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ABSTRACT

SATELLITE BASED ESTIMATES OF GLOBAL PRECIPITABLE WATER
DISTRIBUTION AND POLEWARD LATENT HEAT FLUX

Recent availability of long term global satellite observations of precipitable water
allows for new estimates of the role of moisture in our climate. Moisture transport is
the least known compbnent of all poleward fluxes due to the highly variable nature of
moisture in the atmosphere. The present study uses a five year precipitable water data
set retrieved by satellite based TIROS Operational Vertical Sounder (TOVS) instruments.
Large scale precipitable water content properties are well illustrated by the International
Satellite Cloud Climatology Project (ISCCP) version of the TOVS data. Some synoptic
scale features are often not well represented in the data due to inherent restrictions within
the TOVS retrieval scheme. Daily global coverage all;)ws polar orbiting sensors to sense
the atmosphere in very different ways than from ground based systems. Wind analyses
from the European Center for Medium Range Weather Forecasts are used along with the
TOVS data in the calculation of poleward moisture transport.

Poleward atmospheric latent heat transport plays an important role in moving energy
from the tropics to high latitudes. Up to half of the peak meridional atmospheric heat
flux, estimated at near 4 PW, can be attributed to the latent energy term. This moist
energy component is less well known than the other contributing components, namely
the sensible heat and potential energy terms. Three separate components comprise the
total moisture transport, and their relative contributions vary with latitude. The total
transport in midlatitudes and the subtropics is dominated by transient and standing eddy

terms (near 25 and 40 degrees latitude respectively) where peak values are generally less



than 0.5 PW in the annual mean. Mean meridional circulation is most important in
tropical latitudes where peak values exceed 4 PW during many months of a given year.
Monthly mean zonal transport of latent heat is maximized in the tropics, with peaks
near 5 PW, while midlatitude values are much smaller (generally less than 1.0 PW).
Data biases are obvious in the midlatitude values, where peak transports are presumed
to closer to 2 PW. Peak monthly midlatitude eddy transport occurs in April, and also
in the fall, during seasonal transition periods. Annual midlatitude transports are fairly
similar to those during any given month of the year. Conversely, tropical transports show
large seasonal variations, and therefore annual values reflect some cancellation due to this
periodic nature. Climatological mean moisture distribution and transport analyses suffer
from a number of factors which prevent any clear sign of interannual variation. Special
aﬁalyses of presently available data sets are needed to more clearly characterize the role
of moisture in climate. In addition, new data sets are critically needed to adequately
detail the important smaller scale features which significantly contribute to large scale

climatological conditions.
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Chapter 1

INTRODUCTION

The study of large scale atmospheric moisture content and its transport on the large
scale is relatively new. While early theories of atmospheric circulation date back to the
eighteenth century (see Lorenz (1967) for a discussion of the history of general circulation
theories), only recently have we been able to measure atmospheric variables to verify these
ideas. The establishment of a synoptic network of upper air monitoring systems was key in
providing enough data for adequate characterization of the mean state of the atmosphere.
Ideas put forth by researchers such as Hadley, Dove, Ferrel, and many later investigators,
could then be tested and verified using physical in situ data.

The characterization of large scale moisture fields was advanced by Bannon and Steele
(1960), who used multi-year data from the newly established post-World War II radiosonde
network. The first moisture climatology showed significant structure over land where
there were observations, and smoothed patterns over the oceans where data filling was
necessary. An early moisture transport study by Benton and Estoque (1954) characterized
seasonal and annual fluxes of water vapor over North America, showed the importance of
atmospheric eddies in meridional water vapor transport, and estimated the water balance
of this region. Starr, Peixoto, and Lividas (1958) used data from 1950 to describe the
seasonal and annual means of precipitable water and poleward water vapor transport in
the Northern Hemisphere. A summary of early moisture transport, water balance, and
precipitation minus evaporation calculations is given in Sellers (1965).

The abundance of data during the 1958 International Geophysical Year (IGY) pro-
vided for a more accurate assessment of large scale atmospheric moisture conditions. Starr,

Peixoto, and Crisi (1965) described the Northern Hemisphere water balance and transport



for the IGY. A detailed study by Starr, Peixoto, and McKean (1969) used this data set to
investigate the global distribution of water content and its flux divergence. Also presented
are estimates of evaporation minus precipitation as compared with other early indepen-
dent estimates. Rasmusson (1966) used twice daily ra;djosonde information for the summer
of 1958 to characterize diurnal variations in moisture transport over North America. He
found substantial differences in 1200 GMT water vapor transport as compared with 0000
GMT data for the summer months studied.

The expanding synoptic upper air network during the 1960’s and 1970’s allowed for
improved multi-year data sets to be used in climate research. A number of studies used
data from the General Circulation Data Library at the Massachusetts Institute of Tech-
nology (MIT), which contains analyses of worldwide radiosonde observations from 1958
to 1963 (see Starr et al., 1970). The annual cycle of poleward energy transport was in-
vestigated by Oort (1971). Results showed the importance of atmospheric eddies in the
annual poleward transport of energy. The tropical Hadley cell circulation is strong in
any particular month, but contributes less to the total annual mean energy transport due
to cancellation of the large seasonal fluctuations. In addition, peak atmospheric energy
transports were shown to occur in November and April during seasonal transition periods.

Rosen et al. (1979), and Peixoto et al. (1981), examined variations in large scale
moisture for interannual, and intra-annual periods, respectively. New estimates of pole-
ward water vapor transport, net precipitation minus evaporation, and precipitable water
distribution are given. The multi-year study shows little variation in the zonally aver-
aged atmospheric water content, and highlights significant variation in the interannual
moisture transport. This is especially true when data separated by a number of years
is used, or where two significantly different global atmospheric circulation patterns exist.
Oort (1985) used fifteen years of general circulation data to present a complete set of
atmospheric statistics for a large number of variables, including transport of moisture.

Recent moisture transport studies have verified, and expanded upon, the early find-
ings. Using a data set produced by the Geophysical Fluid Dynamics Laboratory of the
First Global GARP Experiment (FGGE) level III-b analyses of atmospheric data, Chen
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(1985) investigated moisture content and transport quantities (GARP is the Global Atmo-
spheric Research Program). Reaffirming Oort (1971), Chen’s results show the importance
of the Hadley and Walker circulations for the concentration of water vapor maxima at
tropical latitudes, and the importance of standing énd transient eddies in moving mois-
ture poleward. The lack of agreement at midlatitudes signifies the difficulty in properly
assessing the eddy terms, which dominate the total transport. Oort (1977) cautions the
use of data from the present radiosonde network in general circulation studies on sub-
synoptic space scales. This would imply the inadequacy of present ground based systems
to ”see” the entire structure of the moisture field especially at smaller, more important
scales. Mean quantities are accurate while eddy terms tend to be less well known. Use
of additional information, such as satellite data, can enhance ground based data sets and
provide for better estimates of certain atmospheric quantities.

Satellite data can be used in both a direct, and indirect calculation of atmospheric
heat transport. The indirect calculation of ocean and atmosphere transports using satellite
data was pioneered by Vonder Haar and Oort (1973). The annual net radiation at the
top of the atmosphere balances oceanic and atmospheric heat transports in a polar cap,
assuming negligible storage in the annual mean. Therefore, using an independent source
of one transport quantity allows for the indirect estimate of the other. Later works by
Oort and Vonder Haar (1976), Carissimo et al. (1985), and Kann et al. (1990) employed
this technique, and results of derived atmospheric heat transport agree favorably with
independent, ground based values.

Direct estimates of atmospheric latent heat transport, as shown in Masuda (1988),
show agreement among three independent sources for the total flux, while individual com-
ponents of the total transport are represented with more uncertainty. Differences on the
order of one petawatt are common in seasonal transport, for individual components, and
the uncertainty accounts for a substantial percent of the total values. Agreement is poorest
in the midlatitudes where eddy terms dominate.

The present study uses satellite precipitable water measurements, along with model

analysis fields, in a direct calculation of atmospheric moisture, and latent heat transport.



