
Summary

This is a renewal proposal for an on-going project of the Department of Energy

(DOE)/Atmospheric Radiation Measurement (ARM) Program.

The objective of the ARM Program is to improve the treatment of

radiation-cloud in GCMs so that reliable predictions of the timing and

magnitude of greenhouse gas-induced global warming and regional

responses can be made (ARM, 1990). The ARM Program supports two research

areas: (I) The modeling and analysis of data related to the parametcdzation of clouds and

radiation in general circulation models (GeMs); and (II) the development of advanced

instrumentation for both mapping the three-dimensional structure of the atmosphere and

high accuracy/precision radiometric observations.

The present project conducts research in area (I) and focuses on GCM

treatment of cloud life cycle, optical p,_operties, and vertical overlapping.

The project has two tasks: (1) Development and Refinement of GCM Radiation-Cloud

Treatment Using ARM Data; and (2) Validation of GCM Radiation-Cloud Treatment. For

Task 1, prior to the arrival of the ARM data, we used the ground- and satellite-based

measurements at Albany, New York to perform radiation model-observation comparisons,

as well as standard radiosonde network data from the Southern Great Plains (SGP) Cloud

and Radiation Testbed (CART) site to study the resolution dependence of the

radiation/cloud parametedzation. For Task 2, we conducted GeM experiments to study the

effect of the improved radiation/cloud treatment on climate simulations. Our modeling

activities were based on the use of GCM radiation models of total band absorption and total

band k-distribution function developed at SUNY Albany and two general circulation

climate models developed at the National Center for Atmospheric Research (NCAR): the

Community Climate Model version one (CCM1) and the Global Environmental and

Ecological Simulation of Interactive Systems (GENESIS; see Appendix A for a brief

introduction of CCMI and GENESIS).

We propose to continue the research using the ARM data sets currently available at the

SGP and later at the Tropical Western Pacific (TWP), the North Slope of Alaska (NSA)

and the Gulf Stream Locale (GSL) sites. Section 1 provides the project rationale and its

relevance to ARM. Section 2 highlights the key findings (with publications and

presentations) and describes the proposed research tasks using the ARM data. The

participation of graduate students is described in Section 3, and the cited references in

, MASTER
DI_61"RIBUTIONOF THIS DOGUMEN] I$ UNLIMIT_ID r'L/_)



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom- P
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.
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Section 4. Project management, present support of principal investigator, and the proposed

budget are summarized in Sections 5, 6 and 7, respectively.

1. Rationale

The general circulation model (GCM) is based on the numerical solution of the

fundamental equations governing the dynamical and physical processes of the earth-

atmosphere climate system. Therefore, it is the best scientific tool available to study

the climate system as well as to assess future global climate change and its regional

distribution due to the greenhouse effect (Houghton et al., 1990, 1992). However, the

uncertainties associated with the use of present GCMs in regional climate studies are large.

This is particularly true for cloud-radiation and cloud-climate interactions (ARM, 1990).

The GCM calculated radiation field depends not only on the chosen radiation treatment

(approximations for the radiative transfer equation, absorption data and overlapping of

absorption ba_ds, vertical cloud overlapping, etc.), but also on the simulated radiatively-

important atmospheric parameters (temperature, humidity, clouds, greenhouse gases,

aerosols, etc.) There are two aspects related to the accuracy of GCM radiation-

cloud calculations. First, given the observed surface and atmospheric parameters (e.g.,

the surface reflectivity and emissivity, atmospheric temperature) and the radiatively-

important constituents (clouds, humidity, CO2, CH4, CFCs, N20, and aerosols), how

accurately can the GCM radiation parameterization simulate the observed radiation field?

Second, how realistically can GCMs simulate the atmospheric parameters to be used as

inputs to the radiation parameterization? The second aspect of course is much more

complex since it involves the parameterizations for dynamical and physical processes as

well as chemical and biological processes in the climate system.

One of the major issues associated with both aspects is the Spatial Scale (i.e., the

resolution dependence) of the GCM physical parameterizations for radiation and clouds.

