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1. Introduction

During the past year we have made substantial progress in our research efforts that employ the
Goddard EOS-1 assimilated dataset to study the dynamics of seasonal climate and intraseasonal transient
eddy variability. Our scientific approach focuses on how various dynamical and physical processes
contribute to budgets of potential vorticity and eddy potential enstrophy with detailed assessments of the
uncertainties in individual budget components. In this report we summarize the primary accomplishments
of the first year of the research project.

2. Initial Data Processing and Budget Composition

In our project diagnostic analyses are performed in both isobaric and isentropic coordinates systems.
Although the assimilated data is readily available on isobaric surfaces, it was necessary to construct an
analogous isentropic dataset. During the past year we completed an interpolation of the GEOS-1
assimilated data to isentropic coordinates for six winter seasons (November through March for 1985-
1991). The interpolation was performed every 5 K between 220 and 400 K for all the prognostic and
primary diagnostic fields. The isentropic dataset is stored in HDF (Hierarchical Data Format) on the
Unitree system at NASA/GSFC and is now available to other researchers. We have also processed one
winter of NCEP reanalysis data (November 1985 through March 1986) in an identical manner. These
data are stored at the NOAA Climate Diagnostics Center.

To analyze the characteristics of intraseasonal transient eddies in distinct frequency bands it was also
necessary to construct time-filtered versions of the assimilated datasets, focusing particularly on synoptic
and low frequency time scales. After initial data processing, we composed the dynamical budgets for
winter-mean potential vorticity (PV) and transient eddy potential enstrophy, carefully accounting for the
effects of physical processes such as diabatic heating and turbulent dissipation. By contrasting parallel
results obtained from GEOS-1 and NCEP reanalyses we obtained measures of the uncertainties in certain
budget terms. We overviewed our project and presented preliminary results at the Workshop on the
GEOS-1 Five-Year Assimilation at NASA/GSFC (Black, Dole, and Whitaker 1995, hereafter BDW).



3. Seasonal Mean Circulation

We first studied the general characteristics of the diabatic heating fields derived from the GEOS-1
assimilated data (BDW). In this work, GEOS-1 and NCEP analyses of total diabatic heating were
compared for the 1985-86 winter season. Although the heating fields from the two analyses are broadly
similar, there are also several significant differences. Some of the larger differences include a tendency
for GEOS-1 analyses to have stronger heating over Indonesia and the South Pacific ITCZ, and weaker
heating in the eastern Pacific ITCZ region and in the North Pacific and North Atlantic storm tracks.
There are also substantial differences in the vertical distributions of heating, including a tendency for
heating in the Northern Hemisphere storm tracks to be shallower in the GEOS-1 than in NCEP analyses.

A comparison of PV budgets, computed in isentropic coordinates for the two reanalysis datasets, has
been completed. The comparison covers the 1985-86 winter season. The results were presented at the
Climate Diagnostics Workshop in November 1995 and will appear in the proceedings volume (Whitaker
and Loughe 1996). Particular emphasis is placed on terms in the budget associated with tropical diabatic
heating. The GEOS-1 analysis of diabatic heating was found to imply a stronger poleward isentropic
mass flux, which in turn implies a much stronger tendency for low-PV tropical air to be exported into
the extratropics by the isentropic mass circulation. If the difference between the two analyses is used
as a lower bound on uncertainty, then it appears we can only estimate terms in the PV budget associated
with tropical diabatic heating to within a factor of two. This highlights some of the present difficulty
in accurately determining tropical heating rates. Work is underway to extend the analysis to cover the
entire six winter period, and to assess uncertainties in the interannual variability of the PV budget.

