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Abstract 

For the first time in North American monsoon related research, ground-based 

GPS measurements have been used. Two years (2002 and 2003) of precipitable water 

vapor data estimated for the region of southern Arizona and northern Sonora were 

studied. 

Through an examination of PWV differences we found retrievals are 

approximately lO" = 1.9 mm as good as those calculated by the radiosonde and 

approximately 3 mm for GOES. Based on the GPS-PWV time series behavior we 

propose a new definition of the monsoon onset as an alternative to the one used by the 

NWS. With this definition and thanks to the high GPS time resolution we can contribute 

to the monsoon onset moisture source discussion since, as shown in Chapter 3, 

differences of about 1 hour were detected between Douglas and Tucson AZ sites. 

Using GPS-ET A comparisons we estimated the ETA analysis errors for the 

Arizona and Sonora GPS sites. The difference Standard deviations obtained for the 

Sonora sites are up to 1.65 mm greater than those obtained for the Arizona sites, in part 

as a result of the lack of upper air measurements in Sonora. In the future, these results can 

help in estimating the impact of errors in the analyses in Sonora on the weather forecasts 

in Arizona. 

Furthermore, on a much smaller, local scale, it is shown that the GPS can detect 

convective activity near the GPS surface site, a strength unknown before this study. We 

conclude with a perspective on future uses of this technique for the monsoon region of 

Arizona and Sonora. 
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1.0 Introduction 

Many authors have highlighted the importance of water vapor in the atmosphere 

(Reitan, 1960; Hartmann, 1992; Peixoto and Oort, 1992; among many others). Its role is 

prominent in many atmospheric processes over the entire planet. It contributes more than 

any other component of the atmosphere to the greenhouse effect; its amount and 

distribution are closely related to the distribution of clouds and, therefore, precipitation; it 

plays a very important role in determining the vertical stability of the atmosphere and in 

the structure and evolution of the atmosphere for the formation of storms. Due to the 

release of latent heat during phase transition, it also plays an important role in the 

meridional energy transport through its advection (Peixoto and Oort, 1992). 

The seasonal transport of water vapor is particularly important for many tropical 

and subtropical regions. Specifically, in many parts of the world, monsoonal systems 

develop which transport great amounts of tropical moisture into continental areas. The 

moisture transport is associated with a seasonal reversal of winds due to the differences in 

temperature and pressure between land and surrounding oceans. As Ramage (1971) states 

"the monsoon comprises two distinct seasonal circulations- a winter outflow from a cold 

continental anticyclone and a summer inflow into a continental heat low" (p.p.l) 

The North American Monsoon (NAM) is one of these monsoonal systems which 

has been investigated extensively, particularly during the last two decades. The NAM is 

a striking feature of the climate of the southwestern of United States and northwestern 

Mexico. The NAM has two principle sources of moisture; the Gulf of California at low 

levels of the atmosphere and the Gulf of Mexico at higher levels (Schmitz and Mullen, 

1996; Adams and Comrie, 1997 and Berbery, 2001). The relative importance of either 

9 



source is a question that is still debated (Adams and Comrie, 1 997). 

Moisture transport and associated atmospheric convection are a precursor for any 

monsoonal system. Understanding the variability of water vapor during the NAM was 

one of the stated goals of the summer 2004 field campaign research project (North 

American Monsoon Experiment, NAME, Higgins et al., 2003). A better understanding of 

its spatial and temporal variability could result in improving the precipitation prediction 

over North America on a regional scale or on smaller temporal and spatial scales for the 

purpose of local weather forecasting (Higgins et al., 2003). 

Atmospheric scientists have developed a variety of instruments to measure the 

vertical and horizontal distribution of water vapor. The radiosonde and space-based 

radiometers like the Geostationary Operational Environmental Satellite (GOES) are some 

of the instruments used to monitor water vapor in the atmosphere (Bevis et al., 1992). 

These observations have been used to investigate water vapor transport over the North 

American Monsoon region. There are advantages and disadvantages to these 

instruments. The radiosonde provides an in-situ measurement with very good vertical 

resolution (Bevis et al., 1992), but it is very expensive. Because of this, measurements are 

made at very low temporal resolution (twice per day) and, in some places such as 

Mexico, radiosondes are launched only once per day at either 0000 or 1200 UTC. Other 

disadvantages of the radiosonde measurements are that they can be contaminated by 

hydrometeors (Slonaker et al., 1996; Gutman et al., 2004). On the other hand, infrared 

systems to monitor water vapor such as the GOES sounder, have very good temporal and 

horizontal resolution but cannot make measurements when clouds are present. As a 

result, the sounder may be of limited utility during the monsoon due to the high 
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frequency of cloud cover. 

The moisture content in the atmosphere can be expressed in different forms, for 

example the relative humidity, specific humidity, dew point temperature and precipitable 

water vapor (PWV). PWV is defined by the glossary of meteorology as the total quantity 

of water vapor overlying a point on the Earth's surface expressed as a height of an 

equivalent column of liquid water (AMS Glossary of Meteorology, 2000). 

Past research has demonstrated that measurements from Global Position System 

(GPS) Satellites can also be used to measure PWV with an accuracy comparable to 

radiosondes (Bevis et al., 1992 Gutman et al., 2004; among others;). This method has 

some advantages over other techniques; it provides high temporal resolution, it has the 

ability to make measurements under cloudy conditions without contamination and, it has 

moderate set-up and operational costs, as compared to a radiosonde station. 

The use of GPS for monitoring the water vapor content in the atmosphere dates to 

the early 90's ( Bevis et al., 1992, Rocken et al., 1993). During those early years ground

based GPS receiver networks were implemented around the world for various scientific 

purposes including geodetic research and PWV estimation. For this second purpose, two 

large networks have been established in the United States: the UCAR Suominet and the 

NOAA GPS network. Suominet is a university-based, real-time international network for 

atmospheric and geodetic research and education, sponsored by the National Science 

Foundation (NSF) (Ware et al., 2002). In 2004, this network consisted of 74 sites, 

internationally distributed, although most of the sites are in the United States. The data 

from all sites are collected and processed by the University Center for Atmospheric 
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Research (UCAR). 

In collaboration with UCAR, the University of Arizona, the Universidad de 

Sonora (UNISON) in Mexico, Cochise College in Douglas, Arizona, and the Salt River 

Project in Phoenix, Arizona have installed an array of operational Suominet stations to 

mon itor PWV in the region during the monsoon season. 

Just before the onset of the 2002 monsoon season, the first two sites were 

installed ; one at the University of Arizona, in Tucson, and the other at Cochise Co11ege, 

in Douglas, southeastern Arizona. During 2003, four more sites were added: two were 

insta lled in Phoeni x and on Mt. Hopkins, Arizona and, in collaboration with researchers 

from UNISON, one was installed at Puerto Penasco, at the northern end of the Gulf of 

California, in Sonora, Mexico; and the last site is at UNISON central campus m 

Hermosillo, Sonora, Mexico. Figure 1 shows a map of the regional network. 

Figure 1: Location of the University of Arizona network ofGPS PWV stations (SA2 1 at Tucson AZ. , SA24 
at Douglas AZ, SA27 at Hermosillo Sonora, SA3 1 at Phoenix AZ, SA32 at Mt. Hopkins AZ. , and SA 33 at 
Puerto Penasco Sonora, black dots). Other sites shown are part of the Suominet and NOAA-GPS network 

(brown dots). 
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This thesis is structured as follows: first, in Chapter 2, the basic equations and 

discussion of how to estimate PWV using GPS are presented; in Chapters 3 and 4, the 

comparison of the retrieval of PWV values using GPS (further called GPS-PWV) is 

compared with two different techniques retrievals: PWV RAOB (further called RAOB

PWV) and PWV GOES (further called GOES-PWV). Next, in Chapter 5, a comparison 

of two years of PWV observations is discussed, including the differences between 

monsoon onsets, and the distributions of PWV values over the months of June, July, 

August and September. Some comparisons with radiosonde observations (RAOB) and 

their distributions will be analyzed as well. In Chapter 6, we present an evaluation of the 

ETA model initialization where a comparison of the ETA model PWV (further called 

ET A-PWV) with GPS-PWV at OZ and 12Z will be shown. Chapter 7 shows the cases 

with some evidence of convective activity detected by the GPS. Finally, in Chapter 8, we 

discuss our findings and conclusions along with future research. 
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2.0. PWV Estimation from the GPS Measurements 

The derivation of PWV from GPS measurements has been presented by several 

authors (Bevis et al. 1992; Rocken et al. I 995; Duan et al. 1996; among others). The 

complete derivation is not developed in this research; more detail can be found in the 

references cited above. For our purpose, only a brief explanation will be provided. 

The atmosphere is illuminated by 24 GPS satellites around the globe with 

microwave signals of 1.2 and 1.6 GHz ( ~26 em and 19 em of wavelength respectively; 

Ware et al., 2000). The atmosphere induces time delays in the radio signals. A portion of 

the delay is induced by the ionosphere due to the strong interactions of the free electrons 

with the electromagnetic waves at these frequencies. So, the ionosphere is a dispersive 

medium for the GPS signals. This delay can be determined using the dual GPS signals by 

its frequency dependence. By eliminating the ionospheric delay, the remaining delay is 

due to the electrically neutral atmosphere. Consequently, this delay is called neutral delay 

(Bevis et al., 1992). The microwave signals are affected by the atmosphere in two ways: 

(l) the radio-signals travel slower than they would in a vacuum and (2) the signal travels 

in a curved path instead of a straight line, due to the variable refractive index along the 

ray path. The resulting delay in the signal, which can be expressed in an equivalent 

increase in travel path length, is called the path delay. 

2.1 Path Delay Estimation 

In order to estimate the path delay and relate it to the atmospheric water vapor 

content, we will first define some terms. The straight-line geometrical path length, G, is 

the path that would occur if the atmosphere were replaced by a vacuum. The actual path 

length, S, is the actual path of the radio-signal affected by the atmospheric composition. 
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As we discuss above, an electromagnetic wave is affected by the atmosphere, slowing its 

speed propagation and changing its direction (refractive bending). 

Then, the electrical path length L of a signal, propagating along the ray-path S is 

defined as: 

L J n(s)ds (1) 
s 

where n(s) is the refractive index as a function of positions along the curved path and ds 

is the differential path. Then the path delay defined by the difference between the 

electrical path L minus the path without atmosphere G, is given by: 

IlL J n(s)ds - G 

= f(n(s)-l)ds +(S-G) (2) 

The first term on the right side is due to the slowing effect and the second term is 

due to the bending (usually called geometric delay M g ). The geometric delay usually can 

be neglected because to its low contribution to the total delay (Foelsche, 1999). 

Equation (2) can now be written in terms of the refractivity N = 10 6 
( n - 1) , 

then the path delay is written as: 

!J.L = 1 0 -6 f N ( s) ds (3) 
s 

The three term formula for the total refractivity of moist air is given by Thayer 
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(1974) as: 

k pd -1 k e -1 k e z-1 N= ~-Zd + 2-Zw + 3-2 w 
T T T 

(4) 

where Pd is the partial pressure of the dry air in hPa, e is the partial pressure of water 

vapor in hPa, T is the temperature in K, and Z~1 and z:1 are the inverse compressibility 

factors for dry air and water vapor respectively (because the atmosphere is not an ideal 

gas). And, k 1, k2 and k3 are empirical constants. 1 

1 The values of these constants are provided in Bevis et a!. (1992) study 
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2.2 Zenith Hydrostatic Delay Definition 

In the zenith direction, the total atmospheric delay has two contributions: the 

"hydrostatic delay" and a quantity called "wet delay" (Bevis et al., 1992). The hydrostatic 

delay is due to the gaseous constituents of the atmosphere including water vapor (Bevis et 

al., 1992). 

Then, using Dalton's law (P = P d + e), and the gas law for dry air and water 

and p d and Pw are the densities of the dry air and water vapor, respectively, and md and 

mw are the molar masses of dry air and water vapor in kg/mol. Equation 4 can be 

rewritten as: 

Tr R* (k Tr mwJ e z-1 Tr e rr1 
="1 md p+ 2 -"1 md T w +n-:3 T2 .L,w 

(5) 

(6) 

where p is the total density (p = p d + p "' ) . Introducing the 

constant k ; = ( k 2 - k 1 :: ) 
2 

to simplifY eqn. (6) we obtain: 

N k R* k' e z-1 k e z-1 = 1-p+ 2- w + 3-2 w 
md T T 

2 Also, the value of this constant is provide in Bevis (1992) study. 
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The vertica] integral of (7) is the zenith de Jay: 

00 ( * } . o - 6 R · e -1 e -1 
M =10 f k1-p+k2 -Zw +k3- 2 Z w z 

md T T 
Zantenna 

(8) 

Using the hydrostatic equation and assuming g constant, (8) can be written as: 

M o ~ 1 o-6 rk R* p antenna + Kk' ~ z-1 + k _!___ z-1 }z] 
I 2 T w 3 T 2 w 

md g a 

(9) 

The first term on the right hand side of eqn. (9) is called the zenith hydrostatic 

delay M~: 

(1 0) 

Therefore, by measuring the pressure at the antenna (Pantenna) and considering 

the acceleration ofthe gravity we can obtain the zenith hydrostatic delay. 

The zenith hydrostatic delay can be converted to a delay along S, denoted by Mh , 

using a mapping functionMh(a), where a is the observation elevation angle and is 

function of II sin( a) (obtained by Niel, 1996). 

2.3 Zenith Wet Delay Definition 

The remainder in Eqn. (9) is called zenith wet delay, M~, 

(11) 
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As will be shown in next section, this delay can be related to PWV. 

The wet delay along path S can be estimated by M} - Mh . The wet delay is 

usually converted to the wet delay along the zenith, the so called zenith wet delay, using a 

mapping functionMw(a), 

Mo = M-M~Mh(a) 
w M w(a) 

(12) 

where a is the elevation angle and M w(a) is a function of 1/sin(a). If the reader wants 

for more detail about the hydrostatic mapping function and the wet mapping function , 

see Niel (1996). 

