (-4•, 37) 81-88 
Casey (-66, 110) 80-84 
S.A.N.A.E. (-70,-2) 81-86 

-0.3 
5._..8.8 

-•.3 
-0.6 

-0.55 O.5 

1.61 2..9 
0.15 ..1.6 

0.15 0.4 
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K gives values of W on/}, 3 to 5% larger than Raval and 
Ramanathan's [1989] ßsUmate, and the regression for 288- 
304 K gives values typically 12% smaller than Stephens's 
[1990]. At lower temperatures, outside their ranges of 
applicability, both satellite-based equations underestimate 
the W' determined from radiosonde data by at least !5%, satellite data are calibrated with radiosonde observations. 
and the difference increases with decreasing Ts (Figure 2). First, although the satellite is calibrated for the total column 
For several reasons, the good agreement of the regressions of water vapor, we truncated the radiosonde data at 500 mb 

at high SST might not have been anticipated, even though due to data. quality issues [Elliott and Gaffßn, 1991], so the 

Fig. 1. Relationships between surface air temperature T• 
and precipitable water W. (a) Monthly mean W plotted 
against T,. (b) Same data 'as in (a), but W is on a log scale, 

rd of 20 ø lautud½ for stations poleward and (c) equatorwa ' 
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Table 2. Coefficients, and their standard deviations, from E 
linear regression of monthly mean values of surface air 
temperature Ts (K) with th.e 2 logarithm of surface-to-500 mb 
precipitable water W (kg m' ), linear correlation coefficients 
r and number of data points N, for several temperature ->' 
ranges. E 

o 

T Range s (s.d.) 
(K) ,4 (s.d.) (x i00) r N Source 

230-320 -11.7 (0.06) 5.07 (0.02) 0.94 7499 Radiosonde 
230-273 -10.0 (0.15) 4.41 (0.06) 0.89 1588 Radiosonde 
273-304-12.7. (0.12)5.45 (0.04) 0.88 5731 Radiosonde 
273-304 -13.0 5.53 Satellite r 
288-304 -16.6 (0.35) 6.75 (0.12) 0.69 3515 Radiosantic 
288-304 -16.9 6.86 Satellite 2' 
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•Raval and 'Ramanathan [1989] 
2Stephens [1990] 
'The satellite-derived equations for sea surface temperature, 
not T s, are shown for comparison. 

satellite estimates of W should be slightly higher. Second, 
the satellite data are for ocean areas only, whereas the 
radiosonde stations include continental and island sites. 
Last, SST is likely to be different from Ts measured at 
radiosonde sta.tions; a IøC air-sea temperature difference 
would account for a W difference of only about 1 kg m '2. 
Evidently, the overall effect of these differences is small. 

Thus relationships between sea surface temperature (SST) 
and W' derived from SMMR measurements agree fairly well 
with the radiosonde data over the temperature ranges for 
which they were developed. However, like Duvel and Br6on 
[1991], we find the coefficients ,4 and B in equ.ation (1) to 
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themselves over high SST regions [Tjemkes eta!., 1991], Fig. 3. Monthly anomalies ofprecipitable water and surface 
extrapolating satellite-based regressions to higher air temperature for (a) stations equatorward of 20 ø latitude 
temperatures may pose problems. Extrapolation to land and (b) stations poleward of 20 ø latitude. areas is dangerous because over land high T s can be 
associated with a wide range of W values. 
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,4nomalies of Preciœitable Water and Temperature 

If relationships between Ts or SST and W are to be used 
in discussing climate feedbacks and long-term climate 
change, then it may be better to examine how interannual 
variations of monthly anomalies of W and Ts are related 
than how W varies with Ts annually or geographically. 
Overall, the correlation ber•'ween monthly Ts and W 
anomalies is not large (r=0.24), but the low correlation is 
due to tropical data (Figure 3a). In the tropics, large 
fluctuations in W occur with very small Ts variations, 
yielding r=0.04, not significantly different from zero. 

At higher latitudes, W is positively correlated with T s 
½=0.38). Concealed within the scatter diagram (Figure 
are strong relationships between W and Ts anomalies at 
individual stations. Slopes of linear regressions between 
monthly anomalies of W and T• are all positive for stations 
with mean surface temperature < Ts> below about 295 K 
(F•gure a), and the slopes increase w•th <T s>, as one 

Temperature (K) might expect. Indeed, examination of individual station data 
Fig. 2. Percentage differences between precipitable water indicates that, in Figure 3b, much of the scatter is due to 
predicted by the-regressions to the radiOsonde data over station-to-station, not month-to-month, differences in the 
three temperature ranpes (230-273 K, 273-304 K and 288- strength of the W-Ts relationship. At higher < T, >, in the 
304 K) arid the i'egre•'sior/for the complete temperature tropics, the uncertainty in the slope estimates is much larger 
range (230-320 K] Satellite-derived relationshi s from (Figure 4a), and at the highest < T, > they are not different oval and Ramanathan [1989] and Stephens [1790] are from zero to within two standard deviations 
shown for comparison S bols indicate the tern erature We can only speculate on the physical causes of the strong r - - o ym p ange for which the regressions were developed; relationship between W and T• anomalies in mid- and high 
extrapolations are dashed. latitudes. Plausible mechanisms include (1) monthly 



variations in circulation patterns that lead to advection of 
warm-moist or cool-dry air at a given station; (2) variations 
in the radiative forcing of T s due to W variations; (3) 
radiative effects of cloudiness anomalies associated with W 
anomalies; and (4) changes in evaporation that are 
positively correlated with T s variations. The second, third 
and fourth mechanisms relate to the water vapor-greenhouse 
feedback, but the first depends on atmospheric flow. 

Supposing that the effects of changes in greenhouse effect 
might become more evident at longer time scales, we 
computed annual anomalies of W and Ts and the slopes of 
the resulting linear regressions. If anomalous flow patterns 
dominate month-to-month variations but have less impact 
on year-to-year variations, the annual data would likely show 
a different relationship between W and Ts. For this analysis, 
we required at least 10 years of homogeneous observations 
from each station included, so there are fewer data points 
than in the monthly anomaly analysis. There is larger 
uncertainty in the slope estimates from the annual 
anomalies, compared with the monthly anomalies, because 
of the reduction in the number of independent data pairs. 
Nevertheless, at low < T• > the slopes are remarkably similar 
(Figure 4). At high < T•>, the slopes are higher for annual 
anomalies than for monthly anomalies, but because of the 

Trends in Precipitable Water and Temperature 

A/though our data record is relatively short, we have 
computed linear regression trends for 35 stations with 10 to 
18 years of homogeneous observations. Most of the stations 
experienced an increase in both W and_Ts, although many of 
these trends are not statistically significant (Table 1). In 
particular, W and T• increased at most of the tropical Pacific 
islands in our network. Gutzler [1992] also found positive 
trends in W and Ts averaged over four tropical western 
tropical Pacific stations. Thus on .the mon_t. hly and 
interannual time scale the relationship between W and T, 
seems weaker than is exhibited by the "long-term" trends at 
some tropical stations. This tentative result should be tested 
with a larger number of stations and a longer time series. 
However, it suggests that long-term warming will be 
accompanied by long-term water vapor increases globally, 
even though on an interannual basis W and T s are not well 
correlated in the tropics. 
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