A large degree of uncertainty exists in present estimates of these quantities and, therefore,
recent long term data sets are used to address the problem. While these new global
data sets provide valuable new insight into atmospheric components of Earth’s hydrologic
cycle, they fall short in revealing answers to some of. the most pressing climate questions.
Interannual variability of global moisture and transport does not yet exceed the data
noise level and important high frequency features are not well represented. Mean state
properties are adequately described while transient features, such as atmospheric eddies,
are not. However, knowledge of biases and other errors aids in our further understanding
of this subject.

The present study specifically addresses the method, theory, analysis and discussion
of moisture distribution and flux. The following chapter gives an outline of the applicable
method and theory. An description of the data sets used is then given, followed by the
results and discussion chapter. Final remarks and suggestions for future research are
then provided in the conclusion. Additional analyses of moisture distribution, flux, and
net precipitation minus evaporation based upon alternate data sets are shown in the

Appendix.



Chapter 2

METHOD

Three data sets from two sources were used in the moisture and latent heat transport
calculations. Satellite based layer precipitable water content (PWC) measurements were
used as the primary moisture data set. Analyses of relative humidity from the European
Center for Medium Range Weather Forecasts (ECMWF) were used in separate transport
calculations and converted to PWC fields for comparison with TOVS PWC fields (see the
Appendix). The v-component wind analyses from ECMWF were used in all calculations

of the poleward term of moisture flux.

2.1 PRECIPITABLE WATER CONTENT CALCULATIONS

Layer precipitable water content is defined as the vertical integral of the layer mean

specific humidity,

PWC = /qu—p (2.1)
n 9

The original TOVS PWC fields were simply summed in the vertical to give total
column value. Various time means of this daily data set are presented in the Appendix.
No less than ten days of data were included in each TOVS monthly mean calculation. A
missing data flag was assigned to that particular grid element if this threshold condition
was not met.

ECMWF moisture data were available on a twice daily basis for all days of the study
period, for all grid points, and at the standard pressure levels. These data were converted
to layer mean specific humidity values as described in the data section. Only 1200 GMT

analyses were used to reduce the volume of input data to one time per day. It is important



to note that the ECMWTF analyses of relative humidity are for the specific time of 1200
GMT, while the daily TOVS sounding data is a composite of a large number of data
collected throughout the 24 hour period centered on 1200 GMT. Analyses of ECMWF

moisture distribution, and poleward transport are given in the Appendix.

2.2 ECMWF V-COMPONENT WINDS

Wind analyses from ECMWF remained largely unaltered from their original form to
preserve the inherent quality of data therein. These fields were used at the original 2.5
degree resolution so no horizontal interpolation was necessary. In the vertical, however,
winds at the standard pressure levels were averaged into layer means for use with the layer
mean moisture data. As with the ECMWF relative humidity data, only 1200 GMT data

were used.

2.3 POLEWARD LATENT HEAT TRANSPORT

In order to calculate poleward transport quantities, it is necessary to develop a set
of mean statistics from which anomaly fields may be derived. Transport quantities were
calculated based on monthly time means, a five year climatology, and time departures
from these means. In addition, zonal averages were needed to derive the flow of latent
heat across a given latitude, as described below.

Latent heat transport is just one of four components which make up the total at-
mospheric poleward heat transport. The total atmospheric energy flux (AT) into a polar
cap described by latitude ¢ is the sum of the transport of sensible and latent heat, and

potential and kinetic energy,

AT = /Opo [(C,,T +Lg+gz+ %(v2)> v] (@) dp (2.2)

This study deals only with that component which describes poleward latent heat

transport (PLHT). In the zonal and monthly average,

PLHT = /0 " Ioq] (““gﬂ) dp (2.3)



where the overbar denotes a monthly average, and the square brackets represent a zonal
average.

The highly averaged quantity, W, depends on three terms which have significantly
independent physical meaning. The mean state of ‘meridiona,l transport is governed by
the Hadley cell circulation where the near-surface branch carries very moist air toward
the tropical belt of convergence where insolation is at a maximum. Further poleward,
the stable subtropical high pressure cells move moist, primarily maritime air away from
the subtropics toward midlatitudes. Finally, transient eddies in the midlatitude baroclinic
zones transport available moisture into high latitudes. The three terms are defined as mean

meridional circulation (MMC), transient eddy (TE) and standing eddy (SE) transport.

The total transport is the sum of MMC, TE, and SE, respectively,

[og] = [ + [v'gT + [V ] (2.4)

where, for a given variable A,

[A] is the zonal average, & [ AdA, X is longitude,
A is the time mean, (tlel) fttf Adt,
A’ is the time departure from the climatological value, A — A, and,

A* is the zonal departure, A - [A].

Therefore, the poleward water vapor transport (PWVT) is,

Pwvr = [ (ol + T+ (7)) () dp (23)

where PLHT differs by the constant L, the Latent Heat of Condensation,

PLHT = L-PWVT (2.6)

The individual components were calculated independently and then summed for the

total transport. A separate computation of the total transport is done by simply evaluating



the left hand side of Equation 2.4 directly. Comparison of the two methods gives a direct
measure of the computational precision. An example is given in the Appendix;

In order to obtain the final transport data, it was first necessary to prepare certain
statistics. Monthly and climatological means were célculated and then set aside for later
use. The daily PWC and v-component wind data, as well as the above means, were used
as input by the transport routine. Zonal and time departures could then be extracted and
immediately used in the transport calculations. Vertical integration was done using the
trapezoidal rule. Presented in the Appendix are analyses of ECMWTF fields, and estimates

of PLHT and precipitation minus evaporation by independent efforts.

2.4 EVALUATION OF PRECIPITATION MINUS EVAPORATION

Evaluation of the annual difference of precipitation minus evaporation, [P — EJ, is a
logical extention of the annually averaged moisture transport. This quantity is derived by
taking the derivative of the mean annual moisture transport in the absence of a storage
term. Using a form of Eq. 85 from Lorenz (1967) for a general moisture balance equation

in a latitude belt between ¢; and ¢,

o —d o [$2 Tdgl . d
/op 2ma (cospy — cosy) [vq] ZE = - /: _/4)1 2ma’ cosg [d_(tl] do -5-)- (2.7)

The net flux of moisture into an atmospheric column balances the difference in precipita-

tion and evaporation rates (neglecting storage) as described in Lorenz (1967) Eq. 86,

Po dq dp
Yl _p_E 2.8
/o [dt] g (28)
where P and F are precipitation and evaporation rates.
Using the above equations we can find the water balance equation for the annual

mean as given by Lorenz (1967) Eq. 87, but from ¢; to ¢,

/po 2ma (cospg — cosq&l)md—p =— /d)2 2ra® cos¢[P — E]d¢ (2.9)
0 g 1

Taking the derivative with respect to latitude,



—_— — — [
[vgly, — [vdly, = —270” [P — E] /¢ cos¢ do (2.10)
1
which gives the net annual precipitation minus evaporation rate between latitudes ¢; and

¢2’

[P -E]= —27ra2[(vsqi]72z¢—2 [i)qj:nd)l) (2.11)

Annual zonal plots of [P — E] in 2.5 degree latitude belts using both ECMWEF and

ISCCP TOVS moisture data are given in the Appendix, as well as independent estimates

of this quantity.



Chapter 3 -
DATA

Two distinctly different global data sets were used in determining poleward moisture
transport over a study period of five years. Satellite based moisture retrievals were coupled
with model analyses which use primarily land based information. Only minor adjustments
were necessary to make the two data sets compatible in both time and space. Using the
analyses from the two sources, fields of satellite precipitable water content, and model
output v-component winds and precipitable water (as converted from relative humidity

analyses) were utilized.

3.1 ISCCP TOVS PRECIPITABLE WATER MEASUREMENTS

Satellite based precipitable water measurements have been taken operationally since
1978 by the TIROS-N, or NOAA series of operational polar orbiting satellites (Schwalb,
1978). Utilizing a complement of seven orbiters, the NOAA system follows two previous
operational programs. The Television and Infrared Observation Satellite (TIROS) research
and development system, initiated on April 1, 1960, lead to the first operational U.S.
polar orbiting satellite program, the TIROS Operational System (TOS) (for overview see
Colorado State University, 1982). The launch of nine TOS Environmental Science Services
Administration (ESSA) satellites were followed by six Improved TOS (ITOS) platforms
which carried sensors capable of higher quality observations of the atmosphere. Since then,
the NOAA series of satellites (TIROS-N, and NOAA 6-11) has provided uninterrupted
global coverage by up to two satellites since the October 13, 1978 launch of TIROS-N.