11L~. can be estimated, since M is computed based on the relative location of the 

GPS receiver and the GPS satellite; the hydrostatic delay can be estimated knowing the 

pressure at the GPS antenna. We now just need to find the relationship between PWV and 

2.4 Relation of the Zenith Wet Delay and PWV 

Multiplying and dividing eq n. (II ) by } ; Z :' dz and using the equation of state 
0 

for water vapor, we can rewrite that eqn. as: 

( 
k 

) 

• 0() 

o -6 • 3 R 
M w = 10 k2 +- -- fpvdz 

Tm m" o 
(13) 

where 
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(14) 

PWV is defined as: 

OCJ 

PWV = fpvdz (15) 

Then, from eqn. (13) we can relate PWV (in units of length) with zenith wet delay 

as: 

PWV = Jr X b.J} w (16) 

where the dimensionless 7r is given by: 

(17) 

where Rv is the specific gas constant of the water vapor, p 1 is the density of liquid water 

and Tm is the weighted mean temperature of the atmosphere defined in Eqn. (14). 

The value of 1r is typically ~0 . 15 , but can vary depending on the latitude and 

season. 
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2.5 PWV Product From Suominet Processing 

. The product from the Suominet is the result of averaging the retrieved PWV from 

about 12 satellites over 30 minutes (Teresa Van Hove, personal communication). Even 

though the GPS time resolution is finer than 30 minutes, what can vary are the 

meteorological sensor (met pack) measurements and their time resolution of the PWV 

retrieved depend on each met pack (Teresa Van Hove, personal communication). One 

should mention that in the Suominet processing, the times given are the start of a 30 

minute window, therefore, for example, the 22:30 PWV value is the PWV "average"3 

from 22:30 to 23:00. 

3 The real process involve more complicated operations, for deeper study about the processing please check 
Braun et al.200 1 
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2.6 Horizontal Averaging Interval of GPS Measurements 

There is no consensus about the size of the area of validation of every 

measurement of GPS PWV. For example, Hagemann et al. (2003) considered that a PWV 

GPS measurement represents 1 00 Km2 therefore to ~6 km of radius. On the other hand, 

according to Yoe and Gutman (200 1) in their analysis of the GPS-PWV geometry, PWV 

GPS measurements represented an with a diameter of ~21 km (Figure 2). One conclusion 

is that the area representative of the PWV measurements depends on the elevation angle 

of the lowest satellite and the elevation at which is considered to be an effective upper 

limit to water content (see figure 2). 

Figure 2. Figure taken ofthe study ofYoe and Gutman 2001 . 
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3.0 GPS Measurement Validation 

rt is important to validate our GPS-PWV data with other methods of estimating 

PWV. Over years of research in meteorology, the radiosonde has typically been 

considered the "truth" (Pratt, 1985). Generally evaluations of the retrievals from models 

and other techniques to estimate PWV are compared against radiosonde to validate 

results and measurements. So, for this case we made the comparison as well. 

Comparisons between GPS-PWV and RAOB-PWV are evaluated for our site in Tucson 

Arizona (SA21) and radiosonde measurements at Tucson International Airport for the 

2002 and 2003 summer seasons. Following, is a review of PWV derivation from 

radiosonde data. 

3.1 Radiosonde PWV derivation 

The radiosonde, carried by a balloon, is an in situ measurement taken at points 

along its path, which varies depending on the wind direction and speed at each 

atmospheric level. Therefore derived PWV from the radiosonde represents the amount of 

water vapor vertically integrated along its path and not over the column above the 

launching point. 

Data from a radiosonde includes pressure, derived geopotential height, 

temperature, dew point temperature, wind direction and wind speed for different vertical 

levels. Those files can be obtained from the NOAA/FSL web page4
• 

Using the data provided by the radiosonde, the specific humidity q can be 

estimated by the following formula: 

4 http: //raob.fsl.noaa.gov/ 
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3.794 ( Td J q=--exp --
p 13.7 

(18) 

where P is the atmospheric pressure measured in millibars and Td is the dew point 

temperature measured in °C. The first constant is given by the product of the saturation 

vapor pressure at 0 oc (6.1 mb) and the ratio of gas constants of dry air and water vapor 

(0.622). The second constant is empirically determined. 

PWV definition is given in eqn. 15. Using the hydrostatic equation and knowing 

that the specific humidity is given by q = Pw I p where Pw and p are the density of 

water vapor and the total density of the atmospheric air. Then we can rewrite eqn. (15) as: 

00 1 p 

PWV = fpwdz =- fq(z)dP 
0 g 0 

(19) 

Using Eqn. 19 and RAOB data, the PWV for each layer and the column integral 

can be calculated. The units of PWV are kg.m-2. Dividing by the density of liquid water, 

we get the equivalent column of liquid water expressed in meters, but because this 

amount is very small, we multiply by 1000 to express the amount in mm, the units used . 

in this thesis. 

3.2 Comparisons between GPS retrieval and RAOB retrieval 

Radiosonde launches occur daily at 1100 UTC and 2300 UTC. On the other hand, 

GPS produces a PWV measurement every 30 minutes. As mentioned in Chapter 2, the 

GPS value from Suominet processing represents the average over a half hour starting at 

the time provided. Considering the vertical velocity of the sounding ~5 ms-1 (without 
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vertical component of the wind), we conclude that in 30 minutes the radiosonde has 

covered most of the atmosphere containing water vapor. Therefore, the comparisons are 

made using GPS-PWV values taken at the RAOB launching time (~11 :00 and 23:00 

UTC). To show the very different time resolution between the two techniques, the time 

series are shown with the complete number of daily measurements for each method. For 

the stati stical analysis, only the GPS-PWV values at the launch time were considered in 

order to compare them most directly with the corresponding RAOB soundings. 

Figure 3 shows the 2002 and 2003 PWV time series for the Tucson radiosonde 

and GPS . Except for a few points, both series track each other both years5
. It is important 

to mention that for both years the time series for the two techniques coincide in terms of 

the sudden increment of PWV apparent at Julian day 188 for 2002 and 191 for 2003, 

which are tied to the onset of the monsoon ; this will be discussed further in Chapter 5. 

Time Series 
Tucson SA2 1 and Tucson Radiosonde (2002) 

50 I I L. 1 I .___._L.........-..,.....t-........... "'""-1-

E' 3o 
E 

> 
~ 20 n.. 

10 

0 -~~~~~~~--~~-~~~~~~ 

160 180 200 220 240 260 280 

Julian Day (UTC) 

E' 3o 
.s 
> 
~ 20 n.. 

10 

Time Series 
Tucson SA21 and Tucson Radiosonde (2003) 

Radiosonde 
Gf'S 

140 160 180 200 220 240 260 280 

Julian Day (UTC) 

Figure 3. Time Series GPS-PWV every 30 minutes (red solid line) and RAOB-PWV every 12 hours (green 
dots) JJAS for 2002 (left) and 2003 (right). 

5 It is important to note th at for 2002 SA21 GPS station began to operate on June 16 (Julian day 167 UTC). 
ln the 2003 case, we have th e complete period of June, Jul y, August and September 
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3.3 Quality Control of Data 

In order to eliminate erroneous data points, data were subjected to a quality 

control. If the magnitude of the absolute difference of GPS-PWV - RAOB-PWV was 

greater than 5 mm, that measurement was checked; this situation occurred in ~4.5% and 

~4% for each analyzed season. The summary of these cases is presented in Table 1 

specifying the Julian days and the corresponding date. 

Table 1. Summary of cases when the absolute difference ofGPS-PWV- RAOB-PWV 

is greater than 5 mm. 

Julian Day 
196.0 
198.5 
222.0 
223.0 
237.5 
240.5 
241.5 
245.0 
250.0 

211.5 
221.0 
222.0 
228.0 
235.0 
238.0 
239.0 
244.0 
254.0 

2002 
Date 

15-Jul-0000 UTC 
17-Jul-1200 UTC 

1 0-Aug-0000 UTC 
11-Aug-0000 UTC 
25-Aug-1200 UTC 
28-Aug-1200 UTC 
29-Aug-1200 UTC 
02-Sep-0000 UTC 
07 -Sep-0000 UTC 

2003 
30-Jul-1200 UTC 

09-Aug-0000 UTC 
1 0-Aug-0000 UTC 
16-Aug-0000 UTC 
23-Aug-0000 UTC 
26-Aug-0000 UTC 
27-Aug-0000 UTC 
0 1-Sep-0000 UTC 
I l-Sep-0000 UTC 

PWV,.GPS- PWV-RAOB 
7.47529 
-6.25332 
8.22427 
5.15469 
-22.0751 
-5.86978 
-12.8163 
5.01441 
-7.20588 

-5.0074 
6.5349 
6.785 

-19.6625 
9.3321 
7.6657 
-6.9843 
6.84027 
5.47393 

There were 9 such cases each, during 2002 and 2003. Here it is important to 

distinguish between two cases: one where the GPS measurement is drier than the RAOB 

measurement (negative sign in 3rd column, Table 1) and the other opposite case, where 

the GPS measurement is wetter than the RAOB measurement (positive sign). In this 
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chapter we will discuss the cases involved in the first situation. The cases involved in the 

second situation will be analyzed in Chapter 7 (all of these cases are included in the 

statistical analysis in section 3.4). 

Regarding the cases when RAOB-PWV is wetter than GPS-PWV, three possible 

explanations were found to explain these differences: 1) Radiosonde sensor gets wet 

under certain situations resulting in an erroneous PWV estimation (This will be discussed 

further in this chapter). 2) the GPS is not measuring the same event that the RAOB is 

detecting due to the distance between the GPS station location and the RAOB launching 

point (12.4 km, and the horizontal GPS averaging, discussed in Section 2.6, is~ 10.5 km). 

3) It can be a combination of the two cases above. More discussion about these two last 

cases will be presented in the conclusions (Chapter 8). 

It has been documented that the radiosonde sensor can get wet in certain 

situations (Slonaker et al., 1996; Gutman et al., 2004). When the sensor passes through a 

raining cloud it may get wet; once the sensor exits the top of the cloud and is exposed to 

cloud-free sky, the liquid water on the sensor starts to evaporate. This results in an 

erroneous PWV measurement (Slonaker et al., 1996), because the sensor measures 

evaporating water and not the actual environmental water vapor amount. By checking the 

skew-T diagrams and the record of precipitation for 2002, as well as radar images for 

each of the cases for 2003, we concluded that this was the situation for most cases where 

GPS-PWV was drier than the RAOB-PWV, such as 198.5, 240.5, 241.5 and 250 for 2002 

and 239 for 2003. For the rest of the cases (237.0, 2002 and 228.0, 2003) the differences 

were due to technical problems (sensor malfunctioned). All of these cases were removed 

from the analysis. Finally, the remaining, 211.5 (2003), can be an example ofthe second 
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case mentioned above; that value was not removed since no evidence of wet sensor was 

found. Other authors (Klein et al.,2002; Li et al., 2003; Dai et al., 2002) do not discuss 

spurious points in their data. Gutman et al. (2004) define the outliers statistically as 

points greater than 2 mm root mean square (RMS) or 1.9 mm standard deviation, but they 

do not provide a physical explanation for the removal of these data. 
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3.4 Results of PWV comparisons GPS vs Radiosonde 

Once the spurious points were eliminated, the statistical analysis was done. 

Figures 3 and 4 show the noticeable agreement between GPS-PWV and RAOB-PWV, 

where the correlation coefficients for 2002 and 2003 are 0.98 and 0.99, respectively; the 

biases are smaller than 1 mm for both years and root mean square errors are less than 2 

mm as well. Table 2 summarizes the statistical analysis. 
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Table 2. Statistical parameters of the comparison between GPS and RAOB for JJAS 2002 and 
2003. 

Bias (mm) s. 
Year Correlation [GPS-PWV- ETA- Deviation RMS Error ( mm) m* B* 

PWV] (mm) 
2002 0.98 0.5 1.92 1.98 1.01 0.19 
2003 0.99 0.62 1.99 2.08 1.07 1.19 

*Parameters ofthe linear least squares fit: m is the slope and b is the intercept. 

3.5 Comparison with the results of other authors 

In comparing our results with those of other authors, very similar correlations are 

found. Gutman et al. (2004) reported a correlation of 0.98, while Li et al., (2003) found a 

correlation of 0.99. Regarding the bias, no significant differences were found with 

respect to Gutman et a1., (2004) or Klein et al. (2002). For example, Gutman et al. (2004) 

found biases from 0.3 to 0.8 mm, and Klein found biases from 0.01 to 0.58; of similar 

order than this study. Li et al. (2003) did not report data bias. Regarding the standard 

deviation, our results do not differ significantly from those of Klein et al. ( ~ 1.35 mm and 

1.69 mm), but are closer to the results of Gutman et al. ( ~ 1.97 to 2.3 mm). Our RMS 

error results are comparable with those of Klein et al.; although they found less RMS 

error (between 1.45 mm and 1.79 mm), the difference with this study is not more than 0.7 

mm. 

Our results differ with those of Li et al. (2003), where the reported standard 

deviation is 0.8 mm in one case, and 1.2 mm in the other case; the correlation coefficients 

are 0.99. Reviewing their analysis it was found that, in contrast to this and other reviewed 

studies, while we compare GPS-PWV to RAOB-PWV directly, Li et al. (2003) define 

RAOB-PWV = a x GPS-PWV + b, where this equation is the linear least squares fit of 
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GPW -PWV plotted against RAOB-PWV. Therefore, a smaller standard deviation and 

smaller errors are only to be expected, since GPS-PWV values are now being compared 

to this linear " best" fit. 