For example, it has been recognized that the representation of the cloud vertical

overlapping, whether random or maximum, will significantly impact the surface radiation

balance; this issue is clearly related to the horizontal and vertical spatial scales. Maximum

overlapping is more appropriate for smaller horizontal scales or for clouds with high

vertical con'elation while random overlapping may be applicable for larger horizontal

scales. Because of the spatial scale of the ARM experimental design (see

Fig. 1), the issue can be critically examined. In addition, the ARM program

measures the relevant parameters as completely as possible. This offers the best



opportunity to validate and further refine the GCM cloud and radiation parameterizations, in

particular the layer cloud microphysics and optical properties.
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Fig. 1. A schematic diagram superimposing the SGP CART site with several sized
horizontal grid boxes from a GCM. The bold box represents the Extended CART
Region. The CART Central Facility is represented in the center of the domain
with a small square. The proposed network of extended facilities (+), wind
profilers (P) and boundary facilities (B) are also shown. The GCM grid boxes
for R15, T31, T42 and T106 are superimposed over the CART site with the
resolution in kilometers displayed at the top of each box. Note that the resolution
for CCM1 is R15 while GENESIS will be T31; T42 and T106 have higher
resolutions but also demand more super-computer time to run long climate
simulations.



Our research is designed logistically in the following two stages:

• Prior to the arrival of ARM data, we used available ground-based
observations at Albany, New York to diagnose the GCM radiative codes
and the radiosonde network at SGP CART site to examine the GCM
resolution dependence of the radiation-cloud treatment. In addition, we
conducted GCM experiments to study how the improved representation of
the cloud/radiation processes affects climate simulations.

° Given the more complete description of the atmospheric state from the ARM
data, we will improve the treatments of clouds and radiation with a focus on
vertical cloud overlapping and cloud optical properties. We will also use the
improved treatments in GCMs to compare the simulation results with
observations from regions other than the ARM sites. This will provide a
test of the generalization of the radiation-cloud treatment derived and
validated from the ARM data sets.

Given the rationale, our ARM project includes two scientific tasks: (1) Development and

Refinement of GCM Radiation-Cloud Treatment Using ARM Data; and (2) Validation of

GCM Radiation-Cloud Treatment.

2. Project Accomplishment and Further Research

This Section highlights the key findings and publications, and presents the proposed

tasks to continue the research using the ARM data.

2.1 Development and Refinement of GCM Radiation-Cloud Treatment
Using ARM Data

Objec,ive: To diagnose, improve and validate the GCM treatments of the radiative
effects of clouds (with a focus on the cloud vertical overlapping and cloud
optical properties) as well as greenhouse gases and aerosols

To study the cloud processes with the focus on interactions between sub-
grid scale and large scale processes

Approach: To use ARM data: To diagnose and improve the GCM solar and longwave
radiation parameterization for clear sky conditions; To incorporate the
formulation of cloud optical properties into the GCM radiative codes with
the focus on cirrus and stratift .m clouds

To use ARM data as inputs to a limited area climate model to study and
parameterize cloud processes for use in GCMs

TasL_': Two areas of research are conducted: Radiation Model-Measurement
Comparison and Cloud Processes



Publications and Presentations:

Ding, M., X.-Z. Liang, L. Zhu, and W.-C. Wang, 1993: Radiation model-observation
comparison using ground-based measurements at Albany/NY. Paper to be
presented at the 1993 AGU Joint Spring Meeting, May 24-28, 1993, Baltimore,
MD.

Dudek, M. P., X.-Z. Liang, L. Zhu, and W.-C. Wang, 1993: Resolution dependence
of GCM cloud parameterization. Special Session of ARM Research, Fourth
Symposium on Global Change Studies, January 17-22, 1993, Anaheim, CA.