The NOAA satellites have a near-polar sun synchronous orbit with a 102 minute
period (Schwalb, 1978). The odd numbered orbiters (including TIROS-N) have afternoon

ascending nodes, while NOAA 6, 8, and 10 have morning descending nodes. This orbital
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conditions due to the opaque nature of clouds at these wavelengths. The TARM uses
multispectral information to determine the number of cloudy FOV’s, and if four or more
are deemed clear, then the centroid of the clear FOV’s describes the 250 km box based
on the weighted average of the clear sky radiances. If fewer than four FOV’s are clear,
then the N*, or adjacent pair, method (Smith and Woolf, 1976) is used to extract a clear
column radiance value from the partly cloudy scene. If the above methods fail, then the
box is said to be cloudy, and radiances from channels not subject to cloud contamination
are averaged to prodﬁce temperature soundings in the higher layers, where little water
vapor is found.

The third module, the TIROS Stratospheric Mapper (TSM), applies limb corrections
and maps SSU data to conform spatially to the HIRS/2 and MSU data. TSM output,
along with output from TARM, is sent to the TIROS Retrieval Module (TRET). The
TRET accesses a coefficient data base which is needed to generate the temperature and
water vapor profiles as calculated by the method of eigenvector regression (Smith and
Woolf, 1976). The weekly-updated regression coefficients are made using quasi-colocated
radiosonde data, as well as space based radiance measurements, and are stratified within
five latitude zones. Up to 25,000 soundings per day are theoretically possible using the
above method, at the nominal 250 km resolution. However, a more modest figure of 8000

per day are operationally generated.
3.1.3 ISCCP and ISCCP TOVS

The operationally produced soundings are provided to the International Satellite
Cloud Climatology Project (ISCCP) (Schiffer and Rossow, 1983) as an ancillary data
set to the cloud data collected by geostationary and polar orbiting satellites (Schiffer and
Rossow, 1985). An infrared radiation model uses the TOVS data to correct for water va-
por absorption (Rossow, Garder, Lu, and Walker, 1988). The ISCCP version of the TOVS
sounding product was used in the present study. To conform with the ISCCP cloud data
format, the sounding data are fit to a 2.5 degree equal-angle grid, and interpolated to new
layers in the vertical. This is done by subdividing the layer precipitable water content

(PWC) into much smaller layers, assuming a constant relative humidity throughout the
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original layers. The PWC for the small layers is summed within the new ISCCP defined
layers, and adjustments to these new values are made to assure that no water was lost in
the interpolation process. Small adjustments were made to the ISCCP TOVS moisture
data so that it was fully compatible with the wind data set required for transport calcu-
lations. Vertical interpolation to slightly different levels was done by linear interpolation
of specific humidity means. In addition, grid box values were converted to grid points.
The ISCCP data set, as used in the present study, consists of daily global fields
for the five year period beginning in July 1983. As specified in Rossow and Kachmar
(1988) a significant amount of data filling is required since daily observations only cover
66 percent of the grid. The daily fields are filled with monthly means, adjacent values,
or climatological means, in areas of missing data. In addition, some grid points may
be assigned a missing data flag due to observations outside a three standard deviation
criterion. In all cases, an origin type value is assigned to each grid point. The present
study uses only original TOVS data, and replaces all filled data with a separate missing
data flag. This was done to prevent additional biases in the data which would show up in
long term means, especially in regions of persistent cloud cover where either monthly means
or climatological values would dominate. Nonetheless, areas of marine stratocumulus and
tropical convection would still have data biases due to the inability of the TOVS package
to retrieve soundings in such cloudy areas. Zonal and time means are biased toward drier,
cloud-free conditions since missing data points are located, in many cases, in regions of
relative moisture maxima. It is important to understand that moisture retrieval from
space is done for bulk atmospheric layers, where a great deal of structure can be lost.
Water vapor is a highly variable quantity in both time and space, and careful examination

of existing data sets is key in deriving any useful information from them.
3.1.4 TOVS Evaluation

Early TOVS evaluation was done by Gruber and Watkins (1979) and showed the
ability of the system to adequately sense atmospheric moisture content under certain con-

ditions. In regions of cloud free air the retrieval scheme produces layer moisture values
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strategy allows for a 90 degree orbital plane separation (to reduce the number of redundant
observations) and thus up to four separate observations per day for a given region when two
satellites are operational. A regular launch schedule was key in the continuous coverage

by these satellites despite their relatively short two year expected lifetime.
3.1.1 The TIROS Operational Vertical Sounder

Carried aboard these platforms is the TIROS Operational Vertical Sounder (TOVS)
instrument package for retrieval of atmospheric temperature, ozone, and water content.
The TOVS system is made up of the second generation High Resolution Infrared Radiation
Sounder (HIRS/2), the Microwave Sounding Unit (MSU), and the Stratospheric Sounding
Unit (SSU) (Werbowetzki, 1981). The HIRS/2 and MSU are used for retrieval of vertical
moisture profiles.

Both the HIRS/2 and the MSU instruments are cross-track scanners, capable of sens-
ing a swath 2250 km wide. The HIRS/2 spectrometer has 19 infrared and one visible
channel (see Fig. 3.1 for illustration of TOVS weighting functions), and are operated si-
multaneously during each scan. A HIRS/2 scan takes 6.4 seconds in 56 steps, with a field
of view (FOV) ranging from 17.4 km at sub-satellite point, to a 58.5 km cross-track by
29.9 km along-track FOV at end of scan.

Calibration is performed every 256 seconds, or every 40 scans, to maintain accurate
radiometric observation throughout the life of the sensor (Lauritson et al., 1979). Opera-
tional calibration consists of using all channels to view an internal warm target, as well as
space, to aid in converting Earth viewed radiometric counts to radiance values. The time
equivalent of three scans is required for calibration, and no HIRS/2 data are collected
during this time.

The MSU has four channels to sense radiation in the 5.5 mm oxygen absorption band.
A MSU scan takes 25.6 seconds and consists of 11 steps, with nadir resolution of 109 km.
Calibration is performed during nominal data collection which allows for uninterrupted
MSU observation of the atmosphere. At the end of each scan, the spectrometer views

space before observing two internal targets. These values are corrected with measurements
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Figure 3.1: HIRS/2 weighting functions for the water vapor channels (10,11, and 12), and
window channel (8) (after Werbowetzski, 1981).

made by platinum resistance thermometers and known National Bureau of Standards space

radiometric values. The spectrometer then returns to start the next Earth-view scan.
3.1.2 TOVS Operational Retrieval Method

The individual scan spot data from the HIRS/2, MSU, and the third TOVS instru-
ment, the Stratospheric Sounding Unit (SSU), is then processed to convert the 27 channel
radiances to vertical profiles of temperature, water content, and ozone. The TOVS process-
ing system consists of four modules (Werbowetzki, 1981), and is operated by the National
Environmental Satellite, Data, and Information Service (NESDIS). Operationally ingested
digital count data collected during one orbital period is fed into the TIROS preprocessor,
which applies various corrections and calibrations, and appends navigational information
to the output. The TIROS Atmospheric Radiance Module (TARM) takes the corrected
single FOV radiance data from the preprocessor and produces soundings whose resolution
is 250 km. The input single FOV data are grouped into 7 by 9 arrays for which tests for
clouds are performed. Such tests are required since HIRS/2 infrared moisture channels,

sensing radiation in water vapor absorption bands, can not be used under cloudy scene
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comparable to quasi-colocated radiosonde observations. However, TOVS retrievals overes-
timate moisture content in high pressure regimes where dry, sinking air can be found. And
since the retrieval scheme forces a profile that is representative of mean conditions, the
dry scenario is not well represented. Similarly, deeﬁ moist layer water content is under-
estimated. Long term means of total column moisture are biased toward the land based
mean conditions induced by the first guess fields generated from colocated radiosonde
data. Anomaly fields have much less structure than would be expected due to the mean
condition dominance. A recent evaluation of TOVS soundings, as compared with aircraft
dropwindsonde data, over tropical oceans was done by Khalsa and Steiner (1987). While
sharp features shown in the sonde data are not reproduced in the TOVS soundings, the
bulk patterns are apparent. Nevertheless, stability indices calculated from the TOVS
soundings are said to be useful.