3.6 GPS Error Estimation 

As mentioned at the beginning of this Chapter, we compare GPS-PWV with 

RAOB-PWV. This comparison is made by estimating the contribution to the SDD when 

we contrast GPS-PWV with RAOB-PWV (what we call as well, the contribution to the 

error for each technique). Furthermore, this estimation will help us to estimate the error in 

GOES retrieval in next Chapter, and to evaluate ETA model performance in Chapter 6. 

In estimating the contribution to the SDD of each measurement of each technique, 

three scenarios are considered in terms of GPS measurements: 1) GPS contribution is 

zero ("minimum GPS contribution"); 2) each technique has the same contribution ("best 

guess"); and, 3) all contribution is due to the GPS. The first and the third scenarios are 

very unlikely since each technique contains error, therefore we consider that the most 

probable case is the "best guess" . 

Then, we have that every measurement can be expressed by the "real 

measurement" plus an error, thus we can write GPS-PWV and RAOB-PWV data as: 

PWV RAOB = PWV + £ RAOB (20) 

and 

PWVcPs = PWV +&cPs (21) 
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where PWV denotes the "true" PWV value and & denotes the error of the measurement 

associated with each technique. 

We can write the standard deviation of the difference as: 

(22) 

substituting 20 and 21 in 23 we obtain: 

(23) 

in equation 23 PWV cancels out, then regrouping the lefting terms: 

(24) 

defining 

' ( ) ' ( ) & =& - & & -& - & 
CPS CPS CPS and RAOB - RAOB RAOB then, eqn. (24) becomes: 

(25) 

then, developing (25) we obtain: 

2 ( ' 2 ' ' ' 2) 
(J' CPS-RAOB = &CPS - 2&CPS & RAOB + & RAOB 
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= ( &~PS 2 )- 2( &~ps &~AOB ) + ( &~OB 2 ) 
(26) 

For our case, we are comparing two completely different techniques, independent 

from each other and expected error zero, therefore the term of the middle in eqn. (26) 

should be zero. 

The square of the expected value is equal to the standard deviation, then: 

2 2 2 
a errorGPS-errorRAOB = a errorGPS + a errorRAOB (27) 

Therefore, we will use the standard deviation of the difference (SDD) between the 

two techniques to estimate the error. Finally using our results in Table 2 and assuming a 

given case or scenario, we can calculate the contribution of each technique to the SDD. 

Table 3. Estimated Errors of the difference between GPS and RAOB for JJAS 2002 and 2003. 

Year 
2002 
2003 

Minimum GPS Error (mm) 
0 
0 

Best Guess (mm) 
1.36 
1.40 

Maximum GPS Error (mm) 
1.92 
1.99 

Table 3 shows the results of the errors analysis. Our best guess just differ from the 

maximum error for 0.56 mm for 2002 and 0.59 mm for 2003. Our estimations for GPS 

error will be used in the following comparisons with GOES and ETA evaluation. 
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4. GPS versus GOES sounder comparisons. 

Product imagery from GOES has been used by meteorological researchers since 

the late 70's. However, it has only been since the mid 90's that GOES-8 sounder, 

designed with separated imaging and sounding instruments are available to estimate 

atmospheric PWV at different vertical layers (Hayden and Wade, 1996). 

The three GOES Water Vapor channels are at wavelength: 6.73, 7.25 and 8 Jim 

which respectively peak at ~400 mb, ~600 mb and close to the surface ( ~ 1000 mb ). 

Water vapor is estimated by GOES using these radiative measurements having, three 

layers of vertical resolution (Hayden and Wade, 1996). 

A PWV measurement is obtained every hour from the averaged measurements of 

an array of 3 X 3 pixels, which are of 10 km resolution (therefore PWV is averaged in a 

grid of 30 X 30 km). PWV is estimated if there are at least four of the nine pixels free of 

clouds (Dostalek et al., 2001 ). Then, one of the factors that · can affect quality in 

estimating PWV is the number of clear pixels. In the PWV retrieval from GOES, the 

reported coordinates correspond to the centroid of the clear field-of-view (Wayne Feltz, 

personal communication), which can be a source of error in our comparison, as is 

discussed further at.the end of this chapter. 

4.1 GOES-PWV vs GPS-PWV comparison results. 

In this section a comparison of the data and its statistical analysis was made 

utilizing the hourly PWV data from GOES and the corresponding data from GPS6
• 

Figure 5 shows the time series of GPS-PWV and GOES-PWV for Tucson and Douglas in 

6 Thanks to S. Limaye and S. Lindstrom at the University ofWisconsing for provide GOES data. 
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2002. The time period shown is from June 16 (167 Julian day) to August 31 (243 Julian 

day) for Tucson and July 6 (187 Julian day) to August 31 (243 Julian day) for Douglas. 

These periods are based upon the respective starting times of each GPS station. GOES 

September data was unavailable for this period. As can be observed, GOES has fine 

temporal resolution , which can be appreciated in the period before the monsoon (before 

Julian day 188). A weakness of GOES is its difficulty in measuring PWV in cloudy 

conditions (which occur more frequently during the monsoon). This weakness is evident 

at the onset of the monsoon when GOES misses some PWV measurements during the 

sudden increment of PWV perhaps by cloudy conditions (See Figure 5). However the 

agreement between GOES-PWV and GPS-PWV can be noted observing that the time 

series for each technique track each other. 

Time Series Time Series 
Tucson SA21 and GOES PWV (2002) Douglas SA24 and GOES PWV (2002) 

40 • GOES 40 GPS . I, i l 

~ ~ E' 3o 

s 
~ I cL 20 ~ 

I~ 10 

~ 

o o +-r_,_.,-.----,-..,......,.-....-~__,_..---..-.-..,.....,..+ 

160 180 200 220 240 260 280 180 200 220 240 260 280 

Julian Day (UTC) Julian Day (UTC) 

Figure 5. GPS-PWV and GOES-PWV for 2002. Tucson U of A site (left), 

Douglas Cochise College site (right) . 
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Figure 6 shows the scatter and difference plots between GPS-PWV and GOESPWV. 

The statistical parameters are summarized in Table 2. 

Scatter Plot GPS vs GOES 
SA21 Tucson Az. {6/16/02 • 8/31 /02) 

.___._._~ ............. 1 ........... --......._.___._ ......... _....-........,L...........,., 

50 - ~:!n• -~~r0 .3"'os mm . / ' 
I 

Cotr • 0.95 / J 

m . 0.94 b = I.Da mm ' / t 

I e~,Wr,t. ~-j~;;;ffi'2 ° I/ 

- 40 nn ~ 4j)1 00 • •• •• r' l
. ~~;~~~~ : ~~7"~;;;m•2 1:;:/ 

~ . s.\ I .. ~. ! 
~ 30 ,.::!£: · :· r 
a_ I A:. :.{]J::: (/) Y. . • a. 20 , • • 
C) • 

~: . . 
10 -

/ 't.: ,..: .. 
~ :~··,-

0 ~~~~~~-~~~ 

0 1 0 20 30 40 50 

GOES PWV (mm) 
Difference: GPSPWV - GOESPWV JJA (2002} 
SA21 Tucso Az. 

·15 

. .. . . 
: ;.h if .. ;· .. ,: • ... ~·· 

,.-,(. ·'St·J:t. ;. :'( ·:. '· ~ ,, ... 
••t ,.I -.:..a:.._,.• + ,• • .J. • •' ' •1~ 

•&.-~· ,.,,or · . ;· ~·rv~ :::"'\ ... 
t.y • ...--, .d ... '· · • .• .., . ... 
• ••• 1 ~ r · •, • • , 

. , • • • • • IJ •• . . . . . . . . . 

10 20 30 40 

PWV GPS {mm) 

E .s 
~ a. 
(/) 
Q) 
0 
Ol 

[ 
(/) 
Q_ 
Ol 

50 

..-._ 40 
E 
E 

> 30 

~ j 

~ 20 l 
10 

0 1 0 20 30 40 50 

GOES PWV (mm) 
Difference: GPSPWV - GOESPWV JA (2002) 
SA24 Douglas Az . 

10 

- -- ~ 
•• f-

5 

0 

. . . . . . . .. ,. .. 
• : ., ' • • : ·.:\. ', '.. ~ .I : .: ~ 

\ ·' ... ~... ·~ . -~..... . . 
•4.•• oY:: •:s• _,. ~~II. • . • 'I ' ' •v, • ~ .. • .v._ .• wro: • • ::.I f .... ~ ... • •• • ,... • J • • • 

•• ... . . -! .: 

-10 

·15 

-20 

15 20 25 30 35 40 

PWV GPS (mm) 

Figure 6. P WV Scatter plot for Tucson U of A site (top left), and Douglas Cochise College site (top right). 
P WV Difference plot for Tucson U of A site (bottom left) and Douglas Cochise College (bottom right). 

The companson for Tucson shows wet bias in GOES-PWV (-0.40 mm) while 

Douglas comparison resulted in a dry GOES bias (2.40 mm). The standard deviations are 

similar, for Tucson it was 3.02 wh ile for Douglas it was 2.98 Uust a difference of 0.04 
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mm). The biases can be due to the topographic difference in surface pressures. 

Table 4. Statistical parameters for the comparison between GPS-PWV and GOES-PWV (2002) 

Station Correlation Bias (mm) S.D.D. RMS Error m* b* 
[GPS-:PWV ~· (mm) (mm) 
GOES-PWV] 

Tucson 0.95 -0.4 3.02 3.05 0.94 1.08 
(SA21) 
Douglas 0.89 2.4 2.98 3.83 0.86 5.79 
(SA24) 

*Parameters of the linear least squares fit: m is the slope and b is the intercept. 

4.2 GOES Error Estimation 

GOES-PWV error estimation was calculated using our results in GPS-PWV error 

estimation in Section 3.6 and a similar equation to equation (27): 

2 2 2 
(J errorGPS-errorGOES = (J errorGPS + (J errorGOES (28) 

2 

where a errorGPS- errorGOEs is the square of the standard deviation in Table 4 and 5
Go£s is the 

GOES contribution to the error. Then, we use the same scenarios used with GPS-PWV to 

estimate GOES-PWV error. 

Table 5 shows the error analysis between GPS-PWV and GOES-PWV for our 

sites in Tucson and Douglas. The best guess resulted in a slight difference error for 

GOES in Tucson and Douglas: 2. 7 and 2.65mm respectively. So, the estimation of the 

best guess for GOES sigma error is about twice that for GPS. 

Table 5. Difference Errors estimation for the comparison between GPS-PWV and GOES-PWV 
(2002) 

Station 

Tucson 
Douglas 

Minimum GOES Error (mm) Best Guess (mm) 

2.33 2.70 
2.28 2.65 
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Finally, we want to discuss that, in addition to the error in each technique (in this case 

GOES), we have some factors that can contribute to errors as well. As mentioned before 

two factors can affect the quality of the data: I) the number of free cloud pixels and 2) the 

position of the centroid for each measurement. Although these factors can be related 

since one array of free pixel (e.g. just 4 free pixels) can result in a centroid far from our 

site; we found cases when with 9 clear pixels this centroid was far from our sites (on 

average this distance was less than 8.5 km). Then, the centroid position can affect the 

comparison between GOES-PWV and GPS-PWV. If this is far from a given GPS station, 

it is possible that the GOES-PWV measurement does not represent at all the PWV values 

close to the GPS station. 
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5. PWV Monsoon Onset Examination and PWV Summer Distributions 
for 2002 and 2003. 

In this Chapter, a comparison of two years of PWV measurements for our two 

GPS stations (SA21 at Tucson, AZ. and SA24 at Douglas, AZ.) is presented. In Section 

5.1, the GPS-PWV behavior during monsoon onset is described and compared with the 

onset reported by the NWS in Tucson. These onsets are also examined in terms of the 

climatological monsoon onset at Tucson, Arizona. Next, in Section 5.2, the 

characteristics of each summer season are compared, particularly, the variability of PWV 

over the months of June, July, August and September (JJAS). Of particular interest in our 

study is to characterize PWV distributions for both stations. Longer term radiosonde 

records of PWV at Tucson are compared to these two years of GPS-PWV in order to 

determine whether an observed bimodal behavior, discussed below, is typical. 

5.1 Monsoon Onset. 

The onset of the monsoon season in Tucson, Arizona has historically been defined 

by the National Weather Service (NWS) as the day when the average daily dew point 

temperature is 54 degrees For greater for "3" consecutive days7
• This definition has been 

criticized by some monsoon researchers because it considers just the values at the surface 

and, it also appears to consider that the onset of the monsoon is a process that takes three 

days (Dr. Bob Maddox, personal communication). 

With respect to the PWV values, we considered the following facts. In Figure 7, 

the pre-monsoon period is characterized by small PWV values, which rarely exceed 20 

mm, but during the monsoon, for the most part, these values are greater than 25 mm. We 

7 http://www.wrh.noaa.gov/twc/monsoon/monsoon stats.php. Climatological monsoon data is also 
provided in this web page. 
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will explain this further below. Considering this, we will call the PWV values below 20 

mm "dry values", 20>PWV>30 "transitional values" and PWV>30 mm "wet values" . 

These values apply only to Tucson, because PWV values vary depending on the altitude 

of the site under consideration. So, based on the 2002 and 2003 behavior, we will define 

the onset of the monsoon as a sudden increment in PWV and its maintenance above 25 

mm (which is the middle point of the transitional values). That at least was the behavior 

of the monsoon during 2002 and 2003. Figure 7 shows the onsets of the monsoon at 

Tucson for 2002 and 2003 based on our definition. The features of the onsets will be 

di scussed later, but in this plot the suddenness of the increments mentioned above can be 

appreciated. 

Tucson Monsoon Onset Douglas Monsoon Onset 

0 I ' I ' I ' 

1~ 1~ 1~ 1~ 1~ 1~ 100 1 ~ 1~ 1~ 1~ 1 ~ 

Julian Day (UTC) Julian Day (UTC) 

Figure 7. Time series of the summer monsoon onsetfrom GPS-PWV during 2002 (red) 

and 2003 (green). Tucson (left) and Douglas (rigth). 