We also have examined aspects of the 1988 heat wave/drought evolution obtained from GEOS-1
analyses and compared these with observational data derived from the Global Climate Perspectives
System (GCPS) dataset (a quality-controlled subset of Global Historical Climate Network station data
available at the Climate Diagnostics Center). Although the broad features of the 1988 drought are
captured by the GEOS-1 analyses, there are also interesting discrepancies from observations {BDW). For
example, GEOS-1 is relatively warmer and drier in July, and the corresponding reduction in upward latent
heat fluxes during this period is significantly larger than indicated by the moisture budget results of (Lyon
and Dole 1995). We speculate that these differences are connected to the absence of a land-surface
model in the present analysis scheme, so that changes in evapotranspiration and albedo that occur during
the drought are not adequately captured in the present model.

4. Intraseasonal Transient Eddies

Adopting a PV framework in conjunction with the GEOS-1 assimilated data we have also performed
local, quantitative assessments of the role of specific dynamical and physical processes in maintaining
intraseasonal eddy variability. We have diagnosed winter-averaged potential enstrophy analyses for
distinct classes of intraseasonal transient eddies. Eddy potential enstrophy budgets were constructed from
the conservation relation governing the time evolution of quasigeostrophic (QG) pseudopotential vorticity
on & sphere (e.g., Black and Dole 1993). Separate budgets were formulated for bandpass (2.5-6 days)
and lowpass {10-90 days) transient eddies. Possible enstrophy sources include interactions with the winter
mean flow, nonlinear interactions among eddies of different frequencies, and distinct contributions from
latent heating, radiation, and turbulent dissipation. This provides a quantitative assessment of the roles
of nonlinear and nonconservative processes in maintaining the intraseasonal transient eddy activity, These
results were also presented at the 1995 Climate Diagnostics Workshop (Black 1996).



We focused on budgets performed at the 400 mb level as this is the level of maximum eddy potential
enstrophy. The results are not very sensitive to the precise level chosen, however, For bandpass (BP)
eddies in the storm track regions there are distinct local conversion of enstrophy from the winter-mean
flow into the BP eddies. Similarly, for the lowpass (LP) eddies there are substantial positive conversions
from the winter-mean flow in the vicinity of the two primary local maxima in LP eddy enstrophy. For .
both BP and LP eddies positive enstrophy conversions are largely balanced by a nonlinear enstrophy sink.

For BP eddies latent heat release provides an additional coherent positive enstrophy source over the
storm track regions. Over the North Pacific this contribution is of the same order as the conversion
from the mean flow, itself. This is consistent with the notion that latent heat release plays an important
role in synoptic-scale processes such as cyclogenesis. Radiative processes were found to be weakly
dissipative of BP eddy potential enstrophy. Unlike BP eddies latent heating plays a weaker and less
coherent role in the LP enstrophy budget. Both latent heat release and radiative processes are, on
average, weakly dissipative of LP eddy enstrophy. Turbulent dissipation of heat and momentum are
both very weak at the 400 mb level. Uncertainties in individual budget terms, particularly contributions
from diabatic and frictional processes, are being assessed by extending our analyses in order to contrast
with similar estimates derived from NCEP/NCAR reanalyses. In addition, we will also determine the
adequacy of the QG approach by contrasting Ertel and QG formulations of the enstrophy budgets. A
paper on associated diagnostic techniques (Black 1996) was submitted to the Journal of the Atmospheric
Sciences last fall. We anticipate additional journal submissions on our research efforts to the Joumal
of Climate and/or Monthly Weather Review,
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1. Introduction

The primary objective of our research is to employ the GEOS-1 DAS to study the dynamics of seasonal
«climate and intraseasonal transient eddy variability within a potential vorticity framework. Our scientific
approach focuses on the contributions of various physical processes to budgets of potential vorticity and
eddy potential enstrophy. An important aspect of this approach is a detailed assessment of the uncertainties
in individual budget components. A second goal is to use the analysis increments of the DAS to study the
dynamical characteristics of short-term systematic error development. We summarize the primary methods
of our project and present preliminary analyses related to the 1988 heat/wave drought.