Johnson, D. W., R. G. Issacs, and W.-C. Wang, 1992: Vertical cloud distribution
estimates using AVHRR imagery. Proceedings_ of the 1992 American Society for.
phologrammetry and Remote Sensin_American Congress on Surveying and
_Mapping ,92 Global Ch_an_e.eConvention, Washington DC, August 3-7, 1992

Molnar, G. and W.-C. Wang, 1992: Effects of cloud optical property feedbacks on the
greenhouse warming. L Climate, 5, 814-821.

Ramaswamy, V., C. Leovy, H. Rodhe, K. Shine, W.-C. Wang and D. Wuebbles,
1992: Chapter 7. Radiative forcing of climate. Scientific Assessment of Ozone
DepletionL 199.1, Report No. 25, World Meteorological Organization.

Wang, W.-C., R. D. Bojkov, and Y.-C. Zhuang, 1993a: Radiative forcing
perturbation due to observed increases in tropospheric ozone at Hohenpeissenberg.
_ProCeedings Qf the Ou_drennia! Ozone Symposium, University of Virginia,
Charlottesville, Virginia, June 4-12, 1992.

Wang, W.-C., Y.-C. Zhuang, and R. Bojkov, 1993b: Climate implications of
observed changes in ozone vertical distributions at middle and high latitudes of the
Northern Hemisphere. Submitted to _Geophys. Res. Lett for publication.

2.1.1 Radiation Model-Measurement Comparison

A. Radiation Fluxes Reaching the Surface

As part of a collaborative effort, a ground measurement data set was made available to

us by the ASRC ARM Instrumentation Project led by J. Michalsky and L. Harrison. The

data include: (1) the total direct and diffuse solar radiation reaching the surface (15

minute intervals) for the periods 10/86, (4, 5, 7, 10)/87, and 10/91 through 10/92, (2) the

longwave radiation reaching the surface for the period 10/91-6/92 (15 minute intervals),

and (3) the surface meteorological data (hourly intervals) and upper air data (6 am and

6 pm) from the National Weather Service. The meteorological data include temperature,

humidity, wind, cloud cover and cloud ceiling heights for the same periods as the solar
radiation data.
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Using these data as inputs, we compared the longwave and solar radiation reaching the

surface for both clear and cloudy sky conditions and then modified the longwave and solar

radiative codes. These codes were then used in CCM1 (see Wang et al., 1991 a, b; Wang

et al. 1992 for references) and GENESIS, for climate simulations. Appendix A gives a

comparative description of the dynamics and physics of CCM1 and GENESIS.

Figure 2 shows the comparison of longwave and solar radiation for clear and cloudy

skies. Note that the measurement uncertainty is about 10 Wm -2 for solar radiation and 20-

30 Wm -2 for longwave radiation (J. Michalsky and L. Harrison, 1993, personal

communication). The cases for longwave radiation are restricted to the time of the day

when radiosonde data are available; the cases for cloudy sky are limited to one layer cloud

either at low levels (< 3 kin) or at the middle levels (between 3 and 6 km). This is

determined through an examination of the humidity profile and cloud ceiling height. For

clear sky, the model calculations are in good agreement with measurements for longwave

radiation. The contribution of observed trace gases (CH4, N20, CFC-11 and CFC-12) is

2-3 Wm -2. The GCM radiation parameterization calculates systematically higher values for

solar radiation. Our sensitivity calculations indicate that the range of

uncertainties associated with column ozone amount and surface albedo is

10-20 Wm "2, individually. Larger model values may also be related to the

omission of aerosols in the solar radiation calculations (see below).

Large differences are found between GCM output and observations when skies are

cloudy. The differences are particularly large for solar radiation. These differences

can be attributed to the GCM radiation model's internally assigned cloud

albedo and emissivity and, thus, to a lack of interactive cloud optical

properties. For the latter, work is already underway to use observations, such as FIRE

and ISCCP data, to develop radiative parameterizations for cirrus and stratiform clouds

with interactive radiative properties and microphysics (see below).

In addition, we have examined the effect of column water vapor on clear sky solar

radiation reaching the surface using 6 am and 6 pm radiosonde humidity distribution.

During the summer, the effect of column water vapor on solar radiation is about 20 Wrn -2,

which is a substantial fraction of the total difference of about 80-100 Wm -2 shown in Fig.