According to the NWS the start of the monsoon in 2002 was on July 9 (Julian day 

190). On the other hand , the onset of the monsoon in 2003 was July 11 (Julian day 192). 

Both on sets coincide with the sudden increments of PWV in Fi gure 7. Trying to see how 
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typical these onset dates were, the distribution of the onsets over the years between 1949 

and 2003 was compiled. Following the records of the NWS, Figure 8 shows the 

distribution of monsoon onsets from 1949 to 2003 for Tucson, Arizona. 
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Figure 8. Histogram of the onset of the monsoon in Tucson Arizona 

The statistics of the onset resulted in an average onset on July 1 with a standard 

deviation (SO) of ~ 7 days. The most probable onset resulted on July 3. Considering the 

average onset plus/minus its SO (period between June 25 and July 7) we have that the 

probability that the onset occurs in such period is ~67% . Based on this result the onsets 

for 2002 and 2003 were not typical. However, for Higgins et al. ,( 1999) these onsets were 

typicaL This di screpancy is to the fact that Higgins study is based in a shorter period than 

ours (1963-1994) 
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Considering the onset date at each site, for Tucson 2002 the PWV had an 

increment of 32.5 mm, for 2003 the increment was 27.1 mm (the increment is defined by 

subtracting off the lowest PWV value from the highest PWV value during the onset 

period, see figure 7). The PWV derivative was calculated as the difference between the 

PWV highest value minus the PWV lowest value divided by the difference between the 

time of the highest value minus the time of the lowest value (all these times and PWV 

values are during the period of the increment). Those derivatives were 13.44 mm day-1 

and 13.04 mm day-1 for 2002 and 2003, respectively. For Douglas the increment in 2002 

was also greater than the increment for 2003. Those values were 27.lmm and 20.6 mm. 

But the values of the derivative were almost the same: 13.16 mm day-1 and 13.17 mm 

day-1, respectively. Thus, the onset of the monsoon for 2002 and 2003 in terms of the 

PWV can be identified both by an increment of more than 20 mm, and by the slope of 

change of PWV with respect to time. 

Comparing the onsets at the Tucson and Douglas sites, two aspects can be noted: 

the increment of PWV in Tucson is greater, for both years than the increment in Douglas; 

and both years the time of the onset (defined as the time of the lowest PWV value before 

the increment) was a bit earlier in Douglas than in Tucson. The former is because Tucson 

is located at a lower elevation than Douglas; the latter can be an indication that the 

monsoon onset moisture came in from the east so, we are observing the effect at Douglas 

before Tucson. The GPS time resolution permits the observation of these differences (in 

time onsets) even if they are small. For example for 2002 the onset started one hour 

earlier in Douglas than in Tucson, while for 2003 this difference was 3 hours. 
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Figure 9. Comparison ofthe Monsoon Season Onsets for Tucson and Douglas: 

2002 (left) and 2003 (right) 

5.2 Summer time PWV IIistograms for 2002 and 2003 

In this section , a discussion of the distributions of the PWV values over the four 

months of the study , JJAS , will be presented. A key finding ofthis study was a bimodal 

di stribution of PWV values in 2002 and 2003. We begin by comparing the distributions 

fo r the Tucson and Douglas sites with the Suominet GPS time resolution (every half 

hour). We then study the differences between the years 2002 and 2003 for each site. 

Next, in an attempt to determine whether this behavior is typical , a study of the monthly 

di stributions will be shown. It will be then demonstrated that the bimodality is also 

present in the radiosonde data. Therefore with the available historical radiosonde 

information , PWV distributions from 1998 to 2003 will be shown. 

5.2.1 GPS PWV distribution 

In thi s section summer season (JJAS) histograms of 2002 and 2003 PWV values 

for SA21 site at Tucson and SA24 site at Douglas are discussed. 
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Figure 10 shows the PWV distributions for SA21 for 2002 and 2003 respectively, 

derived us ing a bin size of 1 mm PWV. These distributions reveal a distinct bimodal 

behavior for both years. The plots clearly show two "crests" and one "valley". For the 

purposes of this study the pati to the left of the deepest valley will be called the "dry part" 

and the part to the ri ght, the "wet part"; the valley will be called the transition (the less 

frequently observed set of values between two crests). 

GPS~PWV Distribution SA21 Tucson Az. GPS·PWV Distribution SA21 Tucson Az. 
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Figure 10. P WV distributions for 2002 (left) and 2003 (right) f or the station at Tucson AZ. SA2 1 (JJAS) . 

For both years and for both sites, very well defined dry, wet and transition modes 

were observed, even for 2002, despite the fact that SA21 on ly began operation on June 

16. 
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Figure 11. PWV distributions for 2002 (left) and 2003 (right) for the station at Douglas A Z. SA24. 

Hi stograms for Douglas also show bimodality modes very well but due to the 

mi ss ing data for both years (2002 data acquisition stared in July 8, and in 2003 20 days 

are mi ss ing durin g the monsoon season) we will not discuss in this study. 

5.2.2 PWV Monthly Distribution Analysis 

In a more detail ed analysis of this bimodality, the PWV distributions for every 

month are shown . Be low we present the GPS-PWV histograms for Tucson corresponding 

to 2002 and 2003: 
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Figure 12. PWV monthly distributions for SA21 at Tucson AZ. 2002 (left) 

and 2003 (right) for each of JJAS.. 

As can be observed in Figure 12, the majority of the dry values are contributed by 

the month of June and the first part of July corresponding to the pre-monsoon period and 

46 



September (post-monsoon period). Although the other months contain some dry values, 

they occur less frequently. The majority of the wet values correspond to the monsoon 

period , which usually is the second part of July, the entire month of August (except 2002 

when August had a dry period of about ~ 11 days, see figure 3) and pati of September. 

Considering the observations mentioned before, we could erroneously conclude that the 

bimoda lity corresponds to ~60 dry days and ~60 wet days and is periodic or happens 

every year, but thi s is only the case for the two years analyzed. In the next section we 

study the PWV di stributions from the Tucson radiosonde since 1998 to verify thi s. 

5.2.3 Study of PWV distribution bimodality 

Now the question is, how typical is the bimodal behavior that was observed 

during the 2002 and 2003 summer seasons? Since we do not have longer historical GPS-

PWV data, we must use radiosonde data. First we examine how well the radiosonde 12 

hour sampling can reproduce the bimodal behavior by comparing with 12-hour GPS-

PWV di stributions. 
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Figure 13. Distribution ofGPS-PWV eve1y twelve hours for Tucson. 2002 (left), 2003 (right) . 
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Figure 13 shows the distributions of GPS-PWV for every 12 hours for the two 

years of operation. Although bimodality is sti ll present it is not really as well defined as 

in Figure 10, Figure 13 does not look very similar to the 30-minute GPS-PWV 

distributions, so we wi ll compare this with RAOB-PWV distribution. 
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Figure 14. P WV distribution of the Radiosonde at Tucson, AZ. 2002 Distribution (left) and 2003 
Distribution (Right) 

In Figure 14, RAOB-PWV distribution shows bimodality as well , even though; 

the bimodality is not really as well defined in the sounding data or 12-hour GPS data. In 

thi s case we have a factor of 24 times less data. Now, hi storical RAOB data were 

examined back unti I the year 1998. The results are shown in the next panel. 

48 



Tucson Radiosonde PWV dis tribution for 1998 
JJAS Period 

50 ~----------------------------r 

40 -

6' 30 -
c 
Q) 
:::l 
G" 
~ 
u. 

>. 
(.) 
c 
Q) 
:::l 
G" 
Q) 

li.: 

20 -

10 -

r l 
I I I I I I 

15 30 45 

PWV(mm) 

Tucson Radiosonde PWV distri bution for 2000 
JJAS Period 

50 

40 -

30 -

20 -

10 -

__ I 
I I I 

15 30 

PWV (mm) 

I. 
1 T 1 

45 

-

-

-

-

Tucson Radiosonde PWV distribution for 2002 
JJAS Period 

50 ~--------------------------~ 

40 

6 3o 
c 
Q) 
:::l 
G" 
Q) 

li.: 20 

10 

15 30 45 

PWV (mm) 

Tucson Radiosonde PWV distribution for 1999 
JJAS Period 

50 -.----------------------------r 

40 

6 3o 
c 
Q) 
:::l 
G" 
<l) 

li.: 20 

>. 
(.) 
c 
Q) 
:::l 
G" 
Q) 

li.: 

10 

15 30 45 

PWV (mm) 

Tucson Radiosonde PWV distribution for 2001 
JJAS Period 

50 

40 

30 

20 

10 

15 30 45 

PWV (mm) 

Tucson Radiosonde PWV distribution for 2003 
JJAS Period 

50 ~----------------------------. 

40 

6 3o 
c 
Q) 
:::l 
G" 
<l) 

li.: 20 

10 

0 15 30 45 

PWV (mm) 

Figure 15. JJAS RA OB-PWV Distribution pane/ from 1998 to 2003. 
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Except for 2002 and 2003, Figure 15 does not show clear bimodality in any ofthe 

other years. The 2001 summer season could be bimodal but this behavior is not as clear 

as the seasons prior mentioned. However, the 1999 season had an early monsoon onset, 

because of that JJAS PWV distribution shows a wet unimodal behavior; even though, 

adding May PWV values shows bimodality. 

In conclusion we showed that the bimodal behavior observed during the summer 

seasons 2002 and 2003 is not typical for the 1998-2003 period, in fact over the other four 

years studied just once clear bimodality appears ( 1999 season). Further investigation is 

needed to show how this bimodal behavior and other kind of behaviors are related with 

wet or dry monsoons, if there exists any relation. 
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6. Evaluation of ETA Model Initialization 

In this Chapter we evaluate PWV in the retrieval from ETA model initialization 

via comparisons with GPS-PWV. The ETA model is one of the most commonly used 

models for short-term weather forecasting (2-3 days). It has been used by the National 

Centers for Environmental Prediction (NCEP) since 1993 (Mesinger, 1996). Among 

other reasons, it has been used because of its ability to predict precipitation and complex 

surface pressure patterns, as well as, its high vertical and horizontal resolution (38 

vertical layers and ~48 km grid, Janjic, 1994 and Mesinger, 1996). 

ETA model is run at 0000 and 1200 UTC. The system starts with a first guess 

obtained from a 6-h global forecast (GDAS). It employs the same optimal interpolation 

(OI) analysis described by Rogers et al. (1995a), except that the analysis is done directly 

on the 48-km grid. The ETA model is used to assimilate the observations at 3-h intervals 

throughout the 12-h pre-forecast assimilation period (Mesinger, 1996). 

For our study, a 48 km grid-spaced ETA data set was extracted from the NCAR 

archive. The data from the four closest ETA grids coordinates with respect to the GPS 

site locations were I inearly interpolated to the GPS location. 

To evaluate ET A-PWV, we compare GPS-PWV with the corresponding ETA 

values, for 2002 and 2003. For 2003, we discuss the lower altitude Arizona sites and the 

Sonoran sites, and then Mt. Hopkins and surface pressure biases and finally we evaluate 

the ETA model through an evaluation of the ability to reproduce GPS-PWV distributions. 
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6.1 Comparisons behveen ETA-PWV and GPS-PWV data 

6.1.1 ETA Comparisons for 2002 

Figure 16 shows ET A-PWV and GPS-PWV time series for our station at Tucson 

(SA21) and Douglas (SA24). 

Overall the model tracks GPS-PWV values, however, two aspects are evident in 

the time series: l)it is evident that the model is drier than GPS-PWV; 2) the model does 

not capture all the increments in PWV. We can observe this behavior for instance ~Julian 

day 247. 
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Figure 16. Comparison of PWV Time Series of ETA model and GPS (eve1y 12 hours) for 2002. 

Top SA2 1 Tucson AZ. ; bottom SA24 Douglas AZ. 

Figure 1 7 shows the scatter and difference plots of GPS-PWV and ET A-PWV 

values at both sites. Both, the scatter and difference plots confirm our previous 
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observations, where the model does not detect the wet values at all. This is clearer in the 

di fference plot since for PWV grater than ~25 mm PWV tend to be wetter than the 

average difference. 

For numerical comparison, Table 6 shows the statistical parameters for the GPS 

retrieval and the model for the years of 2002 and 2003. 
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Figure 1 7 and Table 6 show better correlations for Tucson than for Douglas (0.96 

and 0.89, respectively); the biases are not very different but the standard deviation is ~ 1 

mm greater for Douglas. We will discuss more about this evaluation after presenting the 

2003 comparisons. 

Table 6. Statistical parameters ofthe ETA model evaluation for JJAS 2002 and 2003. 

Location/Station/year Correlation Bias(mm) -S.D.D RMS m** b** 
[GPS-PWV- ETA~ -· (mm) Error 

PWV] (rrim) 
Tucson/SA21 /2002 0.96 2.36 2.94 3.76 1.06 0.87 
Tucson/SA21 /2003 0.98 2.57 2.61 3.66 1.16 -1.2 
Douglas/SA24/2002 0.89 2.10 3.88 4.40 0.92 4.19 
Douglas/SA24/2003 0.93 1.35 3.03 3.30 1.08 -0.26 

Hermosi llo/SA27 /2003 0.85 1.61 4.03 4.33 0.88 6.35 
Phoenix/SA31 /2003 0.98 -0.61 2.55 2.61 1.03 -1.37 

Mt. 0.94 -5.26 2.74 5.93 0.75 -0.59 
Hopkins/SA32/2003 
Mt.Hopkins * /SA32 0.91 1.90 2.41 3.07 1.02 1.73 

/2003 
P.Penasco/SA33/03 0.94 -0.03 3.65 3.63 -0.19 

*See Section 6.2. I for explanation 

* *Parameters ofthe linear least squares fit: m is the slope and b is the intercept. 
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6.1.2 ETA Comparisons for 2003 

6.1.2.1 The Arizona Sites 

Figure 18 shows the time series comparison of our three Arizona sites (except for 

Mt. Hopkins which we analyze in Section 6.4): Tucson (SA21 ), Douglas (SA24) and 

Phoenix (SA31 ). 
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Figure 18. Comparison of PWV Time Series of ETA model and GPS (Eve1y 12 hours) for 2003. Top SA2 1 
Tucson AZ. ,· middle SA24 Douglas AZ. And bottom SA31 Phoenix AZ. 