2. Methods

Potential vorticity (PV) budgets are constructed for the seasonal-mean flow. Because frictiona! and
diabatic sources of PV can be directly diagnosed from the assimilated data, more complete budgets can be
constructed than using conventional observational data. Direct and indirect measures of PV fluxes are used
to deduce errors in the PV budget due to systematic errors in the diabatic heating and frictional dissipation
rates parameterized by the DAS. Potential enstrophy and PV analyses are also performed for intraseasonal
transient eddies. Our scope includes phenomena ranging from synoptic-scale eddies to low frequency
anomalies. We are very interested in deducing the role of diabatic heating in producing and maintaining
intraseasonal eddy activity, particularly cyclones and heat wave/droughts. Uncertainties in individual budget
terms are estimated by comparing key assimilated quantities to similar fields derived from NOAA NMC
reanalyses. These fields include diabatic heating, frictional dissipation, and potential enstrophy. Analysis
increments are used to characterize short-term forecast error in the GEOQS-1 DAS. The dynamical impact
of short-term systematic error development is examined using a PV approach.

3. Results

Our initial research has focused on characteristics of the diabatic heating fields derived from the GEOS-1
assimilated data. Two projects have been initiated, the first comparing diabatic heating fields obtained from
GEOS-1 and NMC reanalyses, and the second comparing GEQOS-1 analyses with observational data and
diagnostic analyses of the major U.S. heat wave/drought of 1988 (Lyon and Dole, 1995, henceforth LD).

In the first project, GEOS-1 and NMC analyses of total diabatic heating are compared for the 1985-86
winter season. Although the diabatic heating fields from the two analyses (not shown) are broadly similar,
there are also several significant differences. Some of the larger differences include a tendency for GEQS-1
analyses to have stronger heating over Indonesia and the South Pacific ITCZ, and weaker heating in the
eastern Pacific TTCZ region and in the North Pacific and North Atlantic storm tracks. Cross sections (not
shown) also display substantial differences in the vertical distributions of heating, including a tendency for
heating in the Northern Hemisphere storm tracks to be shallower in the GEOS-1 than in the NMC analyses,
These differences provide a lower bound on the uncertainty on diabatic heating distributions and, hence,
on the uncertainty in corresponding potential vorticity sources.

In the second project, we have examined aspects of the 1988 heat wave/drought evolution obtained from
GEOS-1 analyses, and compared these with observational data derived from the Global Climate
Perspectives System (GCPS) dataset (a quality-controlled subset of Global Historical Climate Network
station data available at the Climate Diagnostics Center). Preliminary results are illustrated in Fig. 1.



Fig. 1a shows, for a 4° by 5° box centered over the north-central U.S., time series of monthly-mean
temperature anomalies from March to August 1988 obtained from GEOS-1 and GCPS, where anomalies
are defined relative to the respective (GEOS-1 or GCPS) climate means for the period 1985-1992. Though
the GCPS data show positive temperature anomalies throughout the period, GEOS-1 analyses indicate
negative anomalies for March and April. Following this time, GEOS-1 anomalies are also positive and,
in fact, become larger than those derived from the station data in July and August. Time series of
precipitation anomalies (Fig. 1b) show that the GEOS-1 and GCPS anomalies are remarkably similar
throughout the Spring; thereafter, GEOS-1 tends to have larger negative precipitation anomalies than GCPS,
particularly in July. Corresponding GEOS-1 evaporation anomalies are quite small through June, but
become large and negative in July and August. Comparisons with evapotranspiration anomalies derived
from residuals in the atmospheric moisture budget over roughly the same region (LD) show a fairly similar
evolution, with the exception of July, during which time the negative evaporation anomalies in GEOS-1
are substantially larger than those derived from the residual calculations.

