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Abstract

The integrated water vapor flux is calculated for the National
Centers for Environmental Prediction/ National Center for Atmospheric
Research (NCEP/NCAR) reanalysis and the Oort objective analysis data
sets with the purpose of intercomparison. The period of study is 1979 to
1995 for the NCEP/NCAR data and 1964 to 1989 for the Oort. Such
lengthy time-series allow the estimation of interannual variability in the
atmospheric branch of the hydrologic cycle. Global fields and zonal
averages are displayed for the annual, December/January/February, and
June/July/August averages. As part of the analysis, the data sets are each
separated into years with and without an El Nino cccurrence.  The
difference and divergence are calculated to investigate if the data sets can
resolve the anomalies known to exist during El Nino Southern Oscillation
(ENSO). Power spectra analysis is also performed to look for events
within certain frequency ranges. Both data sets appear to resolve the
global water vapor flux and ENSO conditions reasonably, but the Oort data
does not perform as well possibly due to regions with inherently poor data.
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l. Introduction

Water is present in all aspects of our environment. We most often
think of it in oceans and streams, or as rain. In order to keep this balance
of water around the globe, there must be a transport mechanism. In
actuality, there are many. Evaporation and evapotranspiration take water
from the planet’s surface into the atmosphere. Once in the atmosphere, it
does not merely condense and fall as rain. The journey of water vapor in
the atmosphere depends on circulation patterns that vary with location.
For instance, the Hadley cells provide an uplift mechanism on both sides of
the equator. This uplift of air causes condensation and thus rain. As the
air continues to circulate, it dries out and descends in the subtropics causing
regions of aridity. Other transport mechanisms include mid-latitude wave
activity and storm tracks. They carry moisture principally west to east in
the mid-latitudes. These cells and jets interact with many other phenomena
that occur on seasonal, yearly and decadal time scales, to maintain the
circulation of water vapor in the atmosphere.

Water is not only a building block of life, but a large forcing in the
entire earth system. It absorbs solar and longwave radiation which in turn
can cause the release of latent and sensible heat. The transfer of latent heat
in the atmosphere plays a large part in the global energy balance

Because of water vapor’s importance to many aspects of the climatic
system, this study attempts to compare the ability two data sets to capture
the atmospheric water vapor flux. They consist of a reanalysis data set,
which merges observations and an atmospheric model, and a data set made

purely from in situ measurements and interpolation. These data sets are
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potentially very useful to the scientific community, since only recently have
global data sets become available. With the present availability of large
computing resources and the ability to measure meteorological parameters

remotely, more complete data sets can be assembled.



1.1 Relevant Literature

Due to the lack of data and computing power, the study of
atmospheric water vapor has experienced its most significant advances only
in the last thirty years. Benton and Estoque were pioneers in the subject
with their research on the transfer of water vapor over North America,
published in 1954. They stressed the importance of studying water vapor
as “...an essential building block in the meteorologist’s understanding of the
physics of atmospheric processes.” Working with a data set of only thirty
radiosonde’ stations in North America and surrounding bodies of water for
the calendar year 1949, they calculated the monthly integrated water vapor
transfer of the atmosphere. Of significance was the finding that a
substantial percentage of water vapor enters the United States by eddy flux
(the covariance of wind and vapor perturbations) as opposed to mean
motion. The divergence of the water vapor transfer was also calculated,
and found to be an accurate measure of runoff over North America.

Soon after this, Starr and Peixoto (1958) used the above methods to
study the balance of water vapor in the Northern Hemisphere for the year
1950 with data from 90 radiosonde stations. Reasoning that the divergence
of the vertically integrated water vapor flux must, with small exception,
equal the excess of evaporation over precipitation, they found that areas of
convergence and divergence balance in the Northern Hemisphere. This is
necessary in order to have no net flow across the equator and achieve a

global balance of water vapor.

* Radiosondes are instrumented balloons that measure air temperature, humidity and wind speed components
at the following lower atmosphere standard pressure levels (1000, 950, 900, 850, 700, 500, 400, 300 mb)
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Another significant study was the first in a subsequent series of
papers by Rasmusson (1966) using a five year data set. His first
investigation involved computing the vertically integrated water vapor flux
and its divergence for three months. Even though this data was sampled on
a much smaller grid than Benton and Estoque (1954), he found a general
agreement with their results. By using the same three months of data, he
investigated the effect diurnal variations have on the results of data sampled
only once daily. Rasmusson found that the flux calculated at only 0009
GMT does not sufficiently represent the mean water vapor flux divergence
over the United states. He suggests that at 2 minimum, a second
measurement at 1200 GMT must be used, and additionally two more at
0600 and 1800 GMT would be optimal.

The second and third of Rasmusson’s studies (1967, 1968) using this
data look at water vapor flux and the divergence, respectively, over North
America and the Gulf of Mexico. Both cover the period May 1961 to
April 1963. One important finding highlighted the failure of Benton and
Estoque’s 1954 study to resolve the summertime northward flux along the
southwestern border of the United States . These differences can be
attributed to the smaller spatial resolution of Rasmusson’s data. He also
noticed a large diurnal variation in the transport of water vapor over the
central United States, Mexico and the Gulf of Mexico, especially in the
summer, which would later be identified as the Low Level Jet (LLJ). Even
though Rasmusson’s data afforded him increased accuracy, he

acknowledged that a study over a longer time span was needed.

twice daily at 0000 and 1200 GMT. About 150 sampling locations are distributed over the U.S. Sampling
is generally limited to land regions.
8



Salstein et al. (1980) looked at the streamfunctions and potential
fields for the annual average flow of water vapor. Their study covered six
years over 800 stations across the entire Northern Hemisphere. By looking
at streamfunctions, they could recognize a cellular pattern of moisture
circulation over the centers of the Pacific and Atlantic that had not been
noticed in other types of analyses on water vapor flux. It was also
discovered that little interannual variability existed in the annual
streamfunction and potential fields general character, but some changes in
intensity were noticed over the Pacific Ocean and Indian subcontinent.

The methods used to study atmospheric water vapor have not
changed greatly over the last couple decades, but the information gained
from them has increased as larger data sets have become available. Using a
10 year data set interpolated onto a global grid, Brubaker et al. (1994)
looked at the total, mean and eddy components of vapor flux into the
continental boundaries of the Americas. They found eddy flux from the
Gulf of Mexico contributes half of the total influx of water vapor into
North America through this region. Their results were then applied to
calculate annual runoff from each continent. The runoff appeared to be
underestimated, but within an order of magnitude of what others had
calculated by river discharge measurements.