The time series in Figure 18 shows that the model track with less discrepancies 

GPS-PWV values in Phoenix than the other two sites. Another feature for both Tucson 

and Douglas is that the model does not capture certain PWV increments well enough, for 
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instance,~ Julian day 264 (Hurricane Marty event); for this event the differences between 

the model and GPS measurements are smaller in Phoenix but, it still drier than PWV-

GPS. 
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The same behavior observed in 2002 is observed in Figure 19. For Tucson and 

Douglas the model tends to be drier for PWV values greater than 25 mm, although this 

behavior is more noticeable in Tucson. Another aspect to observe is that the model 

performance improved from one year to another since both Douglas and Tucson show a 

decrease in standard deviation (SDD) and RMS error. 

Comparing these three sites, Phoenix shows lower bias and smaller SDD ( -0.61 

and 2.55 mm). Apparently the fact that the SRP launches a radiosonde once per day 

during the summer helps to improve the performance in the model even better than 

Tucson (bias 2.57 and SDD 2.61) which launches radiosondes twice daily. For the 

Arizona sites Douglas was the site that presented higher SDD. For this site we have to 

consider that ~20 monsoon active days were missed and this can contribute to have a 

lower SDD and bias. 

6.1.2.2 ETA Evaluation of ETA-PWV in Northern Sonora 

Figure 20 shows the time series comparisons for the sites in Mexico: Hermosillo 

SA27 and Puerto Penasco SA33. The time series show that the model and GPS-PWV 

tracks each other with less discrepancy in Puerto Penasco than Hermosillo. The ETA 

model shows discrepancies in Hermosillo between Julian days 230 and 240. 
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Figure 20. Time Series of ETA PWV and GPS PWV for Hermosillo and Puerto Penasco, Sonora 

The scatter plots and difference plots are shown in F igure 21. As we discussed 

above, the plots for Hermosi llo show less agreement between the model and GPS 

measurements . Tab le 6 shows smaller bias for Puerto Penasco that Hermosi llo ( -.03mm 

and 1.61 mm respectively) while SOD is 3.65 mm for Puerto Penasco and 4.03 mm for 

Hermosi llo. 
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Figure 21. Scatter and diffetrence plot for SA2 7 Hermosillo, Sonora, Mexico (top) and SA33 Puerto 
Penasco, Sonora, Mexico (bottom) . 

Overall , our results, show lower SOD and RMS error for the Arizona sites than 

those in Sonora. The low density of upper air measurements in Mexico affects the 

performance of the model. In Sonora, the only radiosonde is launched in the city of 

Em pal me (~ 140 km south Hermosillo) and it is launched only once per day, therefore the 

performance of the model can be affected by this fact. Thus, an accuracy estimation of 

the model could be helpful to know how much the absence of upper air measurements 

affect the model performance in Mexico. 
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6.2 Mt. Hopkins and Surface Pressure Biases 

In thi s section we analyze the effect of the surface pressure estimation on the 

ETA-PWV. First, in Section 6.2.1 , we analyze the case of Mt. Hopkins where the 

di sagreement between the ETA model and our measurements is evident and later, m 

Section 6.2 .2, we analyze, for all the sites, the impact of the surface pressure bias. 

6.2.1 Mt. Hopkins 

GPS-PWV and ET A-PWV time series are shown in Figure 22. GPS-PWV values 

are significantly lower than the values for the ETA model due to the fact that the Mt. 

Hopkins site is at the peak of a narrow mountain ridge at 2668 meters above the sea level , 

whereas the terrain model s are quite smooth, with a significantly lower elevation than the 

actual SA32 site. The resulting difference in surface pressure and mass of the overlying 

air column is considerable (~86.5 HPa , see Table 8) and will result in a large discrepancy 

in PWV. 
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Figure 22. Time Series ofGPS-PWV and ETA- PWV for SA32 site at Mt. Hopkins Arizona 2003. 
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As a result the GPS-PWV is much lower than the PWV values in the ETA model. 

We attempt to correct the model via a simple "correction factor". According to equation 

(19) in Chapter 2, ETA-PWV is given by: 

(29) 

where q is the specific humidity, g is the acceleration of the gravity and Pis the pressure. 

Eqn. 29 can be separated into two parts, PWV from ETA level to Mt. Hopkins elevation 

plus PWV from Mt. Hopkins elevation to the top of the atmosphere, then: 

PWV , = PEJ7:4 q ETA (z) dP + ~llt . Hfopkins q ETA (z) dP 
E~ g(z) g(z) 

~ It Hopkins O (30) 

Taking the acceleration of the gravity to be approximately constant and assuming 

that the ETA model has the same pressure as Mt. Hopkins at the same altitude, the 

correct.ion factor given by the amount of PWV between ETA level and Mt. Hopkins is 

given by: 

Then, assuming that the specific humidity is constant between the ETA level and 

Mt. Hopkins altitude, we obtain a surface pressure correction factor: 

(32) 
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where ~ P is the ETA model surface pressure minus Mt. Hopkins surface pressure. 

Finally, ETA-PWV at Mt. Hopkins altitude as a function oftime is: 

q ETA (t) 
PWVE7'Aathopkins (t) ~ PWVETA (t)- - M(t) 

g (33) 

where ~ P is the Mt. Hopkins surface pressure minus the ETA model surface pressure at 

a given time. 

Time Series 
SA32 Mt. Hopkins and Eta Model Analysis PWV (2003) 

t60 1 80 200 2 .20 2 '40 260 2 80 

0utian Day (U'TC) 

Figure 23. Time Series ofGPS-PWV and ETA model PWV Corrected for SA32site at Mt. Hopkins Arizona 
2003. 

From Figure 23, ETA-PWV corrected shows improvement from the uncorrected 

ET A-PWV, although it was "over corrected" due to the assumption of constant q t:'JA, 

which caused the behavior in the time series switch (GPS-PWV gets wetter than ETA-

PWV) . The "over corrected" version causes ET A-PWV to have lower values that the 

GPS-PWV, although both PWV time series look closer to one another. For better 

analysis, in next figure (Figure 24) we shown the scatter p-lots for both cases (corrected 

and not corrected versions) 
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Figure 24. Scatter plot for SA32 Mt. Hopkins. ETA model (top) and ETA model corrected (bottom) . 

The scatter plots in Figure 24 show the improvement in ETA-PWV. In general, 

the statistical parameters improved for the corrected ETA-PWV. The correlation 

decreased from 0.94 to 0.92 as an effect of the over correction since the PWV changes at 

higher altitudes but does not change at all at lower altitudes. The bias is lower and 

positive (1.9 mm), the SDD improves from 2.74 to 2.41. These results show that for this 

first approximation the comparison improved. 
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6.2.2 Impact of Surface Pressure Bias 

The atmospheric pressure is proportional the atmospheric column mass. Water 

vapor is part of this mass, therefore, a modification in water vapor affects pressure and 

viceversa. In our ETA model evaluation, differences in surface pressure between the 

model and the GPS station are a source of error as was evident for the case of Mt. 

Hopkins. An analysis of the relationship between these two variables is necessary. 

Table 7 compares ETA surface pressures and the observed pressure at the GPS 

antenna. For Tucson, the difference in pressure between ETA and GPS is ~27 and 26.7 

HPa for 2002 and 2003. In Douglas, the differences for each year were 15.2 for 2002 and 

16.2 HPa for 2003. Differences in pressure affect the PWV bias, since less difference 

equals less bias. In Phoenix, the difference is only 3.4 HPa, and its bias is close to zero. 

For the Sonoran sites the same behavior is presented, Puerto Penasco shows a difference 

of 1.83 HPa and its bias is ~0, for Hermosillo the difference is 8.86 HPa and the bias is 

1.73mm. 

Table 7.This table shows the mean average pressure at the GPS station during the study time8
• 

Station/year Surface ETA Surface GPS MJ (mm) Avg. PWV Bias 
Pressure Pressure (GPS -ETA) (mm) 

(HPa) (HPa) 
SA21/2002 895.20 922.29 27.09 2.36 
SA21/2003 895.36 922.06 26.69 2.57 
SA24/2002 859.69 874.92 15.23 2.08 
SA24/2003 857.65 873.89 16.24 1.21 
SA27/2003 977.20 986.06 8.86 1.73 
SA31/2003 961.28 964.67 3.68 -0.61 
SA32/2003 835.03 748.50 -86.53 -5.18 

SA33/2003 1005.64 1007.47 1.83 -0.21 

8 Again, it is important to clarifY that for Douglas 20 days were missed and this can affect the average in 
the GPS pressure 
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Figure 25 shows the plot of PWV bias versus surface pressure bias. The plot 

shows proportionality between both parameters although not necessarily as a linear 

relationship. 
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Figure 25. ETA model Evaluation: PWV bias versus Pressure bias. For the linear fit m represent the 

slope and b represent the intercept. 

Differences in surface pressure between the model and surface pressure at the 

GPS antenna results and biases in PWV. Sometimes these differences can be because the 

spatial resolution of the model is no enough to catch the topography in complex terrain 

like in Mt. Hopkins. This can be the case for Tucson as well. For the cases of lower 

terrain like Puerto Penasco or Hermosillo the causes could be due to errors in ETA 

model. In fact we note that the dry biases of ETA model at high PWV values (grater than 

25 mm) were presented just in the cases whit complex terrain. For the cases of Phoenix, 

Puerto Penasco and Hermosillo that problem was not presented . 
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6.3 ETA model PWV Distributions 

Distribution plots were constructed from ETA model data to see whether the 

model reproduces the climatological behavior observed in the GPS and RAOB-PWV 

data. For this section, the ET A-PWV and the 12 hour GPS-PWV distributions are shown. 

For this case, the distributions will be shown for Tucson in 2002 and 2003, and for 

Phoenix and Mt. Hopkins in 2003. Douglas 2002 was not considered at this time because 

the equipment installation occurred just prior to the monsoon onset, and the distributions 

do not show clear bimodality. The Hermosillo site was installed after the corresponding 

monsoon onset, so we cannot compare with the Arizonan sites since the pre-monsoon 

period is missing for this case. The Puerto Penasco time series has too many missing 

values making hard to compare with the other distributions. 
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Figure 26. Comparisons of PWV distributions for SA2 I site at Tucson Arizona. GPS distribution every 12 
hours 2002 (top left),· ETA model Distribution 2002 (top right); GPS distribution every 12 hours 2003 

(bottom left),· ETA model Distribution 2003 (bottom right). 

Figure 26 shows that the ETA model reproduces at least the general behavior of 

the GPS-PWV distribution, since bimodality is shown for both cases, as in the GPS 

distribution for 2002. For 2003, the model reproduces the bimodal behavior but has more 

disperse values, unlike the GPS which shows a very clear wet and dry modality. Given 

that the ETA distribution is drier than the GPS, it is consistent with the observations 

noted in the time series and the scatter plot. As a result of this, the transition in the ETA 

model is drier than the transition in the GPS. 
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A comparison between the ETA model and the GPS distributions for Phoenix is 

shown in figure 27. In this case the distributions show a similar behavior. 

GPS-PWV 12 hours Distribution . 
SA3 1 Phoenix Az . JJAS 2003 

Eta Model PWV Distribution for Phoenix 
JJAS 2003 
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Figure 2 7. Comparisons of PWV distributions for SA3 I site at Phoenix Arizona. CPS distribution every 
12 hours 2003 (left); ETA model Distribution 2003 (right) . 

Regarding the range of values, both distributions show similar ranges that can be 

expected , because the model and GPS pressures were not so different. It can be noted that 

the PWV values of transition and the peaks are close. 

The distributions for Mt. Hopkins are shown in figure 28. The same shape cannot 

be expected in the distributions given that the model level and the GPS station are at 

different elevations. The figure is shown to confirm this. 
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Figure 28. Comparisons of PWV distributions for SA32 site at Mt. Hopkins Arizona. GPS-PWV 
distribution every 12 hours 2003 (left) ; ETA-PWV corrected distribution 2003 (right). 

As reviewed in Section 6.2.1 the ETA model was corrected for the difference in 

elevation between the model level and Mt. Hopkins. This correction greatly improved the 

model , obtaining better correlations, RMS errors and biases. Now we evaluate this model 

and test whether it can reproduce the same behavior as the SA32 PWV distribution. The 

PWV distribution for the corrected model is shown in Figure 28. This figure shows that 

correction of the ETA model does not reproduce the bimodality observed in GPS-PWV 

distribution above Mt. Hopkins . However, it is still not clear whether we would expect to 

observe bimodal behavior; due to the low moisture at that altitude. 

6.4 Error Estimation of ET A-PWV 

ET A-PWV error estimation was calculated using our results in GPS-PWV error 

estimation in Section 3.6 and a similar equation to equation (27): 

2 2 2 
(J errorGPS-errorETA = (J errorGPS + (J errorETA (34) 
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Table 8 shows the results of ET A-PWV model error estimations for all the sites 

for 2002 and 2003. 

Table 8. ETA-PWV error estimations for all sites during JJAS 2002 and 2003. 

City/Site 

Tucson/SA21 
Douglas/SA24 

Hermosillo/SA27 
Phoenix/SA31 

Mt. Hopkins/SA32 
Mt. Hopkins */SA32 

P .Penasco/SA33 

* See text in Section 6. 2. 1 for explanation 

Best Guess 
2002 (mm) 

2.60 
3.63 

Best Guess 
2003 (mm) 

2.20 
2.69 
3.78 
2.13 
2.35 
1.96 
3.37 

Table 8 confirms that the performance in Tucson and Phoenix results in the 

lowest SDD, the best guess for those two sites in 2003 were 2.2 and 2.13 respectively. 