Despite the obvious setbacks, use of this data set crosses a number of disciplines.
TOVS soundings are operationally included in ECMWF analysis fields, and have a positive
impact on the model produced forecasts (Illari, 1989). Research efforts include tropical

atmosphere studies by Agarwal and Ashajayanthi (1983), and Steiner and Khalsa (1987).

3.2 ECMWF GLOBAL ANALYSES

In order to make moisture transport calculations it is important to secure a com-
prehensive global wind data set. Global analyses from the European Center for Medium
Range Weather Forecasts (ECMWF) are of high quality and are widely accepted as the
finest available. Dating back to 1979, the forecast model analysis fields have been archived
in a consistent format for scientific research purposes. A product of the ECMWF fore-
cast analysis and initialization scheme, the so called World Meteorological Organization
(WMO) Archive contains the v-component wind data which is used, along with the IS-
CCP TOVS moisture data, to calculate poleward moisture transport. In addition, WMO
Archive relative humidity data were used with the wind data for separate moisture trans-

port calculations.
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Primary goals of ECMWF focus on the use of high speed computers for numerical
weather prediction. Data assimilation plays a key role in making accurate model pre-
dictions, and at ECMWF the initial state fields are generated in a multi-step process
(Lonnberg and Shaw, 1986) which allows for the archival of these fields. The main ele-
ments of the assimilation scheme include data analysis, initialization, and forecast. Inter-
mittent inclusion of new data and forecast information updates the fields before analysis
and initialization. Initial state fields are then used in the global spectral forecast model

for prediction in the medium range, and are archived for research purposes.
3.2.1 ECMWF Data Assimilation

Data are collected from a number of sources via the Global Telecommunications Sys-
tem (GTS). Nominal data types include surface, ship, buoy, and radiosonde data, pilot
and aircraft reports, and satellite observations. Each data type undergoes a variety of
quality control tests before use in the analysis (Lénnberg and Shaw, 1986). Data are com-
pared with other observations from the same source, other adjacent observations, forecast
values, and climatological data. The previous six-hour model forecast is used as the first
guess field and is analyzed for error. Height and wind values are bound by the geostrophic
relationship. Once interpolated to observation locations, the first guess field is subtracted
from the observations and normalized by the first guess error. The three-dimensional ana-
lyzed fields are interpolated via the multivariate optimal interpolation scheme as presented
by Lorenc (1981), taking into account the different error characteristics of each variable,
and the error of the forecast. The analyzed fields are then subjected to nonlinear normal
mode initialization (NNMI) to prevent amplification of anomalous high frequency gravity
waves (see Williamson (1976) and Machenhauer (1977) for application of NNMI to the
ECMWTF initialization process). Moisture fields in the WMO Archive are fully analyzed
and initialized, and more closely represent a so called "balanced” atmosphere than the

original observations.

3.2.2 Use of the ECMWF Analyses

For use in the present study, the global ECMWTF fields are used at the nominal reso-

lution of 2.5 degrees, on an equal angle grid. In the vertical, level values are averaged into
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layer means for compatibility with the layer mean satellite moisture data. The ECMWF
winds are model output and therefore are reported at every grid point for each field. How-
ever, TOVS data is sparse, so the location of the satellite data defines which wind data
points are used. Therefore, transport calculations in\}olve only the grid points where valid

TOVS data exist.
3.2.3 ECMWF Moisture Data

Poleward moisture transport was also calculated using ECMWF relative humidity
data. Moisture data assimilation at ECMWF is handled somewhat differently than for
other parameters. The ECMWF assimilation scheme accepts data from radiosondes, sur-
face observations, and since 1985, satellite precipitable water estimates (Lonnberg and
Shaw, 1986). Radiosonde dew point temperatures are converted to level relative humidity
values, and assigned an error depending on the magnitude of the value. Surface reports
are likewise used to generate a two meter relative humidity value. Cloud information
within standard surface observations is used to estimate humidity in three tropospheric
layers. Satellite precipitable water data from the TOVS package is interpolated to the
five standard layers between the surface and 300 mb. Analysis is similar to that of mass
and wind, except a univariate scheme is applied in layers below 300 mb. Inclusion of
satellite moisture data in the analyses has little effect in the mean statistics (Illari, 1989).
Therefore, comparisons of calculated transports using TOVS data vs. ECMWF moisture
data are sufficiently different and are essentially independent.

Relative humidity fields are reported at five levels in the WMO Archive. The level
data are converted to layer precipitable water content units by assuming a layer average
relative humidity. Conversion to layer precipitable water requires knowledge of the layer
mean specific humidity (q), which is derived using the mean temperature, saturation

specific humidity, and relative humidity,
g=RH-q, (3.1)

where,
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e
q~e— 3.2
p (3:2)
and,
Ry
€= R 0.622 (3.3)

Using the Clausius-Clapeyron relation with known T it is possible to obtain the saturation

vapor pressure,

L /1 1
€s = €50€TP [E (Fo - T)] (34)

where L is the latent heat of condensation, and T is the reference temperature of 273.15 K.

The saturation vapor pressure, along with the mean pressure, gives the saturation
specific humidity as per above. The layer mean saturation specific humidity is used along
with the mean relative humidity to give the mean specific humidity. Therefore, using these
derived values, the precipitable water content (PWC),

PWC = / " q‘;—p (3.5)

4}

was used to generate global ECMWF moisture fields as shown in the Appendix.
3.2.4 Evaluation of ECMWF Global Analyses

An evaluation of ECMWF analyses over a seven year period is given by Trenberth
and Olson (1988). Changes in the the ECMWF analysis scheme and model code have
resulted in periodic adjustments to the analysis fields. Time series of areally averaged
quantities such as geopotential height, wind, and humidity are shown to have a fairly
stable nature over the study period, with some exceptions. Examination of the 700 mb
average humidity between 20N and 20S reveals a large adjustment on May 1, 1985. This
was due to changes in the physical parameterization scheme and the new representation
of clouds in the model. Other smaller adjustments related to model changes are seen in

the time series and are documented by Pasch and Illari (1985), and Trenberth and Olson
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Figure 4.1: An example of data coverage for a daily composite of TOVS moisture retrievals.
Shown here is the July 1, 1983 field. Shaded areas represent missing data.
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available data sets could be used in a comparison. The additional data are presented
in the Appendix.) In a broad sense, this monthly mean field has properly represented
features, such as a maximum PWC area along the Intertropical Convergence Zone (ITCZ),
minima over high latitude land areas and elevated térrain, and gradients near continental
margins. The high values in the tropical eastern Pacific encompass a large area, and extend
westward into the Indian Ocean. Large evaporation rates from warm ocean surfaces here
provide the source for large atmospheric PWC values. An additional maximum is found
in the western Pacific where an active ITCZ over a similarly warm ocean surface produces
numerous tropical disturbances each summer and fall. High values are seen here even
though persistent cloud cover allows for a reduced number of retrievable observations per
month for many grid areas. The minimum number of observations per month (10) is
generally exceeded in this region, however.

All large elevated land masses, such as the Andes, the western U.S. Plateau, and
the Tibetan Plateau, lie beneath minima in PWC in the September 1987 monthly mean.
Lower land areas, such as the eastern U.S., Brazil, Siberia, and Australia, all exhibit lower
values than oceans at similar latitudes. The absolute minima occurs over Antarctica
where a cold, dry winter is ending. Orbital constraints prevent the NOAA satellites from
obtaining data at the highest latitudes, so data here is largely missing. Climatological
values would be suitable for use here since absolute values are very low. However, a high
percentage error may occur for this very reason. The present study used no such data,
and therefore a large percentage of data poleward of 70 degrees is missing. Contributions
from high latitude PWC toward a hemispheric or global average using only clear air data
are somewhat biased toward a slightly higher value. The absolute magnitude of this bias
is presumed to be small due to the small area at such high latitudes.