With increased computer power, data sets from merged data and
General Circulation Models (GCM’s) have become increasingly useful in
the study of atmospheric water vapor (Rasmusson and Mo, 1996;
Trenberth and Guillemot, 1995; Mo and Higgins, 1996).  These
assimilation data sets use available observations to initialize atmospheric

models. The resulting short-term prediction fields are used for analysis of
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the climatic system. The assimilation data sets are blends of interpolated
observations constrained by modeled physical processes.

Some interesting applications of these data sets include the study of
regional vapor transport. Hefland and Schubert (1995) used data
assimilated by the Goddard Earth Observing System (GEOS-1)
atmospheric GCM with data saved every three hours to observe the Low
Level Jet (LLJ) over the Great Plains of the United States. Data is needed
at this time resolution to investigate a phenomenon such as the LLJ which
has a strong diurnal cycle. They found that the LLJ transports
approximately one-third of the atmospheric moisture that enters the United
States. Most of this transfer occurs during the night.

Recently, several papers have assessed the accuracy of using model
assimilation data as measurements of water vapor. One such study,
Trenberth and Guillemot (1995), looks at the European Centre for
Medium-Range Weather Forecasts (ECMWF), the U.S. National
Meteorological Center (NMC), and NASA/Goddard GEOS-1 data. Like
Rasmusson, Trenberth and Guillemot (1995), they found that the diurnal
cycle is not captured well by twice daily data. This is the case more so for
measurements of evaporation minus precipitation (E-P) as opposed to
precipitable water’ . They also found that there is little difference in the
measurement of E-P for scales larger than T31 when the fields are first
truncated at T42.

Dodd and James (1996) estimate the time mean fields of E and P
using ECMWF data with a technique involving probability distribution.

They found in most cases, that precipitation is fueled by evaporation from

* Precipitable water is the vertically-integrated mass of atmospheric water vapor content per unit surface
area.
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elsewhere, showing the importance of the advection process. The problems
from this technique include finding the eastern subtropical oceans overly
moist, and the need for better temporal resolution.

Recently reanalysis™ data sets have become an important source of
data to study water vapor. Both Higgins et al. (1996) and Mo and Higgins
(1996) look at atmospheric water vapor transport in the NCEP/NCAR, and
NASA/GEOS-1 reanalyses data products. They found that reanalyses have
a tendency to inaccurately measure low level flow and fail to always
calculate a positive P-E over land. They did see many features that
confirmed the validity of reanalysis data, such as a large source of moisture
from the Gulf of Mexico into the United States and the basic temporal and

structural characteristics of the LLJ.

* Reanalysis refers to assimilation data sets resulting from merging a consistent (in time) atmospheric
model and observations.
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1.2 Atmospheric Water Vapor

The exact quantity that is analyzed in this paper is the time averaged,
vertically integrated horizonial vapor flux. This is done by taking
measurements of the zonal and meridional wind, u and v respectively,
along with specific humidity, q, at every data location. The average
(overbar) monthly fluxes are composed of transport by mean motion (g
and vg) as well as by transient eddies («’v' and v'¢’). The expansion of ug
and vg terms into monthly mean and perturbations yield components that
may then be vertically integrated. According to equations 1 and 2, the
measurements are used to calculate the vertically-integrated vapor flux in

the zonal and meridional directions, respectively.

§A=T@%=Ta~ad—”+fﬂ'd—” (1)
] 0

0,-[@2=[7:2+[v2 @
0 g o )

These equations calculate Q, , the zonal flux, and Q, , the meridional
flux. The specific humidity is the measure of the mass of water vapor per
unit mass of air. These integrals are performed over pressure levels, p.
The surface pressure is p, and it is estimated using auxiliary data sets to the
radiosondes. The units for the winds are [m/s], for q are [kgH,O/kgAir],
and for Q are [kgH,O /ms]. Gravity is represented by g, and the overbars
denote an average over a month. The zonal and meridional components of

Q are related to the total flux by

- P — - -
ohen=[qv=0i+0,j ()
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where A, ¢, and t are longitude, latitude, and time, respectively.

Furthermore, it is useful in this thesis to look at the mean and eddy
components of the vapor flux. The mean component is represented by the
first integral on the right hand side of (1) or (2) and expresses the mean
motions in the atmosphere. Whereas the eddy component, the second
integral on the right hand side of (1) and (2), is calculated using the
deviations from the mean.

The divergence of the flux is represented by (4). Equation (4) is
time-averaged (denoted by the overbar) so that the changes in precipitable
water storage are eliminated. As noted by Star and Peixoto (1958) this
quantity approximately equals the excess of evaporation over precipitation,
therefore representing the sources and sinks of water vapor across the

globe.

= dn1.9n>_ 5 3
VoQ:-a—x»Qll-i-—Q’]:E—P 4)

&
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1.3 EI Nino Southern Oscillation

El Nino is an anomalous warming of the eastern Pacific waters off
the coast of South America. It is the main mode of interannual variability
in the global climatic system resulting from ocean-atmosphere interaction.
While it originally referred to the warming that occurred off of the coasts
of Ecuador and Peru at Christmas time (Peixoto and Oort, 1992), the term
is now used to refer to the anomalously warm waters present across a
portion of the eastern Pacific and their consequences. El Nino’s recur
approximately every 3 to 7 years (Peixoto and Oort, 1992).

El Nino is not isolated to the eastern Pacific, but rather has global
repercussions. It is part of a system that includes the Southern Oscillation
and the Indian Monsoons (Barnett 1994). The Southern Osciliation can be
thought of as the atmospheric component of the entire phenomenon, and
involves an east-west shift of mass in the atmosphere across the Indian and
Pacific Oceans (Peixoto and Oort, 1992). This system is often termed El
Nino Southern Oscillation, or ENSO.

The typical length of an ENSO episode is approximately 16 months
(Wyrtki, 1975). It was once believed that all ENSO’s followed the seasonal
cycle by beginning and ending at the same time of the year (Rasmusson and
Carpenter, 1982). But Wang (1995) documents that the 1986-87 episode
did not follow the trend of many of its predecessors. He also claims that
there is a difference between the onset of pre-1970 events and post-1970
events.