The highest SDD estimation for the Arizona sites is in Douglas with a value of 2.68 mm 

for the best guess in 2003. 

Higher error estimation was obtained for the Sonoran sites being Hermosillo the 

site with higher estimation (3.78 mm). For Puerto Penasco the estimated error was 3.37. 

Comparing the highest error estimation for the Arizonan sites (error for Douglas) with the 

highest error estimation for the Sonoran sites (error for Hermosillo) we have that the 

difference is ~ 1 mm. This result is important since there was not quantification of how 

different the estimation error could be in Sonora given the fact that over there the spatial 

and temporal density of the radiosonde is poor a wider discussion of the findings in this 

chapter is provided in Chapter 8. 
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7. Differences Between GPS and Radiosonde results: Indication of 
Convective Activity Near the GPS Station 

In the course of this study, it was discovered that the GPS can provide 

information about local convective activity in its vicinity. In this Chapter, we discuss the 

cases when the GPS-PWV estimation is greater than the RAOB-PWV estimation by at 

least 5mm. Many of these differences are associated with convective activity around the 

GPS station (SA2 1 at Tucson), influencing the GPS-derived measurement, but not that of 

the radiosonde-derived measurements. In this section, first, we explore the diurnal cycle 

of precipitable water values, in order to identify those cases which show large and rapid 

variations associated with possible updrafts and downdrafts/outflows from nearby 

convective activity. Secondly, we provide an analysis of each case. 

7.1 Comparison ofPWV variations between morning and afternoon 

In Chapter 3, PWV values from GPS station SA21, located at the University of 

Arizona, and PWV values from radiosondes launched from the Tucson International 

Airport (located at 12.4 km to the southeast of the University of Arizona GPS station) 

were compared. In this comparison, several cases were found for which the radiosonde 

estimated greater PWV than the GPS (explained in Chapter 3). There were also ten cases 

where the GPS-PWV estimates were larger that those of the radiosonde. The dates and 

the differences for the latter are presented in Table 9 (the fourth column of that Table is 

discussed in Section 7.2). 
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Table 9. Cases when the GPS estimated more PWV than the radiosonde for 2002 and 2003 . The 
cases are specified by Julian day and calendar day with time in UTC. 

2002 
Julian Day Date ~PWV(mm)' Type of Event · 

GPS-PWV ~RAOB-
PWV 

196 July 15 0000 UTC 7.47 Updraft-Downdraft (U-
D) 

222 August 10 0000 UTC 8.22 U-D 
223 August 11 0000 UTC 5.15 No U-D Evidence 
245 September 2 0000 UTC 5.01 No U-D Evidence 

2003 
221 August 9 0000 UTC 6.53 U-D 
222 August 10 0000 UTC 6.78 No U-D Evidence 
235 August 23 0000 UTC 9.33 U-D 
238 August 26 0000 UTC 7.66 U-D 
244 September 1 0000 UTC 6.84 U-D 
254 September 11 0000 5.47 No U-D Evidence 

UTC 

Note in Table 9 all cases occurred at 0000 UTC, which corresponds to 5:00 P.M. 

(Local Standard Time, LST). We note at least two possible causes that can explain this 

behavior. The first can be attributed to the adjustment that is made every 24 hours to the 

trajectory of the GPS satellite; this adjustment is made exactly at 0000 UTC (Gutman et 

al. , 2004 and Teresa Van Hove, personal comunication) The second explanation could be 

attributed to convective processes typical of the late afternoon during the monsoon 

season. Keeping in mind that differences of greater than 5 mm occurred only during the 

months of July, August and September, this suggests that monsoonal convective activity 

is more likely responsible for the observed differences. 

The studies of Balling and Brazel (1987), Douglas and Li (1996), among others, 

have reported on the temporal distribution of convective activity in the southern Arizona 
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area during the monsoon. Afternoons are more convective]y active than mornings 

although noctural convection (after 1700 UTC) is prominent in the low deserts west of 

Phoenix and Tucson. We argue that this afternoon convective activity is in fact reflected 

in the variability of PWV. To demonstrate this, we analyzed 4-hour periods in the 

morning and 4-hour periods in the afternoon: from 0400 to 0800 and from 1600 to 2000 

LST. These periods include the launching time of the radiosonde ( ~0400 hrs and 1600 

LST). The averages and the standard deviations of GPS-PWV for each period for each 

month were calculated. The results of these calculations are shown in Table 10. 

Table 10. Monthly Comparison ofPWV during mornings (A.M.) and afternoons (P.M.) for 
2002 and 2003 for SA21 Tucson Arizona. 

2002 
A.M. A.M. P.M . . P.M. 

Month PWVAve. PWVS.D.(mm) PWVAve.(mm) PWVS.D.(mm) 
(mm) 

June 16.84 4.57 15.26 4.39 
July 32.54 8.68 31.24 9.12 

August 29.84 8.94 28.53 9.31 
September 23.7 9.88 23.81 10.17 

2003 
June 13.65 4.7 13.07 3.98 
July 28.79 8.11 28.6 9.6 

August 37.18 3.9 36.94 4.43 
September 23.48 9.03 23.47 9.37 

In general, Table 10 shows the monsoonal months (JAS) with higher PWV 

averages than the pre-monsoonal month (June). In 2002, the month with the lowest 

standard deviation (SD) corresponds to June and the three months with high SO 

correspond to July, August and September. The larger standard deviation (July and 

September) coincides with the transition seasons; July being the starting month of the 

monsoon and September the ending month. On the one hand, June is a complete dry non-
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monsoonal month and August is a wetter monsoon month, except for August 2002 when 

there was a~ 12 day dry period toward the end of the month (refer to Figure 3, and Figure 

12). This result, at least for the two years of this study, shows that more PWV does not 

imply necessarily more PWV variability, contrary to the expected result. 

On the other hand, examining the variations between mornings and afternoons, 

the pre-monsoonal SD is slightly greater during the mornings than the afternoons. During 

JAS, this behavior switches with a smaller SD during the morning than the SD in the 

afternoon. This result shows that there is a bit more variability of PWV during the 

afternoons than during the morning. We argue that this variability is associated with 

afternoon convective activity. It may be possible that the chosen 4-hour periods, 

particularly in the afternoon are not the most representative to examine variability. In 

fact, in examining the radiosonde data, the variation between the morning and afternoon 

sounding does not display the same behavior as the GPS for some cases. Examining 

Table 11, the radiosonde has the same behavior as the GPS, with respect to average PWV 

and with the increases in the standard deviation for the same months. However, for some 

cases, the variability between the periods does not match that of the GPS results. For 

example, June 2002 reports slightly greater SD in the afternoon than the morning and 

July reports slightly greater SD in the morning than the afternoon, which contradicts the 

results obtained with the GPS-PWV. On the other hand, July 2003 has greater SD during 

the morning than the afternoon. 
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Table 11. Monthly Comparison ofRAOB-PWV during mornings (1200 UTC or 5 A.M. LST) 
and afternoons (0000 UTC or 5 P.M. LST) for 2002 and 2003 at Tucson Arizona. 

2002 
1200 UTC 1200 UTC 0000 UTC 0000 UTC 

Month PWVAve. PWVS.D.(mm) PWVAve.(mm) PWVS.D.(mm) 
(mm) 

June 14.68 3.86 15.13 4.05 
July 33.55 9.00 30.02 8.89 

August 31.84 8.95 29.44 9.26 
September 22.93 9.26 22.79 9.80 

2003 
June 13.92 4.64 13.86 3.96 
July 30.05 8.85 27.40 7.85 

August 35.95 4.81 35.10 5.91 
September 24.42 8.59 23.17 8.92 

These results demonstrate that there is a general agreement between the 

variability in GPS-PWV and RAOB-PWV. Nevertheless, in some details, these two 

measurements do not match. This could be related to the time resolution of the two 

methods. With GPS-PWV, one can average over a 4-hour period, while this is not 

possible with the radiosondes. So, for this study, the radiosonde does not help the 

investigation of PWV variability during the monsoon or, at least, the scheduled launching 

is not the best for this purpose. Considering the study of Balling and Brazel (1996), the 

variability for different periods (e.g., from 0700 to 1100 and 1900 to 2300 LST) could 

prove more useful. Finally, it should be noted that the results of this section do not reveal 

much about the causes of the differences between the GPS and RAOB. However, it does 

show that there can be important changes in the behavior of PWV between them. 

Possible causal mechanisms are examined in the following sections. 
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7.2 PWV Differences Due to Convection (Updrafts-Downdrafts) 

In this section, the cases where GPS-PWV is greater than RAOB-PWV are 

examined for a possible physical mechanism to explain the variability. We put forth the 

argument that a combination of updrafts and downdrafts from nearby convective activity 

are responsible for the variability observed in the afternoon period. Therefore, it is 

necessary to discern whether precipitating convection was occurring at, or near, the time 

of the RAOB-PWV measurements. The cases in whkh some evidence of convective 

activity exists, around the vicinity of the station, are discussed. In order to determine 

whether convective activity existed at the time of the GPS-PWV measurements we 

employ several data sources. These include: the GPS and radiosonde PWV time series, 

the temperature time series of the meteorological sensor at the GPS antenna and the 

temperature and dew point temperature time series of the meteorological station of the 

Atmospheric Sciences Department at the University of Arizona (U of A). Plots of wind 

speed and direction at the U of A are also examined as well as Skew T diagrams from the 

radiosonde data. For the cases occurring during 2003, satellite and radar images are also 

analyzed (Unfortunately for the cases of 2002 we were unable to obtain these images). 

Firstly, a brief discussion about the detection of downdraft/outflows from convective 

storms is presented. 

Examining the 2002 and 2003 time series of PWV, we found that there was often 

a striking increase in PWV over a very short time period. Figure 29 provides an example 

of this behavior which a sharp increase in the GPS-PWV around Julian day 196 0000 

UTC (July 14, 1700 LST); that is not detected by the radiosonde measurements. At the 
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same time, the GPS surface temperature at the GPS antenna decreases dramatically. This 

behavior occurred in at least in 6 of the I 0 cases shown in Table 9. 
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Figure 29. Julian day 196 showing a convective event. The PWV time series (left) shows a sharp increase 
and temperature time series (right) at the meteorological sensor at the GPS antenna (further called 

GPSMETS decreases sharply as well. 

Smith and Gall ( 1989), reported that late-afternoon squall lines produced gust 

fronts in the Tucson area that result in dramatic changes of temperature and pressure. 

These gust fronts also generate a shift in wind direction and peaks in velocity similar to 

what has been observed for this study. Therefore, we argue that the mechanism, which 

could explain such a rapid drop in temperature and a concomitant increase in moisture 

during a summer afternoon, results first from an updraft followed by a thunderstorm 

downdraft/outflow, often taking the form of a gust front. Figure 30 shows a picture of a 

downdraft over the northwest side of Tucson, this picture was taken from the 

Atmospheric Sciences Department at the U of A. 
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Figure 30. Photograph of a Downdraft taken from the Atmospheric Sciences Department during the 
monsoon of 1990 9. 

Figure 30 illustrates that when a downdraft occurs, a horizontal outflow is 

generated at the surface, typically referred to as the gust front. The passage of this front 

can lead to sharp changes in wind intensity and direction, as well as increases in moisture 

and sudden drops in temperature. Considering the physical profile of the gust front it is 

clear that the change in thermodynamic measurements will be a function of the height, 

since the front is confined to the near surface. Furthermore, the intensity of the gust 

front, as measured at the sensors, will depend on the intensity of the downdraft, the 

distance of the sensors with respect to the origin of the downdraft, and the height of the 

sensor (see Figure 30). 

The cases examined for large differences in PWV between radiosonde and GPS 

measurements are divided into the following three groups: Section 7 .2.1 discusses and 

9 Thanks to Dr. Luis F~rfan for this Picture 

79 



analyzes the cases which contain a strong indication of convection and associated 

updraft-downdraft. Section 7.2.2 analyzes the cases in which the sign of convection is not 

as strong as in the first group of cases. Finally, analyzed in the subsequent Section 7.2.3, 

are the cases which have no apparent sign of convection. The time series of GPS-PWV 

and RAOB-PWV, the temperature at the GPS antenna, the MET station temperature and 

dew point temperature, wind speed and wind direction, will be presented for each case, in 

addition to the skew-T plot. Radar images and satellite water vapor images are also 

presented for those cases, which occurred during 2003. In some of the case analysis there 

are other convective events that occur after 0000 UTC, those events will only be 

mentioned in this study under the acknowledgment that they are meritorious of future 

research. 

7.2.1 Cases With Strong Convective Signature 

The first case occurred during Julian day 196, 2002. Plots are shown for Julian days 195 

and 196. 
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Figure 31. Case of Julian day 196 2002 (July 15). Various time series are shown: PWV (top left); 
GPSMETS temperature (top right) ; MET station temperature and dew point temperature (middle left); 
wind direction (middle right), wind speed (bottom left) and Skew-T plot for the day July, 15 0000 UTC 

(bottom right). 
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• 
Figure 31 shows a strong signal in all of the variables considered. GPS-PWV 

increases about 7 mm right before 0000 UTC, and the temperature decreases dramatically 

at this time. The time series of the MET station shows similar behavior in both 

temperature and dew point temperature. There is a slight lack of synchronicity because 

the GPS measurement is valid half an hour ahead of the other variables, as was discussed 

in Chapter 2. The dew point temperature increases by 7 °C indicating the flow of moist 

air over the station. Also, the wind rotates in direction and there is a spike in wind 

velocity, this result coincides with the plots obtained by Smith and Gall (1989), although 

at a different time of day. The Skew-T diagram indicates cloudy sky at mid levels (~500 

mb). 