2. It is therefore important to have frequent measurements of column water

vapor at ARM sites; especially during the Intensive Observing Periods

(lOPs).
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Fig. 2. GCM radiation model-observation comparison of the downward radiation fluxes
reaching the surface at Albany, NY for clear (with and without trace gases, TG)
and cloudy (Low or Middle level cloud) sky conditions. Note that cloudy sky
calculations include the trace gases.
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We propose to continue the research outlined above. First, we plan to examine the

effect of aerosols on downward solar radiation reaching the surface. It is anticipated that

the inclusion of aerosols will decrease substantially the solar radiation reaching the surface,

thus reducing the differences found in the clear sky comparison. We have asked J.

Michalsky and L. Harrison to provide the aerosol information extracted from their multi-

- spectral solar measurements, which were taken at the same time as the total direct and

diffuse radiation measurements presented in Fig. 2. We plan to use the observed optical

depth in the calculations while the single scattering albedo and asymmetry factor will be

held fixed to correspond to the type of aerosols (ammonia sulfate in the troposphere and

sulfuric acid in the stratosphere) found at Albany.

We plan to carry out similar studies: first using the ARM data from the SGP site and

later with data from the TWP, NSA and GSL sites. We will be much more confident after

we have rigorously tested the radiation parameterizations for a variety of climate conditions

associated with the ARM sites. Since both spectral and total radiation fluxes will be

available (R. Ellingson and J. Liljegren, 1993, personal communication), we plan to

compare both the total and broad band radiation fluxes calculated with the GCM radiation

codes. For example, in the GCM longwave radiation code of (Wang et al., 1991a), there

are five broad spectral intervals bounded by 0, 500, 800, 1000, 1200, and 2200 cm -1.

Comparison of the radiation model calculations with measurements at those broad bands, in

particular the two 10 ktm window bands, will further allow us to examine the accuracy of

the spectral representation of the GCM codes.

For cloudy sky, we first plan to carry out sensitivity calculations of the solar and

longwave radiation fluxes with a range of prescribed albedo and emissivity values. This

constraint will be relaxed when we incorporate explicitly the cloud radiative

parameterization that includes the single scattering albedo, asymmetry factor, optical

thickness, and, ultimately, the interactive cloud microphysics (size distribution and shape)

and large scale parameters such as liquid/ice water content.

B. Refinement of Gaseous Absorption Data

We continue to update the gaseous absorption data in our GCM longwave radiation

code of the total band absorptance and total band k-distribution function (Wang and Shi,

1988; Wang et al., I991a). The total band parameters for H2O, CO 2, 03, and trace gases

CH4, N20, and CFCs were revised using the 1991 HITRAN absorption line data.



We propose to complete the update by incorporating H20 continuum data (Clough et

al., 1989; 1993, personal communication). We plan to compare the flux calculations with

the line-by-line calculations using FASCODE, to be provided by S. A. Clough and R. G.

Ellingson. We plan to replace the GCM longwave code of Wang et al. (1991a) with this

updated version and compare the results with the old version in both the radiation flux

calculation and climate simulations (see Section 2.2 below). Note that because the new

version is based on the total band k-distribution method (Wang and Shi, 1988), the coupled

processes of multiple scattering due to cloud and aerosol particles and the non-gray gaseous

absorption can be treated rigorously.

C. Layer Cloud Optical Properties

As mentioned before, the GCM codes pre-assign cloud albedo and emissivity, which

have been identified as the main cause for large differences between radiation model

calculations and observed measurements (Fig. 2). We have been working to develop a

radiative parameterization where the optical properties of cirrus and stratiform clouds

are explicitely incorporated. Because cirrus clouds are optically thin and stratiform clouds

are optically thick, their optical properties and likely climate feedback effects will be

different (Wang et al., 1981; Molnar and Wang, 1992).