The evolution of evaporation anomalies in GEOS-1 provides support for LD's conclusion that
surface evapotranspiration anomalies were unlikely to have played a significant role in the early stages of
the 1988 heat wave/drought, but may have done so at later stages. Fig. Ic extends LD's work by using the
GEOS-1 data to examine the evolution of surface anomalies of net downward short wave radiation fluxes,
and net upward fluxes of long wave radiation, sensible and latent heat. Throughout the period, anomalies
in downward short wave fluxes are positive, likely due to reduced cloud cover. These are approximately,
but not entirely, compensated by positive anomalies in upward long wave fluxes, partly due to reduced
cloud cover and, at later stages, to anomalously warm surface temperatures. Consistent with the evaporation
anomalies described above, upward latent heat flux anomalies are quite small through June, and then
become large and negative later in the summer. The latent heat flux anomalies are approximately balanced
by positive anomalies in upward sensible heat fluxes. The August anomalies in latent heat fluxes are very
similar in magnitude to those obtained in LD, who estimated a corresponding anomalous boundary layer
heating to be about 1° C day™'. The GEOS-1 results therefore support LD in indicating that anomalous local
boundary conditions likely played a significant role in the later stages of the 1988 heat wave/drought, but
also add to LD's results by providing quantitative estimates of additional terms in the surface heat budget.

Although the broad features of the 1988 drought are captured by the GEOS-1 analyses, there are also
interesting discrepancies from observations. For example, GEOS-1 is relatively warmer and drier in July,
and the corresponding reduction in upward latent heat fluxes during this period is significantly larger than
indicated by the moisture budget results of LD. We speculate that these differences are connected to the
absence of a land-surface model in the present analysis scheme, so that changes in evapotranspiration and
albedo that occur during the drought are not adequately captured in the present model.

To the extent that there is consistency with observable quantities, the GEOS-1 assimilation dataset
provides a very exciting opportunity to improve our understanding of processes occurring in major weather
and climate events, such as the 1988 heat wave/drought. To the extent that there are differences, the results
are also valuable in suggesting possible directions for improving the current data assimilation system.

Acknowledgments. We gratefully acknowledge the help of Andy Loughe and Kriste Paine of CIRES
for their help in acquiring the GEOS-1 and GCPS data and for performing analyses on this project. Support
for this work is provided through interagency agreement NASA Order No. S-41363-F and a grant from the
Earth System Modeling and Analysis Program of NASA's Mission to Planet Earth (grant number pending).

Reference. Lyon, B., and R. M. Dole, 1995: A diagnostic comparison of the 1980 and 1988 U.S.
summer heat wave/droughts. J. Climate, 8, in press.

Figure legend (see next page). Monthly mean anomalies for March to July 1988 in (a) surface
temperatures from GEOS-1 and GCPS (units = °C); (b) precipitation (P) from GEOS-1 and GCPS, and
evaporation (E) and evaporation - precipitation (E - P) from GEOS-1 (units mm day™'); and (c) Net
downward shortwave radiation, net upward long wave radiation, sensible and latent heat fluxes at the
surface from GEOS-1 (units W m?). Line patterns for all terms are shown on the figure.
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" THE MAINTENANCE OF INTRASEASONAL TRANSIENT EDDY ACTIVITY A
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1. Introduction S o

A fundamental question in climate dynamics is precisely how the observed spectrum of intraseasonal transient
wave activity is maintained. Although past observational studies clearly illustrate the importance of processes such
as heat and momentumn fluxes, scale interaction, and diabatic heating, the limitations of observational datasets have
made it difficult to quantify the contributions of physical processes such as diabatic heating and frictional
dissipation. Furthermore, in traditional approaches to eddy budgets (c.g., encrgetics analyses) regional budgets
are difficult to implement. Adopting a potential vorticity framework in conjunction with the muiti-year GEOS-1
assimilated dataset (GEOS-1 DAS) we perform local, quantitative assessments of the role of specific dynamical
and physical processes in maintaining intraseasonal eddy variability.