82 



PWV Time Series Tucson Az. 
Check Point 222 2002 

48 .0 

45 .0 ~ 

~ t J GPS I 
42.0 

1

• RAOB I 
E .I \ I 
-S 39.0 ~ r > /~tv ~ 

~ \J ~!' ~ 
a... 36.0 

33 .0 

J 30 .0 I 
r-~,-~~r~~~~-r~~~ 

22 1.20 221.40 221 .60 221 .80 222.00 222.20 222.40 

Ju lian Day (UTC) 

Temperature and Dew Point Time Series Analysis : 
August 9 study oi case Ju lian day 222 2002 UTC 
M easurements eve ry 2 min utes 

-·40 ····· .:.::::.::-.:r ...... ··--·--..... '-.J..,.._ . ..___._,_.__.._._;-_._..._.__'--~-

G 3 

c 
·a 
a.. 
~ 
Q) 

0 
-o 25 
@ 
~ 
:::J 20 
~ 

! 
E 15 
Q) 
1-

10 

35 

30 

:2 25 
0.. .s 
u 20 
Q) 

8. 
(f) 15 
u 
c 
~ 10 

5 

0 

0 

Td 
Temp 

...... .. .,. 

~ 

4 

'·- ,.; r. ~' -

B 12 16 20 

T ime jli ow LST) 

Wind Speed Time Series Analysis : 

-

r-

24 

August 9 study oi case Julian day 222 2002 UTC 
Measuremen ts every 2 minutes 

,,, ..... . ... . .... , ~v-.t., .. .-~., ... ~ ... 

~ ~~-~~~~ ~~~ 
I ' I 

0 4 8 12 16 20 24 

Time {HCi tlf LST) 

GPS Time Series of Temperature 
SA21 Tucson Az.Check Point 222 2002 

§ \ 
Q) 

:; \ ' 
"(; 

~ 
E 
Q) 

1-

221 .20 221.40 221.60 221 .80 222.00 222.20 222.40 

Julian Day (UTC) 

(ij 
lf1 300 

II 

£ 
'€ 
~ 200 

g 
·~ 100 

0 
-g 
~ 

Wind Direction Time Series Analysis : 
August 9 study of case Julian day 222 2002 UTC 
Measurements every 2 minutes 

0 8 12 16 20 24 

Time fH() •u LSTt 

Sounding for TU S, 0 UTC, 1 0-AUG- 2002 

Figure 32. Case of Julian day 222 2002 (August 10). Various time series are shown: PWV (top left); 
GPSMETS temperature (top right) ; MET station temperature and dew point temperature (middle left); 

wind direction (middle right), wind speed (bottom left)) and Skew-T plotfor the day August 10 0000 UTC 
(bottom right). 
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In Figure 32 the case of Julian Day 222, 2002 is shown. Overall the variables 

show approximately similar temporal behavior to the previous case with small variations. 

As in the previous case, GPS-PWV increases starting around 221.65 which corresponds 

to about 0800 LST but the sharpest increase is right before 0000 UTC or 1700 LST. The 

temperature drops sharply as well in both time series by about 14 °C. The wind direction 

switched from north to south east and the speed of the wind shows two peaks one before 

0000 UTC and the other an hour later, this latter being associated with the downdraft, 

furthermore the skew-T shows a cloudy sky (~600mb). 
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Figure 33. Case of Julian day 221 2003 (Augus t 9). Various time series are shown: PWV (top left); 
CPSMETS temperature (top right),· MET station temperature and dew point temperature (middle left) ,· 
wind direction (middle right), wind speed (bottom left) and Skew-T plot for the day August 9 0000 UTC 

(bottom right). 
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In Figure 33 the plots for Julian Day 221, 2003 are presented. This case shows 

some different features from the two previous cases presented before. The GPS-PWV 

shows a large decrease during the day, PWV decreases by 9 mm. But, ""'2.5 hours before 

0000 UTC this decrease stops and there is a sharp increase in PWV by about 6 mm. The 

signal in temperature is large although not as large as the signal shown by the other two 

cases. The time series of dew point temperature as in the other cases decreases, but there 

is a sudden increase at ""'0030 UTC by 10 °C. Apparently this is a case when just updraft 

is presented since no evidence of downdraft near the antenna is observed before or at 

0000 UTC. Some evidence of downdraft is observed at ""'0300 UTC. 

Figure 34 shows Radar and satellite images 10
• The radar is located about 40 miles 

southeast from the Tucson International Airport. 40 DBZ and higher are considered rain 

for the Tucson area, corresponding to yellow and red on the color scale. The red dots 

show the location of the Tucson International Airport and Davis Monthan Air Force Base 

(DMA). Some showers to the east of the city and also to the south-southwest can be 

observed in this figure. The water vapor image shows clouds in the area as well. For this 

case the radiosonde does not report clouds in the sky possibly because it took through a 

clear sky path. 

10 lmages taken from the Joint Office of Science Support (JOSS) /UCAR web site 
http://www .joss. ucar.edu/name/catalog_ 2003/ 
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Figure 34. Radar (left) and water vapor images (right) corresponding to Julian day 221 2003 UTC. 
Radar picture taken at Julian day 221 2003 0001 UTC, water vapor image taken at 0008from the same 

Julian day. 

7.2.1 Cases With Some Convective Signature 

In the following set of cases, strong indicators of convective activity are not as 

obvious as in the above cases. There are, typically, signs of convective activity in the 

temperature time series, but much less so in dew point temperature and the other 

variables. 

Figure 35 shows the first case of these "weak" signals is that of Julian Day 235, 

2003. PWV time series shows an increase in PWV of ~ 5 mm right before 0000 UTC. 

Also, the temperature drops about 1 ooc in the MET sensor at the GPS antenna and ~ 12 

°C at the MET ground based sensor. However the dew point temperature does not greatly 

increase; its time series shows approximately the same behavior as in case 221, 2003 but 

without a sharp increase. Both wind direction and wind speed show a very strong signal 

of downdraft in this case; there is a peak in wind speed right after 1700 LST, and right at 

1700 LST the wind direction rotates from north to south west. The skew-T indicates 

clouds at ~650 mb. 
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Figure 35. Case of Julian day 235 2003 (A ugust 23) . Various time series are shown: PWV (top left); 
GPSMETS temperature (top right); MET station temperature and dew point temperature (middle left); 

wind direction (middle right), wind speed (bottom left) and Skew-T plot for the day August 23 0000 UTC 
(bottom right). 
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Figure 36. Left, Radar image of Julian day 235 at 0016 UTC showing some precipitation over Tucson 
area. Right, satellite image water vapor and visible channel at 0008 UTC for the same Julian day. 

The radar in Figure 36 indicates rain over the Tucson area at that time; mostly to 

the east, south, and southwest. The satellite image shows high cloud tops at this time as 

well. This case is abnormal because although PWV, temperature and the other indicators 

show that there is convective activity in the area, the dew point temperature does not 

concord with the previously observed patterns. 

The next case, Julian day 238, 2003 shown in Figure 37, presents a disruption in 

the diurnal cycle of the temperature but no strong evidence for convective activity, at 

least in the thermodynamic variables. 
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Figure 3 7. Case of Julian day 238, 2003 (A ugust 26). Various time series are shown: PWV (top left),· 
GPSMETS temperature (top right),· MET station temperature and dew point temperature (middle left) ,· 

wind direction (middle right), wind speed (bottom left) and Skew-T plot for the day August 26 0000 
UTC(bottom right). 
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Figure 37, shows a gradual increase in GPS-PWV but no sharp change at 0000 

UTC, the temperature for both sensors drops but the change is smaller than that for the 

other cases. For this case, the dew point temperature does not noticeably increase, the 

wind direction does not change suddenly nor does the wind speed. Furthermore, the 

radiosonde does not indicate the presence of clouds. There is a second event that can be 

observed at ~ 2000 LST. 

Figure 38. Left, Radar image of Julian day 238 at 0009 UTC showing some precipitation over Tucson 
area. Right, satellite image water vapor and visible channel at 0024 UTC for the same Julian day. 

The corresponding radar and satellite images show that there is light rain to the 

east of Tucson . The satellite image shows mostly overcast skies over Tucson, except for 

an area to the south, through which the radiosonde may have passed . This suggests two 

possible explanations to the abnormal behavior of the time series. Firstly, this convective 

event was weak and quite distant or secondly, there is some virga above the antenna, 

which can affect the PWV measurements but not the surface moisture measurements 

(Although the Td is not very low before 0000 UTC). 
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Our last case (Figure 39) does not show a very strong GPS-PWV signal either. 

That is, the average PWV for this time does not greatly increase, although there is a weak 

signal in the temperature around the GPS antenna before 0000 UTC. The ground MET 

station shows a sharp decrease in temperature. The dew point temperature at the ground 

does not change significantly. On the other hand, the wind direction changes from 

northwest to northeast and the wind speed shows a sudden change prior to 0000 UTC. 

The skew-T plot indicates a cloud present at ~500 mb. 
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Figure 39. Case of Julian day 244, 2003 (September 1st.) Various time series are shown: PWV (top left); 
GPSMETS temperature (top right) ; MET station temperature and dew point temperature (middle left); 
wind direction (middle right), wind speed (bottom left) and Skew-T plot for the day September 1st 0000 

UTC (bottom right). 
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The radar and satellite images for Julian Day 244 are presented in Figure 40. The 

radar indicates precipitation to the northeast of Davis Monthan Air Force Base (DMA) . 

The precipitation appears distant possibly over the mountains. Nevertheless, given that 

there are some clouds over Tucson it could be virga occurring at the area. For better 

evidence of virga, it would be helpful to have the radar images at a higher elevation 

angle. 

Figure 40. Images for Julian day 244 UTC corresponding to September 1st 2003. Left, Radar Image at 
0003 UTC Right, satellite image water vapor and visible channel at 0008 UTC for the same Julian day. 

7.2.3 Cases without evidence of convection 

Next we explore the cases where the difference in PWV between the GPS 

estimation and the RAOB estimation was greater than 5 mm but where no evidence of 

convective activity was found. 

We present the PWV, temperature and dew point temperature plot as well, 

although they do not often show any significant changes. The satellite images and the 

radar images will be shown only in cases where a presence of clouds or precipitation 

occurs. 
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Figure 41 shows the plots for the case of Julian Day 223, 2002. The PWV time 

series shows GPS-PWV decreasing at approximately the same rate as the radiosonde but 

for different values. However, around 0000 UTC, the GPS-PWV shows an increase that 

the radiosonde does not detect. 

With respect to temperature, the time series presents the normal diurnal cycle for 

both sensors. The skew-T diagram shows no evidence of clouds. It is noticeable that there 

is some convective event on the time series which arises later at about 21 00 LST. 
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Figure 41. Case of Julian day 223 2002 (August 1 I) . Various time series are shown: PWV (top left); 
GPSMETS temperature (top right),· MET station temperature and dew point temperature (middle left),· 

wind direction (middle right), wind speed (bottom left) and Skew-T plotfor the day August I I 0000 UTC 
(bottom right). 
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The next case is Julian day 245, 2002 corresponding to September 2. The GPS

PWV time series (Figure 42) shows different behavior from the previous case. On the 

average, the overall behavior of GPS-PWV and RAOB-PWV does not change although 

the GPS-PWV time series oscillates. Close to 0000 UTC in the GPS-PWV time series 

there is an undetected spike by radiosonde. The temperature shows the normal diurnal 

cycle and the dew point temperature does so as well. There is no signal in the winds, and 

the skew-T plot does not indicate the presence of clouds at that time along the path of the 

radiosonde. 

97 



48.0 

44 .0 

40 .0 

PWV Time Series Tucson Az. 
Check Point 245 2002 

4-·--~~~~~~--~~~~---~~~~ 

• RA08 
GPS 

~ 36.0 l 
32.0 

28.0 

Q 
c 
'6 
n. 
~ 
Ql 
0 
'0 
t:: 
(lj 

Ql 
:; 
Cii 
~ 
E 
Q) 

f-

244 .20 244.40 244 .60 244.80 245.00 245.20 245.40 

Julian Day (UTC) 

Temperature and Dew Point Time Series Analysis : 
September 1 study of case Julian day 245 2002 UTC 

Measurements every 2 minutes 

! Td y·1 '" .. ~ 

Temp ~I.J'' 

30 l .,..~ .. 

.. 'Y ~ 

20 ~ 
I ,t 

l 
.,J, ,. .. .. ,. .... ,, ""fo$~ I j 

4 ' ~.il;.tl ' , • .., \ :,tl, ).' ~ ... ..,.. .. 
J.,(l~:·l \f'*O 10 ... ~:. ,. 

12 16 20 
Time {Hc oor LST) 

Wind Speed Time Series Analysis: 
September t study o1 case Julian day 245 2002 UTC 
Measurements every 2 minutes 

12 16 20 24 

Time (Hcu1 LST) 

24 

GPS Time Series of Temperature 

~ ~:::n Az.Check Po,int 245 2002 

40 
J rem 

i 30 j 
~ 20 

10 

244.20 244.40 244.60 244.80 245.00 245 .20 245.40 

Julian Day (UTC) 

Wind Direction Time Series Analysis : 
September 1 study of case Julian day 245 2002 UTC 

Measumments every 2 minutes 
., ......... t--"'r---:"'\ ""'~'if,)j ... 