An annual mean field example is shown in Fig. 4.3 which exhibits features that are
more smoothed in nature as compared to the monthly mean example. The annual average
example shows a well defined ITCZ, as well as a South Pacific Convergence Zone (SPCZ)
which is oriented along an axis running from just southeast of the Phillipines toward the

east-southeast. The ITCZ annual mean latitude lies in the Northern Hemisphere, at five
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(1988). Irregardless of periodic changes, the analyses were deemed useful in providing an
alternative source of PWC and transport calculations.

Changes to the analysis and forecast schemes at ECMWTF are done to improve model
output quality, and less emphasis is placed on generating analysis fields that are climatolog-
ically consistent in nature. Therefore, adjustments in the output statistics have significant
impact on the analysis climate. It was deemed beyond the scope of this thesis to remove
all discontinuities from the analysis fields. While the ECMWF moisture data are highly
sensitive to changes in the model and analysis code, they are used here simply to provide

for an independent calculation of moisture transport.



Chapter 4

RESULTS AND DISCUSSION

The characterization of large scale moisture distribution and transport requires care-
ful examination of the available global data sets. In the present study, satellite based
precipitable water content (PWC) analyses are examined on time scales as short as one
day, and as long as a five year period. Together they provide for an adequate characteri-
zation of the global moisture distribution. It is therefore possible to examine the physical
information provided while being aware of factors which influence the quality and repre-
sentativeness of the data. Similarly, poleward transport calculations using the daily wind
and moisture information are analyzed, and complement earlier ground based estimates.

In addition, new information over the data sparse Southern Hemisphere are given.

4.1 PRECIPITABLE WATER CONTENT MEASUREMENTS

Daily data is composited using measurements from either one or two operating polar
orbiting NOAA satellites. Data coverage is somewhat less than total, and adjacent mea-
surements may have been taken up to 24 hours apart. Therefore, the daily fields are not
consistent in time and space. An example of a daily field is shown in Fig. 4.1. The typical
daily field has approximately two thirds of total areal data coverage while the remaining
area of missing data is due to gaps in the individual scans, between scans, and where
data retrieval is not possible in cloudy scenes. Daily data can be used in smaller scale
applications, but are presently used in time averages on a global scale to understand the
longer term global distribution of PWC.

When used in a monthly mean, the data shows recognizable patterns and no longer
suffers from significant data loss. Fig. 4.2 shows the global distribution of PWC for

the month of September, 1987. (This particular month was chosen so that two other
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Figure 4.2: Monthly average of ISCCP TOVS precipitable water content for September,
1987.
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degrees north of the equator. Mean meridional circulation within the strong NH Hadley
cell, as well as the land locked subtropical high pressure cells, are responsible for the net
annual northward deviation from the equator of the ITCZ. Weaker and less persistent
subtropical highs in the SH have less impact upon t‘he mean position of this convergence
zone as the NH circulations are more persistent throughout the year. Cross-equatorial
flow of moisture (as well as other quantities such as heat and energy) is therefore implied
in the annual mean. This has important consequences for certain large scale atmospheric
phenomenon, such as the Indian monsoon circulation and related precipitation potential,
and the formation of tropical cyclones in more favored regions further away from the
equator.

The five year mean climatology, as shown in Fig. 4.4, shows a similar data field, only
further s;noothed. All features are slightly different from the 1987-88 annual mean case,
showing that there is some variability from year-to-year. In all mean field cases, from
monthly to climatological, the mean state of the atmosphere is relatively well represented.
However, long term averages of high frequency variations within the moisture field tend
to be absent. The TOVS retrieval scheme forces values toward latitudinally stratified
averages based on land based radiosonde data, which introduces a bias toward a mean,
cloud-free state. A time mean of one month duration should yield some sign of persistent
cross-latitudinal flow, where poleward moisture transport is located along the periphery of
a stationary high pressure area. The September 1987 mean TOVS data shows no sign of
this while microwave measurements made during this month showed a pronounced north-
south moisture axis in the eastern Pacific from 30 to 50 degrees north (see the Appendix
for September 1987 Special Sensor Microwave / Imager (SSM/I) data).

The effect of data omission in the TOVS fields has somewhat important implications.
Since a significant amount of moisture is moved poleward in mesoscale to synoptic scale
systems which have predominant cloud cover, a negative bias is introduced in these areas
where moisture values are significantly greater than the zonal average. Phenomena such
as "moisture bursts”, as studied by McGuirk (1987), are now known to play an important

role in transporting moisture out of the tropics. These and other relatively narrow streams
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Table 4.1

Various estimates of hemispheric and globally averaged precipitable water
content in centimeters.

Investigator Data Time Period | NH | SH | GL
Present study TOVS 1983-88 2.4312.26 | 2.35
Present study ECMWF 1983-88 2.87 1261|274

Rosen et al.(1979) | MIT 1958-63,68 | 2.57
Trenberth (1981) | sfc based many 2.53
Trenberth (1987) | ECMWF 1978-85 2.86

of moisture must be adequately characterized to fully understand the contribution of moist
transient systems to the global mean state of the moist atmosphere. Long term averages
of data sets not sensitive to high frequency variations of moisture will be biased toward a
lower background, or undisturbed state.

Estimates of annual hemispheric and globally averaged PWC are given in Table 4.1.
Three independent estimates are added and are primarily based on analyses of radiosonde
measurements and have relatively little ocean data coverage. An average of the TOVS
moisture and the analyzed ECMWF moisture content compare very favorably with the
estimate by Rosen et al. (1979). The ECMWF moisture is generally reported to be an
overestimate, while the TOVS data tends to underestimate the actual conditions due
the lack of any contribution in cloudy areas, which are regions of relative maxima. The
true value for the Northern Hemisphere (NH) PWC average is likely to be very near
the aforementioned independent estimate. Similarly, the mean of the globally averaged
ECMWF and TOVS data sets corresponds very well with the global average reported by
Trenberth (1981). His estimate of the surface pressure contribution of global water vapor
may be the most accurate to date. Therefore, a relatively high level of confidence may be
placed on this particular quantity.

It is interesting to note the large difference in northern versus Southern Hemisphere
values for the annual mean. NH values are substantially larger than those of the Southern
Hemisphere (SH) due to the asymmetry of land mass distribution between the two. The

elevated NH values are due to increased lifting of air over land, providing for a much
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deeper mean moisture profile. Fig. 4.5 shows a time series of five annual cycles of NH,
SH, and global (GL) monthly averages. The larger NH annual cycle is apparent, with
much higher warm season values that peak most frequently in August. Minima for both
hemispheres have similar magnitude, showing the sirﬁilarity of mean moisture in the more
stably stratified cold season atmosphere. The slightly less moist NH minima show the
effects of cold and dry interior land areas.

The TOVS data set is presumed to have fairly consistent data quality for the time
period chosen. Biases over time due to changes in the retrieval scheme are not significant
enough to show up in annual mean, and therefore year-to-year fluctuations in an area
average are presumed to be real. Interannual variations of zonally averaged PWC are
shown in Fig. 4.6. Peak PWC values near 10N vary as much as 0.2 cm from the driest
year to the wettest. However, the zonal PWC profile maintains a very similar shape for all
five yearly means. Variability from one year to the next at a particular latitude is small, but
some noticable change is evident. The last two years of data revealed higher tropical mean
PWC values while midlatitude values were lower than the previous years. Likewise, the
1983-84 mean was smallest in most of the SH and in the NH subtropics, but was largest of
all years in the NH midlatitudes above 45N. Therefore, for a given year, positive anomalies
at one latitude are complemented by negative anomalies at a somewhat different latitude.
For the most part the anomalies are balanced, and interannual hemispheric variations are
much smaller than seasonal fluctuations within a given annual cycle. Table 4.2 shows the
five year averaged seasonal hemispheric and global means. Large seasonal fluctuations
exist in the NH where land has an important influence on atmospheric moisture content

and distribution.