The effects of ENSO are far reaching. Rasmusson and Carpenter
(1982) observed that the warm Sea-Surface Temperatures (SSTs) in the
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central equatorial Pacific cause enhanced atmospheric convection, which
leads to increased rainfall and weakened surface easterlies. ~Normal
circulation over the Pacific includes the Walker Cell, which rises over the
western equatorial ocean and falls over the east. When the eastern waters
increase in temperature, as they do in El Nino, this circulation is weakened.
This leads to reduced uplift in the western equatorial Pacific, therefore
resulting in less precipitation in regions such as Indonesia, and more in the
central and eastern equatorial Pacific (Pexioto and Oort, 1992).

Increased rainfall has been documented in the coastal zone off of
Ecuador and Peru, south of India, and over eastern equatorial Africa
(Pexioto and Oort, 1992). The occurrence of droughts from ENSO are
more widespread and are seen in the South Pacific Convergence Zone
(SPCZ), southeastern Africa, and northeastern South America (Peixoto and
Oort, 1992). Also, ENSO may be the cause of weaker monsoon rains over
India (Pexioto and Oort, 1992).

Ropelewski and . Halpert (1987, 1996) provide an up-to-date
overview of global ENSO-precipitation relationships. In this study the
vapor flux climatology and anomaly patterns are analyzed in support of

understanding the underlying reasons for ENSO-precipitation correlations.
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1.4 Thesis Outline

This thesis contains the following major sections:

1)

2)

3)

An intercomparison of a data assimilation, the NCEP/NCAR
reanalysis product, and an objective analysis data set, from Oort.
I will investigate the relative characterization of vapor flux
climatology by these data sets.

Study of the interannual variability in the atmospheric branch of
the hydrologic cycle through spectral analysis of the long
records.

Investigation of the effect of ENSO on the atmospheric branch of
the hydrologic cycle. '

16



Il. Data

2.1 Data Sets

2.1.1 NCEP/NCAR Reanalysis

The National Centers for Environmental Prediction/ National Center
for Atmospheric Research (NCEP/NCAR) reanalysis project will
ultimately produce a 40 year data set covering the period 1957-96 (Kalnay
et al., 1996). For the present study, only the years 1979-95 were available.
The fields we use are those of zonal and meridional winds, their transient
quantities (¢ and vq'), surface pressure, and specific humidity. These
fields, excluding surface pressure, have measurements at 17 pressure levels
from 1000 to 10 mb, though only data up to 300 mb is used since water is
concentrated in the lower atmosphere. We received the data as monthly
mean fields courtesy of Atmospheric and Environmental Research, Inc. of
Cambridge, MA.

Reanalyses take in situ and remotely sensed data, and use atmospheric
models to fill in the data at unobserved locations. This data set uses data
collected from the land surface, ships, rawinsondes, pibal, aircrafts and
satellites. The data assimilation technique employs a T62 model. This gives
an approximate horizontal resolution of 210 km resulting in a 2.5 by 2.5
degrees longitude/latitude grid of data. The assimilation is performed over
28 vertical sigma levels. Details on the data and methods used can be found
in Kalnay et al. (1996).

17



2.1.2 Oeort Data

The Oort data was compiled by Abraham H. Oort at the Geophysical
Fluid Dynamics Laboratory in Princeton, NJ. It includes data from 1958-
89, but globally only from 1964-89. This study uses only the global data.

Continuous sources of data over the entire study period were not
available. Therefore, the data set consists of separate data sources pieced
together to cover the whole time period. The data was collected by
rawinsondes, surface marine observations and pibal. The common data
objective analysis technique consisted of discarding bad data and then using
a scheme to interpolate the available data onto a regular grid. The exact
data sources and methods not mentioned here can be found in NOAA
Professional Paper 14 by A. H. Oort

The available data for use in this study includes monthly values of
zonal and meridional wind, their transient quantities, and specific humidity.
Data is reported on a grid of 5 by 2.5 degrees longitude/latitude for 11
pressure levels from 1000 to 50 mb. At the levels near the earth’s surface
(1000, 950 and 900 mb) and at levels above 100 mb, the data is known to
be less accurate than those in between, due to many incomplete rawinsonde
reports. Data over the oceans of the Southern Hemisphere oceans is also

sparse and so relies more on interpolation.
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2.2 Data Problems

The use of discrete data in the study of a continuous phenomenon is
inherently inaccurate. Diurnal variability is hard to capture with data
collected only once or twice daily. Higgins et al. (1996) found that the
Low Level Jet (LLJ) was difficult to study using reanalysis data due to its
diurnal nature and its small vertical extent. Rasmusson (1966) did a study
to determine how many measurements were needed to study phenomena
with diurnal variations. He concluded that once daily data is not sufficient
to study the vapor flux divergence and that at least two observations, at
0000 and 1200 GMT, are needed, and additional observations at 0600 and
1800 GMT are highly desirable.

Rasmusson (1966) also conducted a test to determine whether the
average divergence over a 3 month period was comparable to the
divergence over 3 one month periods averaged together. He found slight
differences, but concluded that these computational methods had similar
results overail.

Trenberth and Guillemot (1995) found that twice-daily data does not
adequately capture the diurnal cycle in calculations of evaporation minus
precipitation (E-P). They also tested the effects of changing horizontal
resolution and found that in the calculation of the vertically integrated
moisture budget, resolution did not play a large role in the results except in

areas of steep orography.
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lll. Integrated Water Vapor Flux

3.1 Giobal Analysis

This study calculates the time averaged, vertically integrated
horizonta' vapor flux for both the NCEP/NCAR reanalysis and Oort data.
The purpose is intercomparison and comparison to known water vapor flux
characteristics. This data is plotted in Figures 1 through 18. In each of
these Figures, plot “a” contours the magnitude, (Q,’+ Q,")'?, of the zonal
and meridional components, Q, and Q, . Plot “b” is the vector sum of Q,
and Q, , with each arrow’s length scaled to size by its magnitude. This is
done for the total, mean and eddy flux of three averaged time periods.
These periods include December/January/February (DJF), June/July/August
(JJA), and an annual average.

In all cases, the most obvious feature about the total flux is how
closely it resembles lower tropospheric flow. This is no coincidence since
water vapor is mainly concentrated in the lowest 30% of the troposphere
(Salstein et. al., 1980). As in the flow of the troposphere, westerlies are
visible in mid-latitudes and easterlies in the low-latitudes. Also little
transport is seen in regions above 60 degrees latitude in each hemisphere
since water vapor decreases from the equator to the poles following the
temperature (which limits the water holding capacity of air through the
Clausius-Clapeyron relation).