Extensive reviews of the studies concerning the optical properties and radiative

pararneterizations of clouds were conducted by E. Joseph for cirrus clouds and M. Ding for

stratiform clouds, as part of their PhD dissertations (see Section 3). For both types of

clouds, the radiative effect is parameterized in terms of the single scattering albedo,

asymmetry factor and optical thickness; for cirrus, non-spherical ice crystals are also
considered.

We propose to first use the ARM data to extract these optical parameters and then a

two-step study is planned for validating the parameterization. First, radiation flux

calculations using these parameters will be conducted and the results compared with ARM

measurements. Second, we plan to link the optical thickness of clouds with the liquid

water/ice content generated from GCMs to study how the interactions between large scale

variables and cloud optical properties affect the radiative calculations. We also plan to

compare the radiation budget at the top of the atmosphere between model and observations

with the focus on cloud radiative forcing due to cirrus and stratiform clouds.



D. Satellite Measurements

The original objective of the satellite effort was to determine the cloud vertical

overlapping structure as seen from satellite, so that it can be used in conjunction with the

cloud structure seen from the ground. This has been an exploratory study that has

concentrated on the development of: (1) an interactive cloud analysis procedure which uses

AVHRR channel radiance data to provide cloud field properties including cover, type,

layers, and height, and (2) an interactive satellite imagery manipulation capability to

delineate and prepare data for use in the cloud analysis algorithms. Two procedures, single

channel and bispectral, have been developed to extract the cloud field properties from

AVHRR data at the Albany site. As documented in Johnson et al. (1992), it is feasible to

make a distinction in the extent of cloud overlapping for up to two layer clouds. This

technique, although feasible, demands a much larger effort and it is felt that the present

satellite work strongly overlaps on-going studies by P. Minnis (1993, personal

communication, ARM Science Team Meeting at Norman, OK).

The results from Minnis' effort will include the three-dimensional spatial structure of

cloud layer, type, and optical thickness as well as the statistics of cloud vertical

overlapping. Therefore, we propose to use these information together with ground-based

measurements as inputs to our radiation calculation and then to study how cloud vertical

overlapping affects the radiation flux reaching the surface. We also plan to examine the

radiation budget at the top of the atmosphere (more details ar_ provided in Section 2.2.1).

2.1.2 Cloud Processes

The surface energy balance is sensitive both to the nature of the vertical cloud

overlapping prescribed by the radiation parameterizations and changes in vertical overlap

that result from horizontal resolution variations. For example, in a single column over a

particular point, if there are two layers of clouds then these clouds must be maximally

overlapped. As the scale of the observation becomes larger, the clouds can either remain

entirely overlapped or they can become partially or completely non-overlapped. In this

study, different cloud overlapping schemes, including random overlap, maximum overlap,

maximum adjacent overlap and minimum overlap will be compared across a variety of

horizontal scales. Two approaches have been considered: a semi-prognostic study

which examines the atmospheric state and its tendency at a particular instant and a cloud

life cycle study which examines the time evolution of the three-dimensional cloud

structure by explicitly including the interactions between clouds, radiation _mddynamics.
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A. Semi-Prognostic Study

A semi-prognostic climate model has been developed to study the resolution

dependence of cloud-radiation parameterizations used in GCMs. The model, consisting of

the basic physical pararneterizations from GENESIS, reads in the three-dimensional

atmospheric state for the specified region and computes both a consistent set of diagnostic

quantities (such as cloudiness, precipitation and surface radiation quantities) and

instantaneous local time tendencies (such as radiation and condensation heating rates within

the atmosphere). By compositing the results at different horizontal scales, the horizontal

resolution dependence of the cloud-radiation parameterizations can be

investigated.

We have tested the semi-prognostic model using an analysis of the standard radiosonde

network around the SGP CART site. The model was run for grid sizes of 60 km, 120 km,

180 km, 240 km, 360 km and 720 kin. For each grid, the horizontally averaged basic state

quantities are calculated as mass-weighted area averages from the finest resolution grid and

used as inputs to the model to calculate the diagnostic quantities and local time tendencies.