4.2 POLEWARD LATENT HEAT CALCULATIONS

Coupled with the ECMWF analyzed v-component winds, the TOVS moisture data is
set into motion as a transport quantity. Broken down into three independent contributing
components, the total poleward water vapor transport (PWVT) may be carefully ana-

lyzed. Total poleward latent heat transport (PLHT) is also obtainable, as this quantity is
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Table 4.2

Average seasonal hemispheric and globally averaged PWC (in centimeters)
based on five years of data. JJA is the northern summer defined by June, July, and
August. '

Season | NH | SH | GL
JJA 3.08 | 1.94 | 2.51
SON | 2.25 | 2.28 | 2.27
DJF | 1.87]2.57 | 2.22
MAM | 2.53 | 2.25 | 2.39

different by only a constant. Analyses of total PLHT are given so that an estimate of the
contribution to the total poleward heat transport may be derived.

The three independent transport components each play an important role in moving
latent energy from one latitude to the next. The low latitude circulation is dominated
by the thermally direct Hadley cells, which move warm, moist, low level air toward the
ITCZ. In general, this trade wind flow encounters its counterpart from the opposite hemi-
sphere along the ITCZ. This tropical circulation dominates the total transport in any given
month. Eddy transport in higher latitudes carry latent energy toward the poles. Subtrop-
ical high pressures cells, which are more apparent in the NH, provide a persistent vehicle
for transport. Finally, midlatitude cyclonic systems complement the standing eddies by
moving large amounts of latent energy poleward in smaller spatial extents. An example
of PLHT for a particular month is given in Fig. 4.7. The three components, as well as
their sum, are shown. The dominance of the mean meridional circulation (MMC) at low
latitudes is readily apparent. During the month of September 1987, over 4.5 x 101° watts,
or 4.5 petawatts (PW) of northward latent energy is moving through the tropics near 5S.
Moisture (and therefore latent energy) converges near 15N as southward NH transport
meets the opposite incoming low level flux from the SH. Hemispheric transient eddy (TE)
contributions peak at near 50N and 40S, while stationary eddy flux peaks can be found
at just poleward of 20 degrees in both hemispheres. The three components are additive
in the midlatitudes, where a mix of both mean flow, and eddies are found.

The magnitude of the MMC is likely to be fairly accurate, while eddy terms are not

well represented. The persistent MMC, containing high PWC values and modestly strong
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low level winds, is not likely to be underestimated by much, if any. A few observations
in low latitudes are more likely to better represent the monthly mean there than simi-
larly at higher latitudes. Midlatitude eddies are largely ignored by the TOVS retrieval
scheme since a majority of these features are associated with predominant cloud cover,
and therefore rendering the infrared moisture-sensing instruments useless. (Data from the
ECMWEF relative humidity analyses were used to generate similar transport curves, and
the September 1987 case is shown in the Appendix.)

Midlatitude PWVT has been shown to peak during the months of April and November
(Oort, 1971). Using data from the five April months within the study period, a climato-
logical April field (Fig. 4.8) is obtained. Fig. 4.9 shows the averaged November case. In
both months, all terms are fairly symmetric about the equator, and both the MMC and
total transports (labeled SUM) change sign precisely there. The November MMC shows
some asymmetry at low latitudes due to the influence of land areas. Transient eddy values
are very similar in both months, as these are the transition periods from the cold season to
the warm season, and vice versa. Slightly higher November TOVS SH values exist where
the dominance of eddy circulations is more pronounced during the active spring season.
Transport by the stationary eddies is also quite symmetric about the equator. Peak values
in the NH are larger than those in the SH, and the relative magnitude of the SE transport
is smallest of all three components at many latitudes. Southern Hemisphere SE transport
never exceeds an absolute value of 0.3 PW. Northern Hemisphere transient eddy transport
is at a maximum during April and October, while peak SE values have maxima in July
for the NH, and January for the SH, as shown in Figures 4.10 and 4.11 (values of each
component are plotted at latitudes where the highest zonal averages are found). Peak TE
transport in October occurs a month earlier than was previously reported by Oort (1971).
A multi-year data set was also used, so it is presumed that months of peak transport
should coincide. Presumably, more midlatitude cloud cover one month later obscures the
peak signal for November. The TOVS data shows an April TE maximum, however, which
is consistent with the Oort study. The SE transports have a pronounced annual cycle, and

are of greater magnitude in the NH. While the magnitude of the eddy transports in the
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SH is likely to be too small, the asymmetry of both TE and SE transport is assumed to
be real (see Figures 4.10 and 4.11). As would be expected, transport by transient eddies
have similar magnitudes in both hemispheres, and NH stationary eddy transport is larger
than in the SH during each climatologically represeﬁted month.

In the annual mean, a number of new features emerge in all components of the
PLHT. Three of five sets of annual means are shown in Figures 4.12,4.13, and 4.14. As
in the previous figures, some patterns are fairly well represented, while other features are
inconsistent with both earlier independent estimates and other time periods within the
present data set. For example, the magnitude of the total transport within the tropics
and subtropics grows significantly from the 1983-84 case to much larger values in 1987-88.
Obviously due to increased annual MMC transport, the total transport shows the effects
of changes in the ECMWF model (Trenberth and Olson, 1988). Specifically, in 1985, the
spectral resolution increased and parameterizations of convection, clouds, and large scale
condensation. Further changes were made in 1986 which are responsible for the additional
amplitude seen in the 1987-88 case.

Changes in the ECMWF model winds far outweigh changes in the TOVS moisture
retrieval method, so much of the interannual variability seen in the annual transports is
spurious. However, some real information does exist and can be extracted while being
aware of the effects of these changes. Midlatitude transports are additive in the annual
mean, and act to move latent energy poleward throughout the year. Peak values lie
between 40 and 50 degrees latitude in both hemispheres as shown in Figures 4.12, 4.13,
and 4.14. All components peak at different latitudes which shows that the three processes
act to move moisture poleward (or equatorward), and are predominantly independent of
the others at most latitudes. In general, TE transport is the most symmetrical about
the equator, while SE peak values are higher in the NH. The MMC undergoes significant
change with time, as discussed above, and exceeds the magnitude of midlatitude transport
in all but the 1983-84 case. Here the annual tropical values are less than those during any
given month, so some cancellation is seen due to the variation within the annual cycle.

Typical monthly peak MMC values are greater than 3 PW, while the 1983-84 annual
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Figure 4.12: Annual average of the northward latent heat transport of the mean meridional
circulation (MMC), transport by transient eddies (TE), standing eddies (SE), and the total
transport (SUM) based on ISCCP TOVS moisture and ECMWF wind fields for the year
beginning on July 1, 1983. Units are petawatts.
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Figure 4.13: Annual average of the northward latent heat transport of the mean meridional
circulation (MMC), transport by transient eddies (TE), standing eddies (SE), and the total
transport (SUM) based on ISCCP TOVS moisture and ECMWF wind fields for the year
beginning on July 1, 1985. Units are petawatts.
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Figure 4.14: Annual average of the northward latent heat transport of the mean meridional
circulation (MMC), transport by transient eddies (TE), standing eddies (SE), and the total
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mean shows peaks of approximately 1 PW. While changes within the ECMWF model are
assumed constructive, it appears that the best represented transports using such data are
for the first year studied, or 1983-84. Previous estimates by Oort (1971) show this sort
of pattern, where tropical transport tends to cancel -in the annual mean, and midlatitude
poleward moisture flux is additive. The magnitude of the following annual tropical MMC
transports increases to unbelievable levels, and therefore is not accepted (see Figures 4.13
and 4.14). However, MMC and SUM transport values change sign at 5 degrees north,
precisely where the mean ITCZ position is found. This result highlights the ability of
the present data sets to accurately locate regions of large gradients in the total tropical
transport. Positions of peak fluxes in midlatitudes are less likely shown at correct latitudes
due to the aforementioned cloud cover problem.

Whjl;e patterns within the midlatitude change from year-to-year, they are more be-
lievable than those in the tropics. Since the TOVS data set is relatively consistent with
time, and the ECMWTF spectral model was originally designed to best handle midlatitude
meteorology, transports calculated using the two data sets are most temporally consistent
there. Only the magnitude is likely to be in error, due to the inability of the TOVS in-
frared sensors to see through clouds. Fig. 4.15 shows the five zonally averaged annual total
PLHT curves. Two dominant features are dramatically shown. Interannual consistency
of the midlatitude values is contrasted by the widely varying tropical values. The latitude
where northward transport switches sign in the tropics (at the mean ITCZ position) varies
widely from 2.5N to 10N. Tropical values at 10N and 10S are generally higher during the
last three years of the study. Unfortunately, much of the variability within the tropics is
due to ECMWF model changes that affected the wind fields. Independent estimates of
the interannual profiles are given in the Appendix to provide additional information for
comparison.