The zonal component has been observed to be a magnitude greater
than the meridional component (Brubaker et al., 1994) which results in
flow that is largely parallel to latitude circles. Also, the magnitude of the
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eddy flux is typically an order of magnitude less than the magnitude of the
total flux. Because of this large difference, it is obvious that the mean flux
will largely resemble the total flux. Their relationship, given by Equations
(1) and (2), expresses that the addition of the mean and the eddy terms
equals the total flux. This is indeed what is seen in Figures 1-18.

Figures la and 2a, showing total flux during DJF in each data set,
share many common features. They both have maxima over the oceans on
either side of 20N, with minima in high latitudes and mountainous regions
such as the Rockies, Andes and Himalayas. Both highs located in the
Pacific from the NCEP/NCAR data stretch across the entire Pacific with a
fairly constant magnitude. The Oort data, on the other hand, has centers of
high flux localized to the western Pacific. All of these maxima have a
smaller value in the Oort data than the NCEP/NCAR data except for the
one closest to the equatorial South Pacific.

The separation between the westerlies and the easterlies is seen
around 20N and 30S in both Figures 1b and 2b. Rasmusson (1967) found
in his study of water vapor over North America, that transient eddies are
the dominant meridional transport mechanism over 20N. It is therefore
informative to look at the eddy fluxes in Figures 5 and 6 to investigate the
meridional flux differences.

As was seen for the total fluxes, the eddy flux maxima in the
NCEP/NCAR data are also proportionally larger than those in the Oort
data. The northern Pacific high for NCEP/NCAR also stretches across the
entire ocean whereas the Oort high is again centered in the western Pacific.
The largest difference between Figures 5a and 6a lies over the Gulf Coast
of the United States. The eddy center over the western U.S./Atlantic has its
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center of maximum over the Gulf states of the U.S. in the Oort data and
decreases over the Atlantic. The high in the NCEP/NCAR data has a
similar magnitude over the Gulf states, but increases in value as it crosses
the Atlantic.

Both NCEP/NCAR and Oort show the necessary poleward flux in
Figures 5b and 6b along the eastern boundary of continents (along storm
tracks). As was similarly detected by Dodd and James (1996), the values
are higher in the winter hemisphere than the summer hemisphere from a
strengthening of flux due to the winter storm tracks. Certain fluxes in the
meridional direction are almost entirely due to the contribution by
transient eddies. One example is the low level jet (LLJ) that comes into the
US from the Gulf of Mexico which has been well documented by Hefland
and Schubert (1994). In Figure 2b it can be recognized that the flux comes
easterly at about 20N and then turns northward and enters the U.S. before
exiting westerly through the east coast. In Figure 4b, the northerly turn 1S
not detected in the mean motion. Instead, the westerly and easterly flow
appear less connected. As would be expected, a northerly eddy flux is seen
in this area in Figure 5b and 6b.

A case where meridional transport is mainly from mean motion is
over the tropics where no eddy flux exists. In this circumstance, Figures
3b and 4b display large meridional motions following the low-level zonal
tropical easterlies. Figures 5b and 6b show that there is no appreciable
transient eddy contribution to vapor transport in the tropics.

Figures 7 through 12 show the same fields as Figures 1-6 but for
JJA. As in the DJF diagrams, the maxima existing over the ocean have
consistently higher values in the NCEP/NCAR data. Large differences
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between the DJF and JJA fields are seen over the Indian Ocean and
southern India where magnitudes have increased (see Figures 7a and 8a)
and a semi-circular flow pattern has developed (see Figures 7b and 8b).
This pattern, the Indian summer monsoon, is also noted by Rasmusson
(1967). The values of the maxima have increased by a smaller amount
over the northern tip of South America. It can be recognized in Figures 9
through 12 that this phenomenon is due to mean motion and not transient
eddies.

In the case of total flux for the Oort data (Figure 8a), the northern
Pacific maxima is barely distinguishable as a separate entity from the
maxima to its south. Both data sets exhibit a seasonal northward shift of
the division between the westerlies and the easterlies, which is observed by
comparing Figures 1b and 7b in NCEP/NCAR, and also 2b and 8b for the
Oort data.

In JJA, the eddy flux maxima have increased in the Southern
Hemisphere (during the season of strong baroclinic instability) and now
have values greater than those in the Northern Hemisphere (Figures 1la
and 12a). The same was seen in Figures 5a and 6a with the winter
hemisphere having larger transient eddies. Again, the eddy maxima in the
Pacific are centered more towards the western Pacific in the Ocrt data
compared to NCEP/NCAR. Also, the eddy flux over eastern South
America has a maximum over the land in both data sets for JJA; however,
it is only visible in the Oort data and absent in the NCEP/NCAR for DJF.
The storm tracks are also evident these Figures.

Figures 13 through 18 display all three components of the vapor flux
for the data averaged annually. Many of the features apparent in the JJA
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and DIJF data recur here. Included, is the tendency for the NCEP/NCAR
data to have values larger than the Oort data, and to have high values of
flux across the entire Pacific, not just over the western half. It can also be
observed that the centers of maximum flux near the equator in the Pacific
and Atlantic are consistently larger than those to their north and south.
The equatorial region, known to be an area of much convection, no doubt
affects this value. The flux maxima found to the north and the south are

most likely fueled by the mid-latitude jet streams.
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Fig 13a. The NCEP/NCAR total vapor flux for annual average. Contoured

on 50 kg/ms intervals.
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Fig 13b. The NCEP/ NCAR total vapor flux for annual average plotted as
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Fig 14a. (upper) The Oort total vapor flux for annual average. Contoured on
g/ms intervals. 14b (lower) Above plotted as flux vectors.
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3.2 Zonal Analysis

Figures 19a through 24b display the zonal averages of the global data
presented in Figures 1 through 18. By looking at the zonal component of
total flux for the NCEP/NCAR and Oort data sets in Figures 19a and 19b,
respectively, a similar shape can be seen. Even zonally, the NCEP/NCAR
data tends to be larger in magnitude. Two major peaks are evident, one in
the mid-latitudes of each hemisphere, where the major zonal flow regimes
exist. Another peak is at the Equator and it is associated with tropical
easterlies. The Southern Hemisphere peak is larger. In this hemisphere,
the largest difference between the two data sets is in DJF, where there is a
difference between peaks of approximately 100 kg/ms. JJA has a much
smaller discrepancy (30 kg/ms). Annually the difference is 50 kg/ms.