I, ~~~ 
I 

I 
I II I 

I, 
' .I 

(ij 
(I] 300 w 
II g 

.E 
t 
0 200 z 

rv?\ /'l·t~~l~ 
~~ 

I I ~I ~ I 

~ J ~~~ 

II 
0 

c: 
0 
+:: 

~ 

1 I 
I I 

100 

i:5 
"0 
c 
~ 

I 
I 

8 12 16 

Time (H·Jnr LSTJ 
20 24 

Sounding for TUS, 0 UTC, 2- SEP- 2002 

200 ~~~i#~~~==~~~~~~ 
VJ ~ 

E ci)5o f--~-l--+-¥--_c-\-----r--\;--7~t-.l*----1 
11.' 6. 
Vl WJOO f--/---\-~-~~-.,._.Jd-:......,....-\<-+-\-~ 
' a:: 

lJ iil 
~ ~f--~~-+--~-,~~~~~~ 
IJJ a:: 

s a.500 r==t:=\;~=::=~6~:;i~~~~ 
~ 
(: 

lL 

;} 

(1 ~~ ~~~~~~~~~~~~~~~ 1000 g! 
- SO - 60 - iO -20 20 W 

T'f)JP(PAI •PE < I 

Figure 42. Case of Julian day 245 2002 (September 2). Various time series are shown: PWV (top left) ,· 
GPSMETS temperature (top right); MET station temperature and dew point temperature (middle left); 

wind direction (middle right), wind speed (bottom left) and Skew-T plot for the day September 2nd 0000 
UTC (bottom right) . 
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Figure 43 shows the plots and images for the case of Julian day 222, 2003 

corresponding to August 10. The GPS-PWV time series peaks at 221.3 (----0220 LST.) 

and this decreases until 221.55 ( ~0720 LST). After this time, the PWV time series 

oscillates again right before 0000 UTC. The GPS reports an increase, while the 

radiosonde does not. The temperature and dew point temperature show the normal 

diurnal cycle. 
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The winds do not show any sudden changes, but the satellite image (Figure 44), 

indicates some clouds forming in the area. This can be an indication of the presence of 

some convective process, which the GPS-PWV can detect because of its multiple satellite 

signal estimate technique. The convection is contributing to the delay of some, but not 

all , satellite signals. 

Figure 44. Water vapor Image corresponding to the case Julian day 222 (August 10). 

7.3 Summary 

In explaining the discrepancies when GPS-PWV - RAOB-PWV >5 mm, 9 cases 

where reviewed . Six of those 9 cases presented some evidence of convective activity in 

the vicinity of the antenna showing sharp increments in PWV, sharp decrease in 

temperature, and for some cases deriving in downdrafts. 

For all the 6 cases mentioned above the difference between GPS-PWV and 

RAOB-PWV was greater than 6.5 mm. Three of these three cases showed a strong signal 

of convective activity 
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For the case 235, 2003 there was a strong signal in PWV, temperature and wind, 

but the dew point did not show strong evidence of downdraft despite the fact that the 

radar image showed precipitation around the Tucson area. Considering that the surface 

humidity was decreasing when the downdraft arrived, it is possibly that the wet air from 

the gust front mixed with the drier surface air before passing the surface sensor resulting 

in only a sma11 change in the surface dewpoint temperature. Or perhaps the downdraft 

forming the gust front was relatively cold but not noticeably moisture enough leaving 

little change in the Td. 

Radar and water vapor images were helpful in our analysis to detect presence of 

clouds and precipitation, however, more information about the spatial locations of the 

events should be provided for a more detailed study. 
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8.0 Conclusions and Future Work 

8.1 Conclusions 

a. Comparison with other techniques. 

We used ground based GPS to study PWV behavior during the 2002 and 2003 

monsoon season in Arizona and Sonora. In efforts to validate GPS-PWV retrieval we 

compared it with two other widely used retrieval techniques: RAOB-PWV and GOES

PWV. The resulting SOD in the comparison with RAOB-PWV was less than ~2 mm 

while for GOES was ~ 3 mm. We used SOD as an estimator of the error and in 

estimating the contribution to the SOD for each technique we used three scenarios 

(described in Section 3.6). For the "best guess" scenario, the GPS error resulted in 1.4 

mm while GOES resulted in ~2.7 mm, indicating the GPS error is half that of GOES. 

Two contributing factors in the GOES difference error are: I) the fact that GOES 

location does not necessarily represent the same coordinate, since the centroid is seldom 

located at the same place and sometimes may be far from our GPS station (on average as 

much as ~8.5 km); 2) the number of free pixels considered in the retrieval can affect the 

PWV estimation (presumably less free pixels implies less accurate PWV estimation). 

b. Monsoon Onset. 

Based on our 2002 and 2003 GPS-PWV time series observations, we defined the 

onset of the monsoon in terms of the increment and maintenance of PWV values. We 

found that the onset time obtained with our definition coincided with the onset presented 

by the NWS for both years. We found two possible advantages in our onset definition. 

First, NWS uses a surface measurement to define the onset, but one of the important 

aspects of the monsoon is the formation of clouds and precipitation, we cannot study 
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these two factors with just surface measurements. We, in turn, consider the whole 

atmospheric column. Second, in our 2002 and 2003 observations, the onset process was 

sharp and fast and took less than three days, contrasting with the three day process 

contemplated in the NWS definition. For these two years of observation, our definition 

has demonstrated to be more accurate than the definition provided by the NWS. Since the 

NWS define the onset for southern Arizona with the surface measurements at Tucson, it 

would have not been possible to detect a difference in onset between the Douglas and 

Tucson sites, even though one of our findings was that the difference in onsets between 

Douglas and Tucson was one hour in 2002 and three hours in 2003. The study of this 

onset differences can contribute to the study of moisture advection during the monsoon 

onset. 

c. PWV Bimodality in 2002 and 2003 

In studying the JJAS PWV distributions for our sites at Tucson and Douglas for 

2002 and 2003 we found a bimodal behavior in PWV distribution for both sites and both 

years. In order to determine if this kind of distribution was typical, we studied historical 

radiosonde data from 1998 to 2003 and found that only one year, ] 999 showed 

bimodality. Since we just observed 6 seasons is hard to conc1ude something about how 

typical is the bimodality. We observed bimodality when there was a sharp change of 

season between dry pre-monsoon season and wet monsoon season with the maintenance 

of the wet period at least for ~two months. It is important to note that although August 

2002 was not a completely wet month; the seasonal bimodality was still present even 

though it had a dry 12 days period. 
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d. ETA model Evaluation 

An evaluation of the ETA model PWV analysis with 48 km of grid-spacing was 

presented in two ways: first by comparing ET A-PWV analyses with those from GPS; 

and, second, by assessing the similarity between the ETA and GPS-PWV distribution 

shapes. 

For 2002 the ETA model analysis performance was evaluated for Tucson and 

Douglas. This evaluation resulted in ~ lmm lower SDD for Tucson than Douglas (2.36 

mm and 3.88 mm respectively). Two aspects can be noted in the 2002 ETA model 

evaluation: 1) the better performance of the model at Tucson with respect to Douglas is 

likely because the Tucson radiosonde has been assimilated by the ETA model; 2) The 

ETA model with the radiosonde assimilated was noisier than the radiosonde itself since 

the SOD in the model evaluation (2.94 mm) was ~ 1 mm larger than the SOD obtained in 

the comparison of GPS-PWV with RAOB-PWV ( 1.92 mm). 

For 2003 the ETA model analyses were evaluated for our four sites in Arizona 

(Tucson, Douglas, Phoenix and Mt. Hopkins) and our two sites in Sonora (Hermosillo 

and Puerto Penasco). Overall we noted, the ETA model analyses improved its 

performance from 2002 to 2003 at the Tucson and Douglas sites, as indicated by a 

decrease in SDD from 2002 to 2003 for Tucson (from 2.94 to 2.61 mm) and Douglas 

(from 3.88 to 3.03 mm). For the 2003 evaluation in the Arizona sites, the ETA model 

performance resulted in a lower SDD for Phoenix than Tucson and Douglas (2.55, 2.61 

and 3.03 mm respectively), even though Phoenix has only one daily radiosonde launching 

whereas Tucson has two. 
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The ETA model analysis evaluation for the Sonoran sites revealed larger SOD 

than those in Arizona. For Hermosi11o SOD was 4.03 and for Puerto Penasco SDD was 

3.65 mm. The Sonoran sites' SDD differ as much as ~1.5 mm with the Arizona sites' 

SDD. This discrepancy is presumably due to the limited upper air measurements in 

Sonora. 

For 2003, the "best guest" error estimation for Phoenix, Tucson and Douglas 

resulted in 2.13, 2.2 and 2.68 respectively. For the Sonoran sites the "best guess" 

estimation error resulted in 1.65 mm larger than the Arizonan sites as much (3.78 mm for 

Hermosi11o and 3.37 mm for Puerto Penasco). The estimation of the error in the Sonoran 

sites is important since part of the moisture advected to Arizona during the monsoon 

generally passes through Sonora. An error estimation in the Sonoran sites can help to 

calculate the uncertainty in the forecasting for the Arizonan sites. For instance, the 

difference between the "best guest" estimation error for Puerto Penasco and Phoenix is 

~1.24 mm. 

We studied PWV biases due to surface pressure differences between the ETA 

model and the GPS stations. We found that PWV biases between ETA-PWV and GPS

PWV are generally proportional to the difference's in ETA and GPS surface pressure. 

Sites that show greater biases, such as Tucson and Douglas, the model showed a dry bias 

for wet PWV values. 

For the case of Mt. Hopkins, the model was corrected as a first approximation due 

to its differences in elevation with the GPS site. In it, the SDD was reduced from 2.74 to 

2.41 mm and the bias changed from -5.26 to 1.9 mm. However, this correction resulted in 
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an overcorrection due to the consideration of constant specific humidity ( q). Thus, for a 

better approximation it is convenient to consider the exponential behavior of q. 

Finally, ETA and GPS-PWV distributions were compared for Tucson (2002 and 

2003), Phoenix and Mt. Hopkins 11 (2003). Overall, the ETA-PWV reproduces the 

bimodality obtained for Tucson and Phoenix and also reproduces the distribution 

presented in Mt. Hopkins, demonstrating that the testing distribution can be another way 

to evaluate the model. 

e. Convective Signature. 

As discussed in Chapter 7, it was discovered that in the course of this study GPS 

can provide information on convective activity in its vicinity. The cases when GPS-PWV 

and RAOB-PWV differed in more than 5 mm were studied. Based on the time series of 

PWV, temperature, dew point, speed and wind direction, skew-T plot and, for 2003 

cases, radar images and water vapor images, we found 6 cases with some evidence of 

convective events in the vicinity of the GPS reciver. These cases were the Julian days 196 

and 222 of2002; 221, 235, 238, and 244 of2003. 

In cases Julian day 196 and 222, 2002 and 221, 2003, all the indicators show a 

downdraft signal as a sharp increase in PWV and surface dew point temperature, a sharp 

decrease in temperature and sudden changes in wind direction and wind velocity. Julian 

days 235, 238, and 244 of 2003 showed convective event evidence but some of the 

indicators mentioned above did not show. For instance, case Julian day 235, 2003 the 

dew point did not show indication of downdraft, while the other indicators did. 

11 Refer to Chapter 6 for explanation 
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Cases 238 and 244 showed similar evidence of convective processes, even though 

they were not strong since the PWV does not increase as sharply as in the other cases. 

However the radar image for both cases shows some precipitation although more for case 

238. 

For the cases of Section 7.3, no evidence of convection was found for any of the 

cases. The temperature and the dew point showed the normal diurnal cycle even though 

for some of the cases there were clouds. 

An explanation for the differences discussed above is that the convective event 

can be so limited in space that a given convective event detected by the GPS may not be 

detected by the radiosonde and viceversa. For the cases discussed in Chapter 3, where the 

differences were evidenced as due to a wet RAOB sensor, it may be possible that a 

contributing factor may be the local convective activity detected by the radiosonde but 

not by the GPS. While separating the effect of each factor is a complex process, one way 

to quantify the effect of each factor is by installing a GPS near a RAOB, where we would 

expect that both sensors would detect the same convective event since even in the case 

that the wind horizontal velocity were 5 m/s and in a constant direction, in 30 minutes the 

balloon just travel a horizontal distance of ~9 km and still in the area where the GPS

PWV measurement is confidence. Therefore the main PWV difference between both 

techniques should be due to a wet radiosonde sensor if that were the case. 

Finally it is possible that the other studies in the literature did not find that the 

GPS can detect convective activity because in their analysis they eliminate the outliers 

(Gutmann et at., 2004; Li et al., 2003; among others) with statistical criteria and do not 
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analyze every case to look for the physical reason of every difference. 

8.2 Future Research 

Regarding our study we want to discuss some future research possibilities. 

On one hand, the GPS network with meteorological purposes has been increasing 

in the Arizona region. Over the last two years this network increased the number of sites 

from 4 in 2003 to 8 in 2005. On the other hand, the source of moisture over south western 

U.S. during the NAM still in debate. With a denser GPS network in the region, the fluxes 

of moisture in the region can be monitored with high accuracy in time and space 

contributing to that discussion as was shown with the onset of the monsoon. 

Climatologically it would be important to characterize the bimodality or other 

types of distribution over many monsoons. The importance of finding such behavior rests 

on being able to relate it to another important variable such as precipitation, drought or 

synoptic conditions. 

While still in its experimental phase, researchers of the FSL Laboratory of 

Forecasting are currently working on assimilating a forecasting model to GPS-PWV 

measurements. We consider that at least for the sites in Mexico, the assimilation of GPS 

measurement in the forecast models can contribute to more accurate results, leading to 

more precise forecasting for Arizona during the monsoon. 

In our ETA model evaluation we conclude that the error in the Sonoran sites 

affects the forecasting in Arizona during the monsoon. An open question is how precise 

does the model PWV estimation need to be, in Sonora, to obtain a more accurate 
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precipitation forecast in Arizona, or on a more general level, how accurate does the PWV 

estimation need to be of a model to obtain an accurate precipitation forecast? 

The signs of convection detected by the GPS station was an unknown strength 

until our study. However, more research is needed to find its impact on the study of the 

convective processes during the monsoon. As explained in Chapter 2, a GPS-PWV 

measurement is a result of averaging the retrieved PWV from about 12 satellites. If 

instead of using the PWV average, we use each individual measurement from each 

satellite, we will be able to know where the ,convective process was at that given time; 

more useful information about convective processes can be generated with radar data, 

such as angle scanning data and the coordinates of the events, together with images such 

as those that are included in our study. 
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