By maintaining consistent model physics across the full range of resolutions, the only

source of differences in the final averages for the entire region is the horizontal resolution

of the calculations. In particular, since the semi-prognostic approach allows no dynamical

interactions within the model, the effect of changes in horizontal resolution on the physical

parameterizations can be isolated from changes in the dynamics of the model.

Figure 3 shows the total cloudiness and net upward longwave radiation evaluated from

the semi-prognostic model. For the 60 km grid resolution, the horizontal distribution of

cloud cover (upper left panel) varies from 100% to 0 with corresponding net longwave

radiation (upper right panel) from 0 to 110 Wm -2 over the region. Most of the change in

the surface radiation budget corresponds to differences between cloudy and clear skies.

Figure 3 also shows the resolution dependence of fractional cloud cover (lower left panel)

and longwave radiation (lower fight panel). The cloud cover varies from 0.3 on the 60 km

grid to no cloud for the 720 km grid. This implies that, for a very large scale model, the

cloud parameterization diagnoses no cloud over the region. As horizontal resolution

increases, the diagnosed fractional cloud cover also increases. This indicates that the cloud

parameterization contains a strong dependence on horizontal resolution. The resulting

longwave radiation resolution dependence follows a similar change in cloud cover and

varies from 72 to 92 Wm -2 as the horizontal resolution changes from 60 to 720 km.

11
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Fig. 3. The total fractional cloud cover (upper left panel) and the net upward surface
longwave radiation flux (upper right panel) diagnosed at the Southern Great
Plains CART site for 12 GMT 12 June 1985 on a 60 km grid. The diagnosis is
conducted using GENESIS which includes the Slingo and Slingo (1991) cloud
parameterizafion. Most of the cloudiness within the region occurs at middle levels
although some vertical overlapping with low clouds occurs in the southeastern
comer of the domain. The two lower panels are the domain-averaged cloudiness
and net longwave radiation fluxes as a function of the computation grid horizontal
resolution.
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We propose to conduct a more detailed semi-prognostic climate model study using

SGP CART site data to calibrate the radiation calculations with measurements. We plan to

verify the model using the observed surface and top-of-the-atmosphere solar and longwave

radiation budget. This requires some flexibility in the initial experimental design to allow

for the calculation of model diagnostic quantities which can be verified with available

- observations. Initially, quantities computed by the model, particularly surface radiation

budget terms, can be compared to the CART site measurements. Because of the nature of

the observations, looking at time changes in these basic quantities over a particular period

may be more useful then a direct comparison of the absolute values of model computed

quantifies and observations. Similarly, the horizontal structure of the radiation budget may

be more revealing than ind_',,idual point comparisons. In addition, we plan to verify the

cloud diagnostic schemes with the measured three-dimensional cloud structure, or at least a

two-dimensional representation of clouds which can be used to validate the total fractional

cloud coverage.

B. Cloud Life Cycle

To investigate the processes which are important in the formation, maintenance and

dissipation of cloud systems, we propose to use a three-dimensional model, MM5

(currently being used at ASRC/SUNYA), to explicitly simulate the interaction between

clouds and radiation. The MM5 is a nested grid, non-hydrostatic mesoscale model which

can explicitly forecast bulk cloud microphysical properties. We plan to incorporate into

MM5 the solar and longwave radiation parameterizations used in GENESIS. The finest

resolution grid used by the model will be a 4 kilometer grid. This allows explicit

microphysics to be used; without the need of a cumulus parameterization. The domain of

the finest grid will be approximately the size of the extended CART site. The model can be

initialized using the same data outlined in the semi-prognostic study described above.

However, if available, the MAPS data would provide an improved initial state for the
model.