Differences of this magnitude are not seen between the data sets in
the Northern Hemisphere. Both the reanalysis and Oort data sets are based
on adequate sampling in the populated Northern Hemisphere. In the
Southern Hemisphere the Oort interpolation scheme may fail to capture
major transport features, while the reanalysis has the model estimate as a
basis for its vapor transport estimates. In all three periods a discrepancy of
only 30 kg/ms is seen in data-rich regions. At the equator, the annual
average of both data sets differs by merely 20 kg/ms.

The data sets more closely resemble each other in Figures 20a and
20b for the meridional component of total flux. The maximum value for
all three time periods differs little between the two data sets. The largest
difference between the two occurs in JJA and the annual data, when the
widths of the peaks are larger in the NCEP/NCAR data than in the Oort.
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This disparity demonstrates that poleward transport in this region continues
to a higher latitude in the NCEP/NCAR data. Also, the positive peaks for
DIJF are 5 to 10 kg/ms smaller in the Oort data.

The zonal components of the mean motion flux, shown in Figures
21a and 21b, are essentially the same as those of the total flux. A
difference between the meridional component of the mean and total flux,
can be seen by comparing Figure 20a with 22a, and 20b with 22b. While
the low-latitude peaks are very similar between the mean and total flux, the
values of the flux at the mid-latitudes are quite different. This is due to the
significant amount of poleward flux attributable to eddies in this region.
The addition of this eddy flux is sufficient to change the mean flux in the
Southern Hemisphere from positive to negative. In the mid-latitude region
of the Northern Hemisphere, the flux shifts toward the negative side as
well. Both data sets behave similarly.

The meridional component of the eddy flux is shown in Figures 24a
and 24b for each set of data. As required, the data sets show poleward flux
in each hemisphere.  Each has approximately equal flux between
hemispheres. The NCEP data is between 5 and 10 kg/ms larger than the
Oort. Each data set shows equal Southern Hemisphere flux for DJF, JJA,
and the annual data. There is a difference in the flux between the time
periods in the Northern Hemisphere, possibly due to an increase in seasonal
variability associated with more land mass. In both data sets the DJF flux
in the Northern Hemisphere is higher than that of JJA, as would be
expected due to storm activity in the winter.

Figures 23a and 23b display the zonal component of the eddy flux.

In the case for eddies, the values of the zonal component are less than those
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of the meridional component. Again, the NCEP data has larger values than
the Oort data. Small peaks in the NCEP data exist in DJF and JJA at
around 15S and 15N, respectively, and are smaller or non-existent in the

Oort data.
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Fig. 19a. The zonally averaged total vapor flux, zonal component. For DJF,
JJA, and annual averages. NCEP/NCAR data in units of (kg/ms).
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Fig. 19b. The zonally averaged total vapor flux, zonal component. For DJF,
JJA, and annual averages. Oort dafa in units of (kg/ms).
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Fig. 20a. The zonally averaged total vapor flux, meridional component. For
DJF, JJA, and annual averages. NCEP/NCAR data in units of (kg/ms).
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Fig. 20b. The zonally averaged total vapor flux, meridional component. For
DJF, JJA, and annual averages. Oort data in units of (kg/ms).
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Fig. 21a. The zonally averaged mean vapor flux, zonal component. For DJF,
JJA, and annual averages. NCEP/NCAR data in units of (kg/ms).
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Fig. 21b. The zonally averaged mean vapor flux, zonal component. For DJF,
JJA, and annual averages. Oort data in units of (kg/ms).
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Fig. 22a. The zonally averaged mean vapor flux, meridional component. For
DJF, JJA, and annual averages. NCEP/NCAR data in units of (kg/ms).
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Fig. 22b. The zonally averaged mean vapor flux, meridional component.
For DJF, JJA, and annual averages. Oort data in units of (kg/ms).
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Fig. 23a. The zonally averaged eddy vapor flux, zonal component. For DIJF,
JJA, and annual averages. NCEP/NCAR data in units of (kg/ms).
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Fig. 23b. The zonally averaged eddy vapor flux, zonal component. For DJF,
JJA, and annual averages. Oort data in units of (kg/ms).
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Fig. 24a. The zonally averaged eddy vapor flux, meridional component. For
DIJF, JJA, and annual averages. NCEP/NCAR data in units of (kg/ms).
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Fig. 24b. The zonally averaged eddy vapor flux, meridional component. For
DJF, JJA, and annual averages. Oort data in units of (kg/ms).
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3.3 Global Divergence

The divergence for the global fields of integrated water vapor flux is
performed and presented in Figures 25 through 30 for both data sets.
Areas of positive E-P, where convergence exists, are shaded.

Figures 25 and 26 display the divergence of total water vapor flux
for NCEP/NCAR and Oort data, respectively. The most noticeable
difference between the two data sets is the lack of results in the Dort set
over the oceans compared to the NCEP/NCAR data. This may be due to
poor data collection in these hard to reach regions for the Oort data set.
The reanalysis uses model estimates of winds and humidity to resolve
motions that lead to vapor divergence. But overall, they both show areas
of convergence over the equatorial and mid- to high-latitude zones as
expected (Pexioto and Oort, 1992 and Dodd and James, 1996). Also
observed in both sets of data are regions of divergence over eastern edges
of major ocean basins. These were also detected by Dodd and James
(1996).

Central America, northern South America, the Thailand peninsula,
and regions in the South Pacific and Indian Ocean have some of the largest
values of (negative) divergence in both data sets. They also both identify
an area of convergeice over the Mississippi basin in the central United
States, as expected over large drainage basins (Star and Pexioto, 1958).
The NCEP/NCAR data shows a localized area of convergence over Brazil,
possibly associated with the drainage basin of the Amazon (Star and
Pexioto, 1958). The Oort data does not pick up this last zone of

convergence, possibly due to poor sampling.
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Figures 27 and 28 for the mean flux divergence are essentially the
same as the total. But the eddy flux in Figures 29 and 30 are worth noting.
The NCEP/NCAR data has higher values of eddy divergence than the Oort
data. They both display couplets of convergence and divergence in the
winter hemisphere storm track detected by Dodd and James (1996). Also
observed by Dodd and James (1996), are the areas of divergence over
South America in the region of the South American Convergence Zone
(SACZ). Over the central United States, a region of eddy convergence is
identified in both data sets.
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Annual Total Flux Divergence, NCEP/NCAR (m/yr)
positive shaded

Fig. 25. The divergence of the total vapor flux. NCEP/NCAR data averaged
annually. Contoured on intervals of 1 meter/year. Positive values shaded.
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Annual Total Flux Divergence, Oort (m/yr)
positive shaded

Fig. 26. The divergence of the total vapor flux. Oort data averaged
annually. Contoured on intervals of 1 meter/year. Positive values shaded.