2. Methods

We diagnose winter-averaged potential enstrophy analyses for distinct classes of intraseasonal transient eddies.
Eddy potential enstrophy budgets are constructed from the conservation relation governing the time evolution of
quasigeostrophic (QG) pseudopotential vorticity on a sphere. Separate budgets are formulated for bandpass (2.5-6
days) and lowpass (10-90 days) transient eddies. Dividing dependent variables into time-average (overbar) and
perturbation (primes) components, the general form of these budgets is given by:
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Where ¢ is the QG pseudopotential vorticity, v is the geostrophic velocity, and §,, and § are diabatic and frictional
sources of g, respectively. For seasonal averages (zero tendency) there is a balance among horizontal advection
by the mean flow, cross-gradient eddy fluxes of q, nonlinear eddy interactions, and diabatic and frictional
sources/sinks of enstrophy. Following Illari and Marshall (1983),if g = q(¥) , then part of the cross-gradient
eddy flux term simply acts to balance enstrophy advection by the mean flow. Subtracting this component results
in an equation that is now localized both horizontally and vertically (see Black and Dole 1993 for details):
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‘The new residual cross-gradient eddy flux term (A) represents local conversions from the climatological-mean
flow into the eddies. In applying (2) to particular frequency bands, interactions among different frequencies will
be manifested by local nonlinear sources or sinks (B). Term (C) includes separate contributions from latent
heating, radiation, and turbulent dissipation of heat. We apply (2) to 8 winters of the GEOS-1 DAS produced by
the Data Assimilation Office at NASA/GSFC. The GEOS-1 DAS provides dynamically consistent estimates of
diabatic heating and frictional dissipation (e.g., Schubert et al. 1993). Using the assimilated data we calculate the
contributions of the individual terms in(2). This provides a quantitative assessment of the roles of nonlinear and
nonconservative processes in maintaining the intraseasonal transient eddy activity. Uncertainties in individual
budget terms, particularly contributions from diabatic and frictional processes, will be analyzed by comparing our
results to similar estimates derived from NCEP/NCAR reanalyses. By contrasting Ertel and QG formulations, we
also aim to assess the adequacy of the QG approach.




3. Results

Fig. 1 displays vertical profiles of eddy potential
enstrophy for both bandpass (BP) and lowpass (LP)
eddies averaged over the North Atlantic storm track
region. Above the boundary layer, both profiles are
observed to peak in the upper troposphere. Thus,
we focus on enstrophy budgets performed at the 400
mb level. The results are not sensitive to the exact
level chosen. In Fig. 2, contours of eddy potential
enstrophy are superposed upon vectors of the total
eddy flux of q for each frequency band. Over the
storm track regions, BP eddies are characterized by
local maxima in eddy enstrophy and southwestward
eddy fluxes of q (Fig. 2a). On the other hand, LP
eddies (Fig. 2b) exhibit local enstrophy maxima near
the end of the storm tracks with associated eastward
and southward eddy fluxes of q. There is a
component of the LP eddy flux that appears to rotate
cyclonically around the enstrophy contours. This is
the part of the flux acting to balance enstrophy
advection by the climatological-mean flow.

The residual cross-gradient eddy flux is plotted in
Fig. 3 along with contours of climatological-mean q.
For BP eddies we note distinct downgradient
residual fluxes in the storm track regions over the
North Pacific and North Atlantic. This implies a
local conversion of enstrophy from the winter-mean
flow into the BP eddies. Similarly, for the LP
eddies there are prominent downgradient residual
fluxes located near the two primary local maxima in
LP eddy enstrophy (compare Figs. 2b and 3b).
Therefore, there are substantial positive conversions
from the winter-mean flow into the eddies for both
BP and LP frequencies.

This is quantified by calculating term A in (2),
displayed in Fig. 4a for the BP eddies. As expected,
significant positive conversions are found in the
storm track regions. The conversions are primarily
offset by nonlinear interactions with eddies in other
frequency bands (term B - not shown), which act
mainly as an enstrophy sink. Conversely, latent heat
release (included in term C) provides an additional
positive enstrophy source over the storm tracks (Fig.
4b). Over the North Pacific this contribution is of
the same order as the conversion from the mean
flow. This is consistent with the notion that latent
heat release plays an important role in synoptic-scale
processes such as cyclogenesis. Radiative processes
(not shown) are weakly dissipative of BP eddy
potential enstrophy. Turbulent dissipation of heat
and momentum is very weak at the 400 mb level.