Simulated and observed cloud patterns will be compared using observations from

both the central facility and satellites. The surface radiation budget and the top-of-the-

atmosphere radiation fluxes from the model will be compared with observations at the

central facility, the extended surface sites and satellite derived quantities. An issue which

can be investigated using a high-resolution simulation of cloud systems is the nature of

vertical cloud overlapping as the horizontal resolution changes. Initially, the vertical

structure of the model cloudiness can be determined at each grid point. By averaging the

13
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cloud fields in both spaceand time, a representativecloud pattern for a variety of horizontal

and temporal scalescan be computed. Thesecloud fields can then be compared with the

assumptionsused by GCMs. For example, therandom cloud overlap assumption currently

used in most GCMs is likely to be valid only at very large grid scales and in certain

environmental conditions. At smaller resolutions, cloud systems a.re more likely to be

. vertically coupled (i.e. convection), which requires a different overlapping assumption

such as maximal overlap.

Once the clouds and radiation have been verified, we plan to use the high resolution

simulations to improve GCM parameterizations. We will attempt to determine the

relationship between the sub-grid scale variability represented by the mesoscale model and

the large scale fields represented in a GCM. The spatial and temporal variability of the

mesoscale fields simulated by MM5, including temperature, humidity, cloud at particular

levels, total cloud and stability will be investigated. Relationships between mesoscale

variability and the large scale fields represented in a GCM will be determined. For

example, the Slingo and Slingo (1991) GCM cloud scheme can be modified to incorporate

a measure of the sub-grid scale humidity variance. It is unlikely that this sub-grid scale

variability will be constant in time. Rather, it will depend on the large scale environment.

2.2 Validation of GCM Radiation-Cloud Treatment

Objective: To conduct GCM simulations for validating the improved cloud/radiation
parameterization in Task 1

Approach: To compare GCM simulations using the improved cloud/radiation
parameterization with observations from different ARM sites and/or other
sources including the satellite data

Tasks: Two areas of research are conducted: Radiation Budget and
Representation of Radiatively-lmportant Atmospheric
Constituents

Publications and Presentations:

Dudek, M. P., W.-C. Wang, X.-Z. Liang, L. Zhu, 1992" A general circulation model
study of the climatic effect of observed stratospheric ozone depletion between 1980
and 1990. Proceedings of 1992 Quadrennial Ozone Symposium, June 4-13,
Virginia.

Gates, W. L., G. J. Boer, U. Cubasch, V. P. Meleshko and J. F. B. Mitchell (W.-C.
Wang and 29 other contributors), 1992: Climate modeling, climate prediction and
model validation, in Houghton et al. (1992): Update of the IPCC Scientific
Assessment, Working Group 1 Report, lntergovernmental Panel on Climate
Change.
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Liang, X.-Z., W.-C. Wang and M. P. Dudek, 1991: Climate variability and its change
during global warming. Proceedings of the Fifth Conference on Climate
Variations, October 14-18, 1991, Denver, Colorado, 117-119.

Liang, X.-Z., W.-C. Wang and M. P. Dudek, 1992: Climate variability: Observation and
GCM studies. Proceedings of the International Workshoo on Climate Variability,
July 13-17, 1992, Beijing.

Wang, W.-C., M. P. Dudek, X.-Z. Liang and J. T. Kiehl, 1991" A general circulation
model study of the climatic effect of atmospheric trace gases. Proceedings of the
Fifth Conference on Climate Variations, October 14-18, Denver, Colorado, 5-7.

Wang, W.-C., M. P. Dudek, and X.-Z. Liang, 1992: Inadequacy of effective CO2 as a
proxy to assess the greenhouse effect of other radiatively active gases. Geophvs.
Res. Lett., 19, 1375-1378.

2.2.1. Radiation Budget

Certainly, improvements in the GCM cloud-radiation treatment need to be validated.

Improvements based on ARM data from the SGP CART site need to be carefully evaluated.

Other independent observations must be used so that the improvements will not be too site

specific. The ARM experimental design has already taken this into consideration by having

sites with distinctive climate characteristics, such as the TWP over a low latitude oceanic

region, NSA at high latitudes and GSL along a coastal region. However, a comparison

between the GCM simulated radiation budget and satellite data needs to be conducted to

provide a broader base of validation.