70



, NCEP/NCAR (m/yr)

O
)
ol B
e.mm
2o |
QL .
e.
o> |
o= |
20
Dm.. [}
* N * .(.\.b'
2
L
c
O
O
= :
w :
c
g v G
< HEANY

.......................

('S¢

T & A&

ally. Contoured on intervals 1 meter/year. Positive values

..................................

(&7°) u N
(&%
i ) {

: fo: B

b\l 6

Fig. 27. The divergence of the mean vapor flux. NCEP/NCAR data
shaded.

averaged annu

117NN

71



Annual Mean Flux Divergence, Oort (m/yr)
positive shaded

Fig. 28. The divergence of the mean vapor flux. Oort data averaged
annually. Contoured on intervals of 1 meter/year. Positive values shaded.
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Annual Eddy Flux Divergence, NCEP/NCAR (m/yr)
positive shaded

Fig. 29. The divergence of the eddy vapor flux. NCEP/NCAR data averaged
annually. Contour intervals of [-1, -.75, -.5, -.25, .25, .5, .75, 1] meters/year.
Positive values shaded.
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Annual Eddy Flux Divergence, Oort (m/yr)
positive shaded
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Fig. 30. The divergence of the eddy vapor flux. Oort data averaged
annually. Contour intervals of [-.75, -.5, -.25, -.1, .1, .25, .5, .75])
meters/year. Positive values shaded.
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IV. Observations of El Nino Influence

4.1 EI Nino Periods

Defining the exact life cycle of an El Nino event is difficult. Even
more difficult is trying to make all El Nino’s conform to one set of
requirements. For this reason, it is hard to define the exact life cycle of all
El Nino’s during this study period. Table 1 lists the approximate starting
and ending dates of the El Nino events that take place from 1964 to 1995.
Also defined are the one-year blocks of data that are used for all analysis

that call for “El Nino years”, and the data set(s) that cover each event.

Table 1

STARTTIME | END TIME | 1 YEAR PERIOD | DATA SET

Dec 1964 May 1966 | Jan 1965-Dec 1965 | Oort

Dec 1971 May 1973 | Jan 1972-Dec 1972 | Oort

Dec 1981 May 1983 Jan 1982-Dec 1982 | Oort, NCEP/NCAR |
May 1986 Dec 1987 | Jan 1987-Dec 1987 | Oort, NCEP/NCAR |
Dec 1990 May 1992 Jan 1991-Dec 1991 | NCEP/NCAR
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4.2 Differences Between El Nino and Non-El Nino Periods

Taking the previously defined El Nino periods included in each data
set, an average for Q, and Q, is made of the El Nino years and another of
the non-El Nino years. These two groups of data 1s then differenced, and
in places where the El Nino data does not fall within the 95% confidence
interval of the total data mean statistic (as calculated by equation 5), the

value is plotted.

7-196-L < u<x+196-L (5)

Jn Vn

In equation 5, ¢ is the standard deviation of interannual variability, n is the
number of points in the time series, and X is the mean of the total data.
Equation (5) represents the 95% confidence interval on the estimate of the
mean. The results are displayed in Figures 31 through 36 for the total,
mean and eddy flux of the NCEP/NCAR and Oort data sets.

In Figures 31a and 32a, a large area of value for El Nino minus non-
El Nino is seen in the western equatorial Pacific for the NCEP/NCAR and
Oort data, respectively. The NCEP/NCAR data has a much 'arger
difference than the Oort (a peak of 120 versus 80 kg/ms). This may be
because each data set contains different El Nino events of varying
strengths. It may therefore be best not to make comparisons of the
magnitudes between the data sets. Both of these areas in the western
Pacific spread east across the equator and move slightly south. Instead of
slowly dropping off in magnitude to the south, the Oort data seems to drop
and then rise again to form a second maxima of 30 kg/ms (along the SPCZ)

that is still related to the larger maxima of 80.
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Another region of large value in the NCEP/NCAR data is located off
the coast of South America near Ecuador. This is the exact area where
anomalously warm waters are known to form in El Nino episodes.
Surprisingly, the Oort data does not show any noticeable difference here.
Again, the Oort data set uses interpolation of sparse observations while
reanalysis is using model estimates in addition to observations. Features in
data sparse regions may not be resolved in the Oort data.

The flux vectors are displayed in Figures 31b and 32b. In both data
sets it is observed that in El Nino years, water vapor diverges from the
area near Indonesia east towards the Pacific, and to a lesser degree west
into the Indian Ocean. During ENSO years, a weakening of the zonal and
tropical Walker Circulation occurs. This results from the breakdown of
the zonal sea-surface temperature difference in the equatorial Pacific
Ocean. The rising branch of the Walker cell is located in the eastern
equatorial Pacific, and when weakened, a reduction in precipitation and
anomalous vapor divergence is evident. Eastward-moving wind anomalies
have previously been observed in the western Pacific during ENSO
(Bamett, 1994).

Figures 33 and 34 for the mean flux look similar to the total flux.
The two data sets are most dissimilar in the eddy flux component,
presented in Figures 35 and 36. In certain locations, the NCEP/NCAR data
has values twice the value of the Oort data. A couple of regions where
both data sets have significant values are to the south of Africa, over
Australia, south of Japan, the mid-north Atlantic, and the western Atlantic.
By looking at the flux vectors, the differences between the two data sets can

best be observed. The Oort data shows a strongly organized divergence
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from the mid-Pacific area while the NCEP/NCAR data has many seemingly
uncontinuous clusters of divergence/convergence centers spread across the
globe, mostly at mid-latitudes. The Oort data also has much movement
parallel to latitude circles whereas NCEP/NCAR has more poleward

motion.
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Fig. 31a (upper) Total vapor flux of ‘El Nino years - non El Nino years’.
Only data at 95% significance plotted. For NCEP/NCAR data, contoured on
20 kg/ms intervals. 31b (lower) Same as above plotted as flux vectors.
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Q total ENSO-non at 95% sig, (kg/ms), Oort
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Fig. 32a (upper) Total vapor flux of ‘El Nino years - non El Nino years’.‘