Terms A and B of (2) are shown for LP eddies in
Fig. 5. As for the BP eddies, we note prominent
positive conversions over the two local maxima in
LP eddy activity (see Fig. 2b). A comparison of the
conversions (Fig. 5a) with the nonlinear term (Fig.
5b) suggests that the conversions are largely
balanced by a mnonlinear sink of eddy potential
enstrophy. Unlike for BP eddies, however, latent
heating plays a weaker and less coherent role in the
LP budget. Both latent heat release and radiative
processes are, on average, weakly dissipative of LP
eddy enstrophy.
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Fig. 1. A vertical profile of the winter-mean transient
eddy potential enstrophy averaged over the North Atlantic
basin for LP and BP eddies. Units: 1x107 g2
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Fig. 2. Wintertime-mean 400-mb eddy potential enstrophy
(Contour interval: 6x10™ s?) and vectors of the total
eddy flux of pseudopotential vorticity for (a) BP and (b)
LP transient eddies. Enstrophy magnitudes greater than
12 (18) units are shaded lightly in a (b).

Fig. 3. Wintertime-mean 400-mb pseudopotential vorticity
(Contour interval: 3x10* 5) and the residual eddy flux
of psendopotential vorticity for (a) BP and (b) LP
transient eddies. Pseudopotential vorticity magnitudes
greater than 18 units are shaded lightly.
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Fig. 4. Potential enstrophy budget components for BP
transient eddies. (a) Potential enstrophy conversions. (b)
Latent heating contributions (Contour interval: 3x10 s9),

Fig. 5. Potential enstrophy budget components for LP
transient eddies. (a) Potential enstrophy conversions. (b)
Nonlinear interactions (Contour interval: 5x10 s3).




POTENTIAL VORTICITY FLUX DIAGNOSTICS OF THE WINTER MEAN
CIRCULATION USING TWO REANALYSIS DATASETS
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1. INTRODUCTION.

The conservation and invertibility priniciples for potential vorticity (PV) make it a very useful tool for studying
balanced dynamical processes ir the atmosphere. However, to date, most studies have utilized PV diagnostics to
study synoptic time scale phenomena such as cyclogenesis. Although the PV approach is ideal for studying the
general circulation (Hoskins 1991, Haynes and Mclntyre 1987) it has rarely been attempted (to our knowldege,
Hoerling 1992 is the only such study). Presumably, this is because nonadvective terms in the PV budget associated
with diabatic and frictional forces are essential for such studies, and these have been difficult to estimate from the
previous generation of global analyses. New assimilated da:asets are being produced at various centers which include
estimates of unobserved quantities such as diabatic heanng rates. In this study we cempare some aspects of the
winter mean potential vorticity budgets computed with assimilated datasets produced at the National Meteorological
Center (NMC) and the NASA's Goddard Space Flight Center NASA/GSFC). Our goal is 10 assess the uncenainties
in the computation of the budget, especially those terms related to tropical diabatic heating rates.

2. DATA AND ANALYSIS METHODS.

The datasets used were produced by the NASA/GSFC GEOS-I and NMC/NCAR CDAS assimiletion systems.
For detailed informarion on these systems, see Schubert et al (1993) and Kalnay et al (1993). The fields used include
the models' prognostic variables on sigma levels as well as parameterized quantites, such as convective diabanc
heating rates ard turbulent dissipation rates. The GEOS-I data are provided on 2 degree latitude by 2.5 degree
longitude grid, on 20 sigma levels. The NMC/NCAR prognostic variables are stored as T62 spectral coefficients on
28 sigma levels, while the parameterizec fields are outpu: on the corresponding 192 x 94 Gaussian grid. Although
both analyses have been completed for the period 1985-1993, our comparative analyses have been completed only for
the period December 1985 - February 1986,