4.3 ESTIMATES OF NET ANNUAL PRECIPITATION MINUS EVAPO-
RATION

As described in the method section, annual moisture transport values may be differ-

entiated in latitude to give annual net precipitation minus evaporation, when storage is
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neglected. Fig. 4.16 gives the five annual precipitation minus evaporation profiles based
on water vapor transports using TOVS moisture and ECMWF wind data. Regions where
precipitation exceeds evaporation are located near 5N, and poleward of 45 degrees in both
hemispheres. Evaporation dominates in the subtroﬁics, where large areas of clear, warm
atmosphere promote high sea surface evaporation rates. The larger SH ocean area provides
for the maximum difference in net evaporation minus precipitation. Tropical precipitation
excesses are the largest, where greatest convergence of low level high moisture values are
found.

Since these profiles are based on the annual transport curves, similar problem exist
therein. The basic shape of each precipitation minus evaporation curve is a fairly good
representation, but few conclusive results may be drawn from them due to the high level
of probable error. Actual interannual variations are lost in the noise level, and positions of
many features suffer from biased data for the same reasons as given above. In fact, since
the TOVS data is stratified within only a few distinct latitude zones, gradients within them
would tend to be weak. Therefore, since calculation of net precipitation minus evaporation
gives gradient information regarding moisture transport, these gradients are likely to be
underestimates as well. See the Appendix for previous independent calculations of this
quantity based on primarily land based upper air analyses. It is obvious that much future
work is required to better quantify atmospheric moisture content and transport on the

large scale.

4.4 CONTRIBUTION OF TOTAL LATENT HEAT TRANSPORT TO THE
TOTAL POLEWARD HEAT FLUX

Peak annual poleward heat transport estimates have been made for both oceanic and
atmospheric components, as well as their sum. Much uncertainty exists in these estimates,
so an alternative method for calculating the total poleward heat flux was presented by
Vonder Haar and Oort (1973). Annual satellite based radiation budget measurements
at the top of the atmosphere were shown to be directly related to the amount of heat
transported within the ocean-atmosphere system (storage is assumed negligible in the

annual mean),
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AT+ OT + RF =0 (4.1)

where RF is the radiative flux at the top of the atmosphere.

The 1973 study used the radiation observations along with atmospheric heat trans-
port (AT) estimates for the Northern Hemisphere to retrieve the oceanic transport (OT)
component as a residual there. A later study by Oort and Vonder Haar (1976) investi-
gated AT, OT, RF, and other quantities using satellite radiation data, and in situ at-
mospheric and oceanic data for the annual cycle. A resent summary of radiation budget
and ocean/atmosphere heat flux studies is presented by Vonder Haar (1989). Peak total
required AT+OT (near 30N) estimates using the satellite radiation budget method are
on the order of 5 PW. The poleward latent heat transport at 30N, as estimated in the
present study, is shown to approach 1 PW for the annual averages examined (PLHT es-
timates given in the Appendix using ECMWF moisture yield values near 2 PW at 30N).
It becomes readily apparent that latent heat plays a very important role in moving heat
poleward. Vonder Haar and Qort (1973) report a 47 percent oceanic contribution, or 2.25
PW peak transport. If we assume the true 30N peak transport lies somewhere between
the estimates given in this study, then at least half of the AT component is likely to due
to the latent heat component. Since large uncertainty exists in latent heat transport esti-
mates, it becomes difficult to determine a peak total heat flux value based on the sum of
all components. Improved observation from space, as well as from within the atmosphere

and oceans, will be key in reducing the uncertainty level of global heat fluxes.



Chapter 5

CONCLUSION

The highly variable nature of atmospheric moisture in both time and space has pre-
vented adequate description of the role of this quantity in climate. Using recently devel-
oped global data sets, the present study addresses the problem of characterizing large scale
atmospheric moisture distribution and poleward latent heat transport. Three components
of the total flux are individually examined, and show very different mechanisms for moving
moisture from one latitude belt to an adjacent one. Tropical low level flow consistently
feeds the ITCZ, which shows seasonal latitudinal variations. Peak transient eddy trans-
ports are during April and October during seasonal transitions. Standing eddies move
moisture poleward at subtropical latitudes. In general, the eddy processes move mois-
ture, and latent energy toward the colder, dryer high latitudes, while the mean meridional
circulation moves moist energy away from the poles toward the convergence zone.

Analyzed precipitable water content fields show many expected mean features but
are limited in detailing important smaller scale phenomena. Large scale phenomena such
as tropical convergence zones, areas of minima over elevated terrain, and the maritime
continent maximum are all shown clearly. Gradients across continental margins are shown,
and variations across various land surface types are apparent.

Model changes during the study period affected annual, and climatological means of
both the moisture distribution, and its flux. Inherent problems with the TOVS retrieval
scheme prevented the collection of information within totally cloudy areas, and a signif-
icant loss of data is attributed to this problem. But, since all these problems are well
documented, and their relative magnitudes can be somewhat inferred, new information is

gained using the satellite based moisture data.
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Moisture plays a critical role in atmospheric processes. In order to further advance our
knowledge of its distribution, transport, and interaction with other atmospheric variables
such as clouds and radiation, new and improved data sets must be developed. Characteri-
zation of global precipitable water content will be improved when long term satellite based
microwave data sets are compiled. While not easily applicable over land, the retrieval of
total column moisture over ocean is possible in clear and cloudy scenes. Microwave mea-
surements describe important small scale features well, and give more accurate estimates in
clear areas than those of present infrared retrieval methods. When coupled with improved
analyses of ground based atmospheric soundings over land, improved global analyses will
undoubtedly be made.

The future offers to bring much improved satellite based sensing of atmospheric mois-
ture. The next generation polar orbiting program will feature infrared and microwave
instruments with higher resolution capability. However, new global data sets based on
other future space based sensors are quite a few years off, so we must look to the presently
available sources for additional information content. Archived ECMWF analyses are not
produced with temporal consistency in mind as they are a product of the short term
forecast initialization scheme, and periodic model changes alter the analysis climate. Pos-
sible removal of a number of the biases could improve the data set for use in climate
applications.

The operational geostationary satellite programs allow for an additional large scale
moisture data set. Data coverage is sufficient between 50N and 50S, where much of
the important transports occur. The Visible Infrared Spin-Scan Radiometer (VISSR)
Atmospheric Sounder (VAS) has multispectral capability (Smith, 1983) and is ideal for the
study of transient systems. The geostationary orbit makes constant observation possible,
and high frequency temporal variations are easily captured. Future systems, including the
geostationary platform, will carry advanced sounding systems and yield important new
information on the regional scale.

Merging two or more data sets would yield a superior analysis which then could

benefit from the individual strengths of each input field. Also needed are reanalyses of
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existing data sets. The present study used only raw (clear air) data, and eliminated filled
data areas. Use of this filled data may provide additional insight given that a careful
analysis is done. Satellite based soundings are already being regenerated using alternative
retrieval methods. The statistical scheme used in thé operational TOVS program can be
replaced with the more computationally intensive physical schemes, which tend to yield
better clear sky moisture profiles. Careful examination of these potential data sources
will gradually provide for an improved description of atmospheric moisture, especially in
important smaller scale features. Better understanding of moist processes will advance
our knowledge of many other atmospheric systems, and aid in our understanding of their

interactions.
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Appendix A |

ADDITIONAL ESTIMATES OF PRECIPITABLE WATER CONTENT,
LATENT HEAT TRANSPORT, AND NET PRECIPITATION MINUS
EVAPORATION

To complement the TOVS moisture and ECMWF wind fields, additional data is
examined for further insight. ECMWF moisture data is analyzed (as PWC fields) and
paired with the model winds for transport calculations. An independent estimate of PWC
for one month using microwave data provides new information not seen in the TOVS data.
Transport comparisons are done using a previous ground based study (see Oort, 1971),
and transports made with TOVS and ECMWF moisture data. Finally, precipitation
minus evaporation profiles are compared with some early estimates by Budyko (1963) and

Starr et al. (1969).