Only data at 95% significance plotted. For Oort data, contoured on 10 kg/ms
intervals. 32b (lower) Same as above plotted as flux vectors.
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Fig. 33a (upper) Mean vapor flux of ‘El Nino years - non El Nino years’.
Only data at 95% significance plotted. For NCEP/NCAR data, contoured on
20 kg/ms intervals. 33b (lower) Same as above plotted as flux vectors.
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Fig. 35a (upper) Eddy vapor flux of ‘El Nino years - non El Niro years’.
Only data at 95% significance plotted. For NCEP/NCAR data, contoured on 2
kg/ms intervals. 35b (lower) Same as above plotted as flux vectors.
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4.3 Zonal Analysis

In Figures 37 through 40, the zonal average of the El Nino years is
taken, and from it the zonal average of all years is subtracted. These are
then plotted against the annual average and its 95% confidence interval,
both with the annual average subtracted. The El Nino years have flux
values larger than the annual average from about 50S to the equator in the
NCEP/NCAR data zonal component. But these differences are not
statistically significant. Only small areas near the equator and 20S fall out
of the 95% confidence interval making them significantly different from
the rest of the years. On the other hand, the Oort data identifies the El
Nino years as above average from 60S to SON with a large area from 58S to
15N and a small area near 15N that are significant.

The meridional component of flux in Figures 39 and 40 also exhibits
many differences between data sets. The NCEP/NCAR data shows slightly
more than normal flux near the equator and slightly less than normal flux
at 155 and 15N. Neither of these areas fall outside of the confidence
intervai. The Oort data in Figure 40 has a large region from 30S to the
equator where it has larger than normal flux, and another from 60S to 30S
where it has less than normal flux. The section from 30S to 50S is
significant, some of it by a large margin. But the Oort data in the data-

sparse Southern Hemisphere has limited validity.
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Q total lambda with mean removed, zonal, NCEP/NCAR (kg/ms)
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Fig. 37. Total vapor flux of ‘El Nino - non El Nino years’, zonal
component. Zonally averaged with mean removed. For NCEP/NCAR data
and plotted with 95% confidence interval of annual average. In units of

(kg/ms).
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Q total lambda with mean removed, zonal, Oort (kg/ms)
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Fig. 38. Total vapor flux of ‘El Nino - non El Nino years’, zonal
component. Zonally averaged with mean removed. For Oort data and plotted
with 95% confidence interval of annual average. In units of (kg/ms).
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Q total phi with mean removed, zonal, NCEP/NCAR (kg/ms)
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Fig. 39. Total vapor flux of ‘El Nino - non El Nino years’, meridional
component. Zonally averaged with mean removed. For NCEP/NCAR data
and plotted with 95% confidence interval of annual average. In units of
(kg/ms).
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Q total phi with mean removed, zonal, Oort (kg/ms)
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Fig. 40. Total vapor flux of ‘El Nino - non El Nino years’, meridional
component. Zonally averaged with mean removed. For Oort data and plotted
with 95% confidence interval of annual average. In units of (kg/ms).
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4.4 Divergence

The flux divergence of the El Nino years minus non-El Nino years is
calculated using the method of finite difference, and is presented in Figures
41 through 46 in units of m/year. The relative positive divergence and the
relative negative divergence (convergence) are displayed separately for
easier visibility.

During El Nino events, the relatively cold waters of the western
Pacific warm up and cause a weakening of the Walker Circulation over the
Pacific. This causes the usually strong area of convection over Indonesia to
weaken, and the areas over central and eastern equatorial Pacific to be
enhanced (Peixoto and Oort, 1992). Regions of weakened convection lead
to an increase in divergence. Both data sets detect many of the same
regions of significant relative divergence and are presented in Figures 41a
and 42a.

The Oort and NCEP/NCAR data observe a relative divergence over
northeastern and southwestern Australia, southern Africa, northern South
America, very northern India, and Central America. These regions match
those found to have a decrease of precipitation during ENSO (Peixoto and
Oort, 1992; Kousky and Leetmaa, 1988; and Ropelewski and Halpert,
1987). Other regions where both data sets find relative divergence include
the central Indian Ocean, the very southern and southeast Pacific Ocean,
and the northeast Atlantic.

Figures 41b and 42b display the areas of relative convergence during
El Nino years. Southern India, southern Brazil, and the eastern equatorial

Pacific are known to experience increased precipitation during ENSO and
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are observed in both data sets to have relative convergence (Peixoto and
Oort, 1992; Kousky and Leetmaa, 1988; and Ropelewski and Halpert,
1987, 1996). Other relatively convergent regions identified by both data
sets include the northwestern Atlantic, the central United States and the

southeast Pacific.

In most cases the divergence values are larger in the NCEP/NCAR
compared to the Qort data. This is particularly true in the case of the eddy
flux in Figures 45 and 46, where the Oort data has values half that of the
NCEP/NCAR and therefore was contoured with a different contour
interval. Even at this interval, the Oort data is so sparse that little
information can be extracted from it. The NCEP/NCAR data shows areas
of positive and negative eddy divergence almost alternately in the mid-

latitudes in Figure 45a and b.
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Total Flux Divergence,NCEP/NCAR (m/yr)
positive

Fig. 41a. Divergence of the total vapor flux for ‘El Nino - non El Nino
years’. Only positive values contoured on intervals of [.1, .25, 1] meter/year.
For NCEP/NCAR data.
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Total Flux Divergence,NCEP/NCAR (m/yr)
negative

Fig. 41b. Divergence of the total vapor flux for ‘El Nino - non El Nino
years’. Only negative values contoured on intervals of [-1, -.25, -.1]
meter/year. For NCEP/NCAR data.
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Total Flux Divergence, Oort (m/yr)
positive

Fig. 42a. Divergence of the total vapor flux for ‘El Nino - non El Nino
years’. Only positive values contourcd on intervals of [.1, .25, 1] meter/year.

For Oort data.
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Total Flux Divergence, Oort (m/yr)
negative
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Fig. 42b. Divergence of the mean vapor flux for ‘El Nino - non El Nino
years’. Only negative values contoured on intervals of [-1, -.25, -.1]

meter/year. For Oort data.
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Mean Flux Divergence NCEP/NCAR (m/yr)
positive

Fig. 43a. Divergence of the mean vapor flux for ‘El Nino - non El Nino
years'. Only positive values contoured on intervals of [.1, .25, 1] meter/year.
For NCEP/NCAR data.