There are certain advartages to viewing the PV budget in isentropic coordinates. In particular, the flux of PV
has no cress-isentropic component and therefore is purely two-dimensional in isentropic coordinates even in the
presence of diabatic and frictional effect (Haynes and Mclntyre 1987). For this reason, we have chosen to interpolate
the data from sigma to isentropic coordinates. The interpolation was performed linearly in Exner function for all
variables except Montgomery potential (which was treated carefully to avoid created spurious gradients on isentropic
surfaces), and consistency with the vertical discretization of the assimilating models was maintained where possible,
There are 37 levels in the isentropic dataset, spaced every 5§ K between 220 and 400 K. For this study, we will
consider only those isentropic surfaces which do not intersect the eanth's surface (the “middleworld” and "overworld"
in the lexicon of Hoskins 1991).

3. THE PV BUDGET IN ISENTROPIC COORDINATES,

The flux form of the PV equation in isentropic coordinates is

%aQ+ vV.J =0, m

where Q0 = -;-'-;—f isthe PV, o ==§L% 15 the isentropic mass density, 6Q = {, + f is the isentropic absolate
vorticity (or the amount of PV per unit volume) and J is the two timensional PV flux vector given by

] =voQ -kx(ﬁ% ~F). )

where F is the friction force per unit mass. It is implied that V = [;,—olm—ﬁ?x %3%) v =(u.v) and all partial

derivatives are taken holding © constant.



The vector J can be thought of as being composed of an advective part and a nonadvective part directly related to
frictional and diabaric processes. However, for time mean conditions, even the “advective” part of ] is partially
related to diabatic effects. This can be seen by writing the time mean of V . voQ as

V-¥o0=V-(vo)Q +{¥0),- VO +V - §5),0, 3

where the overbar denotes a time mean, the prime denotes 2 transient, and the subscripls y and x denote rotational
and divergent parts, respectively. Taking a time mean of the isentropic mass continuity equation yields

V.56) = - $@o), @
so that the divergent part of the time mean isentropic mass flux vector is directly related to diabatic heating, i. ¢.

(vo), = -V[ V"%(é?)} )

The last term in (3) represents the flux of PV by the divergent mass circulaticn in isentropic coordinates. This term
is closely related to the "baroclinic Rossby wave source due to digbatic heating” discussed by Hoerling {1992). In
that paper, Hoerling showed that analysis of this term concisely illustrates how tropical diubatic heating remotely
influences the mid-lattude PV balance.

Inserting (3) into the time mean of (1), taking a zonal mean, integrating over latitude using the boundary
conditions a the poles yields

<(va) Q +(vo), 0 +[vo),0+ 6?;% - F> =0, 6)

where F is the zonal wind tendency due to frictional forces, and the angle brackets denote & zonal mean. An identical
result can be obtained directly from the isentropic zonal momentum equation, so (6) may be thought of as the zonal
inean isentropic zonal momentum budget.

4. RESULTS FOR DECEMBER - FEBRUARY 1985/86.
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Figure 1: Zonal mean total diabatic heating rate (contour interval 0.3 day™1) produced by the two assimilation
systems. Only “middleworld” and "overworld" isentropes arc shown (i. e. those isentropes that do not intersect the
ground). For reference, the 350 K isentrope is located at about 200 mb on the equator and 175 mb at 60°N.