A.1 PRECIPITABLE WATER CONTENT ANALYSES

Moisture fields derived from ECMWTF relative humidity (RH) data show similar mean
state properties as found in TOVS analyses, while other features are significantly different.
A five year timeseries of ECMWF precipitable water content, as shown in Fig. A.1, is very
similar to the TOVS PWC timeseries (see Fig.4.5 in the main text). While the ECMWF
monthly values are larger, the difference is fairly constant. In fact, the amplitudes of both
hemispheric annual cycles are very consistent with the TOVS data. Only the first two
NH annual cycles have significantly larger range. A slight drying trend, due to model
adjustments for overestimated moisture content, brings the ECMWF annual means closer
to the TOVS means. An adjustment of -0.2 centimeters causes the ECMWF curves to
nearly match the TOVS curves. Variations within an annual cycle, and even interannual

variations are somewhat duplicated during the final three years. This is encouraging, since
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the two data sets are essentially independent. (While TOVS soundings have been used
in ECMWF humidity analyses since 1985, their effect is small. Only the model tropical
rainfall estimates have shown improvement since the TOVS data inclusion.)

The effects of model changes are readily apparent in the annual zonally averaged
ECMWF PWC, as displayed in Fig. A.2. Tropical values are largest during 1983-85, while
the 1985-86 year showed a minimum. The two succeeding data years showed gradual in-
creases. While annual tropical moisture content is very sensitive to, and is dominated by
model changes, PWC in midlatitudes remains more constant. Evidence of overestimation
is also seen in global fields of monthly, and annual averages, as given in Figures A.3,A.4
and A.5. Values over elevated land, such as the Tibetan plateau, the western U.S., and the
central African highlands, all are much too high in all time means. The ECMWF spec-
tral model had difficulty in properly representing topography at the provided resolution.
General features and gradients are comparable, though, with the TOVS fields.

A third analysis of large scale PWC, using satellite microwave data over oceans, shows
features not seen in the the ECMWF or TOVS analyses. The Defense Meteorological
Satellite Program (DMSP) Special Sensor Microwave / Imager (SSM/I) data set prepared
by Tjemkes and Stephens (1990) for September 1987 shows high frequency variations not
seen in other data sets (see Fig. A.6). While, once again, mean features are similar to
those seen in other data sets, it is the smaller scale ones which are quite different./ One
particular feature worth noting lies to the west of the U.S., over the northwest Pacific
Ocean. Persistent low-level high pressure for much of the month forced a large amount of
tropical moisture northward to nearly 45N. This shows up well in the standard deviation
field seen in Figure A.7 (the comparable TOVS standard deviation field is not shown as
no real information is contained therein). Features such as these are very important in
the general circulation, and must be accounted for to properly characterize the moisture

and its flux.

A.2 ANALYSES OF LATENT HEAT TRANSPORT

The model analyzed ECMWF moisture fields, used with the ECMWF winds, are

shown to give improved moisture (or latent heat) transport estimates in midlatitudes.
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Figure A.1: Time series of hemispheric and globally averaged ECMWF precipitable water
content during the five year study period.
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Figure A.2: Annual zonal averages of ECMWF analyzed precipitable water content. Each
annual average represents July through the following June.
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Figure A.3: Monthly average of ECMWF precipitable water content for September, 1987.
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Figure A.4: Annual average of ECMWF precipitable water content for the year beginning
on July 1, 1987.
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Figure A.5: Mean ECMWF precipitable water content for the five year period of July 1,
1983 through June 30, 1988.
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Figure A.6: Monthly mean SSM/I precipitable water content analysis over ocean for
September, 1987.
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Figure A.7: Standard deviation about the September, 1987 SSM/I precipitable water
content monthly mean.
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Figure A.9: Northward latent heat transport of the mean meridional circulation (MMC),
transport by transient eddies (TE), standing eddies (SE), and the total transport (3UM)
based on ECMWF moisture and wind fields for the average of five April months from. 1984
to 1988. The computed total transport is labeled VQ. Units are petawatts.
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Figure A.10: Northward latent heat transport of the mean meridional circulation (MMC),
transport by transient eddies (TE), standing eddies (SE), and the total transport (SUM)
based on ECMWF moisture and wind fields for the average of five November months from
1983 to 1987. The computed total transport is labeled VQ. Units are petawatts.
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Figure A.13: Northward transport of total latent heat for an average of five April months
of ECMWF and TOVS moisture data. A different time period was used by Oort (1971).
Units are petawatts.
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Figure A.14: Northward transport of total latent heat for an average of five November
months based on ECMWF and TOVS moisture data. A different time period was used
by Oort (1971). Units are petawatts.
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Figure A.11: Annual cycle of latitudinal peak transient eddy latent heat transport based
on ECMWF moisture and wind data. Units are petawatts.
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Figure A.12: Annual cycle of latitudinal peak standing eddy latent heat transport based
on ECMWF moisture and wind data. Units are petawatts.
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Figure A.8: September, 1987 northward latent heat transport of the mean meridional
circulation (MMC), transport by transient eddies (TE), standing eddies (SE), and the
total transport (SUM) based on ECMWF moisture and wind fields.
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An example for a particular month is shown in Fig. A.8. The September 1987 case has
transient eddy transport peaks in excess of 1.75 PW. This is dramatically larger than
those in the comparable TOVS monthly average. In fact, all ECMWF components are
inflated. The five year composite April and November transport curves, as seen in Figs.
A.9 and A.10, show TOVS-like patterns but have much higher amplitude. (The curve
labeled ”VQ” is the total transport calculated directly, and when compared to the sum of
the three components gives an estimate of computational error.)

Increased amplitude is seen in the eddy transport annual cycle (see Figures A.11
and A.12) when compared to the TOVS transports. Higher NH peak average November
transient eddy values are near 2 PW while the standing eddy maximum is 1.5 PW in
March. The April and November TE peaks in the Northern Hemisphere coincide very
well with Oort (1971). The five year averaged April and November SUM transports
are compared to this independent estimate (Oort, 1971) in Figs. A.13 and A.14. Oort’s
data lies between the SUM transports based on TOVS and ECMWF moisture data at
midlatitudes during both months. Based on the knowledge of biases within the presently
used data sets, it appears the true transport curve lies somewhere near that of Oort, and
between the other two. Tropical transport as shown by the Oort curves is largest, due to
the differently analyzed wind fields.

Three examples of ECMWF-based annual latent heat transport are shown in Figures
A.15, A.16 and A.17. Midlatitude transports are large in these annual means, and reflect
the additive nature transport here throughout the year. While monthly transports in
the tropics are high, as seen above, the annual values are lower. This result confirms
those using TOVS moisture. Model changes are responsible, however, for the increase
with time of annual total transport to maximum levels in the final study year of 1987-
88. As expected, total interannual transport, as shown in Fig. A.18, and the net annual
precipitation minus evaporation (Fig. A.19) have very similar shapes as those based on
TOVS moisture, and only magnitude differences exist. When compared to early estimates,

ones given here compare favorably, as shown in Fig. A.20.
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Figure A.15: Annual average of the northward latent heat transport of the mean merid-
ional circulation (MMC), transport by transient eddies (TE), standing eddies (SE), and
the total transport (SUM) based on ECMWF moisture and wind fields for the year be-
ginning on July 1, 1983. Units are petawatts.
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Figure A.16: Annual average of the northward latent heat transport of the mean merid-
ional circulation (MMC), transport by transient eddies (TE), standing eddies (SE), and
the total transport (SUM) based on ECMWF moisture and wind fields for the year be-
ginning on July 1, 1985. Units are petawatts.
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Figure A.17: Annual average of the northward latent heat transport of the mean merid-
ional circulation (MMC), transport by transient eddies (TE), standing eddies (SE), and
the total transport (SUM) based on ECMWF moisture and wind fields for the year be-
ginning on July 1, 1987. Units are petawatts.
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Figure A.18: Annually averaged total poleward latent heat transport for five individual
years of ECMWF data. Units are petawatts.
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Figure A.19: Annual net precipitation minus evaporation using five years of ECMWF
data.
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Figure A.20: Various estimates of annual net precipitation minus evaporation.
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