96



Mean Flux Divergence NCEP/NCAR (m/yr)
negative

Fig 43b. Divergence of the mean vapor flux for ‘El Nino - non El Nino
years’. Only negative values contoured on intervals of [-1, -.25, -.1]
meter/year. For NCEP/NCAR data.
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Percent variance 5.3 to 7.1 yecrs NCEP/NCAR

Fig 47d. Percent variance in period from 5.3 to 7.1 years of the divergence
of total vapor flux for NCEP/NCAR data. Contoured on intervals of 0.05.
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Percent variance 7.1 + years, NCEP/NCAR
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Fig 47e. Percent variance in period from 7.1 + years of the divergence of
total vapor flux for NCEP/NCAR data. Contoured on intervals of 0.1.
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Percent variance O to 1.1 years, Oort
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Fig 48a. Percent variance in period from O to 1.1 years of the divergence of
total vapor flux for Oort data. Contoured on intervals of 0.1.
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Percent variance 1.1 to 1.9 years, Oort

Fig 48b. Percent variance in period from 1.1 to 1.9 years of the divergence
of total vapor flux for Oort data.. Contoured on intervals of 0.1.
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Percent variance 1 9 to 5.3 yeors Oort

Fig 48c. Percent variance in period from 1.9 to 5.3 years of the divergence
of total vapor flux for Oort data. Contoured on intervals of 0.1.
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Percent variance 5.3 to 7.1 years, Oort

Fig 48d. Percent variance in period from 5.3 to 7.1 years of the divergence
of total vapor flux for Oort data. Contoured on intervals of 0.05.

115



Fig 48e. Percent variance in period from 7.1 + years of the divergence of
total vapor flux for Oort data. Contoured on intervals of 0.1.
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VI. Conclusions and Discussion

The NCEP/NCAR reanalysis and Qort data sets both succeed in
capturing the major components of the vertically integrated water vapor
flux climatology. Their flow patterns match that of tropospheric flow very
closely, but almost without exception, the NCEP/NCAR data records
greater values of flux than the Oort. Additionally, the NCEP/NCAR data
finds large flux values consistently across the oceans whereas the Oort data
tends to restrict the high values close to the boundaries of these oceans.
This may be a symptom of sparse data over the oceans in the Oort data.
This is especially true over data sparse regions where the Oort
interpolation may be less accurate than reanalysis. Reanalyses additionally
include model estimates that “advect” information from other monitored
regions. In addition, reanalyses models provide for important physical
constraints.

The Southern Hemisphere is shown to have more transport of water
vapor than the Northern, due to the lack of land mass and therefore more
availability of water. It is interesting that in the Southern Hemisphere of
both data sets, there is no seasonal variability seen in the zonally averaged
vapor flux for the eddy zonal component. On the other hand, the Northern
Hemisphere shows larger poleward eddy flux in winter as would be
expected. It is possible that neither data set is picking up Southern
Hemisphere eddy flux, or the eddy flux is weak due to less continent-ocean
contrasts that force major high-latitude wave and storm track patterns with

season.
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When VeQ is calculated for these global fields, it becomes apparent
again how the Oort data may be effected by sparse data over the oceans. In
comparison to the NCEP/NCAR data, it shows relatively little divergence
over these oceanic regions. Both data sets do pick up many of the main
convergence zones in the equatorial and mid- to high-latitude regions, and
divergence zones over the eastern edges of major ocean basins (Dodd and
James, 1996). Drainage basins such as the Mississippt and the Amazon are
captured by the NCEP/NCAR data, but only the Mississippi is resolved by
the Oort. The Amazon may be another area the Oort set does not have
adequate data.

The phenomena of El Nino is resolved by both data sets. Both
exhibit a large area of difference between El Nino years and non-El Nino
years in the western equatorial Pacific. But other areas well known for El
Nino-related abnormalities, such as the Pacific coast of Ecuador, only show
anomalous flux in the NCEP/NCAR data. While any comparison of data
sets covering different time ranges must allow for a great deal of
unexplained variation, El Nino likely causes a difference of flux over the
anomalously warm waters off of Ecuador. The Oort data does not register
this effect.

It is significant that both data sets show a relative divergence away
from the Indonesian area during the El Nino years. While a shift in
circulation and moisture in this region is well documented (Ropelewski and
Halpert, 1987), each data set handles the eddy flux differently. They both
have most of their differences in the mid-latitudes due to the existence of

eddies in this region. But the flux vectors in the NCEP/NCAR data are
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contained within large eddy fields, whereas the Oort data has a more
organized pattern.

This pattern can be investigated further by looking at the zonal
averages of the El Nino period. @ NCEP/NCAR exhibits very little
difference in the total meridional component from El Nino years compared
with the annual average. Oort displays significant differences, though
mostly in the Southern Hemisphere. With the total zonal flux, the
NCEP/NCAR data exhibits significant differences only in the Southern
Hemisphere while in the Oort data, differences exist evenly in both.

When looking at the actual divergence (VeQ) of the El Nino minus
non-El Nino data, the NCEP/NCAR data has consistently larger values than
the Oort data. The larger range of flux values, noted above, may
contribute to this. But the two data sets generally agree on the regions of
significant divergence, and with known regions of anomalous precipitation.

Another approach for validating the occurrence of El Nino in each
data set is power spectra analysis. The results from this were quite
significant. The NCEP/NCAR data picks up 50% variance over the
Amazon for the period of time from 1.9 to 5.3 years. This region has been
documented to have a very large ENSO-related precipitation anomaly
(Ropelewski and Halpert, 1987, 1996). The Oort data does not pick up as
much percent variation here, again possibly pointing to poor data in this
region. The two sets do agree on other documented areas affected by
ENSO such as the western equatorial Pacific and the entire equatorial
region in general.

Overall, both data sets resolve global water vapor flux quite well. In
remote locations, the Oort data is inferior to the NCEP/NCAR data. While
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a great deal of variation is to be expected between data sets that cover
different time periods, certain anomalies and fluxes that should be picked
up at any time period are not present in the Oort data. In the future,
further comparisons of the two data sets with other data sets (e.g. satellite)
should be made over regional domains. Only then may the sources of the

differences between the two data sets be identified.
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