Fig. 1 shows the zonal mean diabatic heating rates for Dec-Feb 1985/86, produced by the two assimilation
systems anc interpolated to isentropic coordinates. On ly above-ground isentropic levels (> 335 K) are plotted in this
and all figures to follow. The two assimilation systems produce qualitatively similar heating fields, with the
GEOS-! system preducing slightly stronger upper tropospheric convective heating in the tropics, and the
NMC/NCAR system producing slighly stronger radiative cooling in the subtropics,

SECS-!
N AIVANY SSNTRRA\Y
%0 .,/ / i!'/;“ 7.\% 'l , ‘“‘\ \5

POTCNTIAL TEUPFRATURT. (i)
1
POTENTIAL 1+ VPERATRE (K)

0 3
LANTUDE (DEGREES)

Figure 2: Zonal mean potential vorticity (zhin solid, contour intezval 1.5 x 106 m2s*! K kg-1) and zonal mean,
meridional divergent mass flux (thicker contours, interval $0 m-! s-1 K-! kg).

Subtle but important differences in the vertical structure of the heating fields become more apparent when the
zonal mean isentropic mass flux (computed using (5)) is examined. This quantity is piotted in Fig. 2. along with
contours of mean PV. Associated with a stonger vertical gradient of diabatic heating in the tropical upper
troposphere, the GEOS-1 system clearly has a stronger poleward mass circulation,
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Figure 3: Thin countours are zonal mean zonal wind (contour interval 5 ms-!), Thick contours are zonal mean
flux of mean PV by the meridional divergent mass flux (contour interval 1x 104 mg2),

The flux of mean PV by the divergent mass circulation (the third term in equation 6) is shown in Fig, 3, along
with the zonal mean zonal wind. The remote effect of uopical diabatic heating on the time mean mid-latirude
budgets of PV, and zonal mean zonal wind, is clearly stronger by a factor of two in the GEOS-1 analysis. The term
associated with cross-isentropic advection of momentum in (1) and (6) is very small outside of the tropics, so that
the dominant influcnce of diabatic heating in the PV budget is through the flux of mean PV by the mean divergent
mass flux. In mid-latitudes, this term is balanced principally by eddy fluxes. In other words, the equatorward flux of
PV associated with transient edd Y activity is approximately balanced by the effect of the poleward mean mass flux
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assaciated directly with diabatic heating. From this perspective, the isentropic mass circulation associatad with
diabatic heating is Urying 10 rearrange the PV in isentropic layers such that there it dilution at low latiiades and
concentration at high Jatitudes, while the transient eddies are trying to do the opposite. We use the terms “difation”
and "concentration” here since we are discussing only those isentropic layers which Jo not intersect the ground, so
that as & consequence of (1), the totai PV per unit volume can neither be creaied or destroyed within thai layer, only
rearranged by advective, frictional and diabalic processes (Haynes and McIntyre 19873,

5. SUMMARY.

There are significant differences between the mean PV budgets computed using the GEOS-I and NMC/NCAR
reanalysis products, particulerly in those terms assaciated with tropicaj diabatic heating. In particular, the GEOS-]
analysis of diabatic heating implies a much stronger poleward isentropic mass flux, which in tura implies & much
stronger tendency for low-PV tropical air to be exported into the extrnropics by the isantromic mass circulation.
Comparison of the winter mean zonal mean jets and the associated 7cnal mean isentropic PV gradient at the
trapopause produced by the two analysis systems {not shown) indicates that, relative to the NMC/NCAR analysis,
both fields are displaced very slightly poleward in the GEOS-1 analysis. This is consistent with the capected effect
of the enhanced meridional isentropic mass circulation in the GEOS-I assimilation system. If we use the difference
between the two analyses as 1 lower bound on uncertainty, then it appears we can only estimate the effect of diabatic
heating in the mean PV budget to within & factor of two. However, if more accurately analyzed guantities which are
relatively insensitive to the effects of parameterized diabatic heating in the assimilating mode! (such as PV and the
rotational mass flux) are used 1o infer the diabarie heating rates in the two analyses, the agreement, and hopefully the
accuracy of the estimate, should be improved. This is the spirit of the "y problem” (Sardeshmukhk 1993), and work
is urderway to apply this technique to the two reanalysis datasets. In addition, we are currently peforming,
comparisons of interannual variations of the "baroclinic Rossby wave source” associated with ENSO.
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