We propose to accomplish this task by using two approaches. First, we plan to

compare GCM radiation budget simulations (with improved radiation-cloud treatment) at

the top of the atmosphere with satellite derived information provided by P. Minnis (as

mentioned earlier). In addition, a recent study by Cess et al. (1992, 1993) suggests that

there exists a positive correlation between net solar radiation at the top of the atmosphere

and net solar radiation at the surface, regardless of clouds. We plan to examine whether

this correlation exists in the GENESIS and, if so, why. For the latter, we plan to examine

individual constituents, such as surface albedo, water vapor content, and cloud
distribution.

Second, because satellites measure radiances at specified narrow channels (DOE,

1993a), we plan to examine the feasibility of implementing the same spectral intervals as

the satellite channels (for example, AVHRR/2 has five channels with three in the solar

spectral region and two in the longwave window region) into the GCM radiation code so

that direct comparison between model and observed radiances can be made. Of course, the
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comparison will be conducted diagnostically, i.e., the radiance will be calculated by using

the history tapes where all the atmospheric inputs are stored. Since the input atmospheric

i:arameters (temperature, humidity, and clouds) are generated consistently within the

model, the comparison between model radiance and satellite measurements will be much

more rigorous. However, this is not an easy task since the measured radiance needs to be

considered and the directional surface albedo must be modeled properly for solar radiation.

We plan to start first in the longwave spectral regions using the gaseous absorption data.

The task will be complimentary to the studies conducted by P. Minnis, who will be

calculating the radiation budget at the top of the atmosphere using the correlation
established between the AVHRR and ERBE data.

2.2.2 Representation of Radiatively.lmportant Atmospheric Constituents

The radiation model-measurement comparisons reported in Section 2.1 indicate that

atmospheric ozone and tropospheric aerosols can substantially affect the solar radiation

reaching the surface. This will have a subsequent effect on present climate simulations. In

addition, our recent study (Wang et al., 1992) indicates that differences in radiation

characteristics can induce different climate responses. It is therefore important to improve

the representation of radiatively-important atmospheric constituents in GENESIS with the

initial focus on alrnospheric ozone and sulfate aerosols (DOE, 1993b, c).

Currently, the ozone climatology used in GENESIS corresponds to data from the

1970s and, more importantly, does not account for longitudinal variations. We have used a

combination of satellite data from TOMS and SAGES as well as ozonesonde station data to

update the GENESIS model ozone climatology. Ozone column comparisons between the

two climatologies indicate that large differences exist over middle and high latitude

continental regions during the winter. Preliminary evaluations of the effect of the updated

ozone climatology on the climate simulations indicate that the difference in surface

temperature can be as large as 6-8 °C over North America and Central Eurasia in January.

We propose to use the column ozone measurements at ARM sites (e.g., the Dobson data

and the data derived from the multi-filter rotating shadowband radiometer) to calibrate the

TOMS. We then plan to examine the effect of updated ozone values on the radiative fluxes.

This task will be in complimentary to the radiation budget study described above.

There has been considerable recent interest in anthropogenic sulfate aerosols (see

Charlson et al., 1991), which cool the planet both by directly scattering solar radiation back

to space and by enhancing cloud albedo due to increased concentrations of cloud
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condensation nuclei. Recent estimates by Charlson et al. (1992) and Wigley and Raper

(1992) indicate that the magnitude of the aerosol forcing are substantial. However, the

forcing is opposite in sign to that resulting from enhanced greenhouse gas concentrations.

Langner and Rodhe (1991) calculated monthly average anthropogenic sulfate aerosol

burdens, which exhibit strong geographical and seasonal variations. We propose to

- incorporate these burdens into GENESIS and study the effect on radiative fluxes• Since

the separate components of stratospheric and tropospheric aerosol loadings will be derived

from the multi-filter rotating shadowband radiometer, we plan again to calibrate the burdens
with the ARM site data.

3. Participation of Graduate Students

There are four graduate students par_2cipating in the research. However, only two are

supported directly by the project while Mr. Stephen Cox and Mr. Everette Joseph are

supported by a DOE Graduate Student Fellowship and a SUNY University Fellowship,

respectively.

Cox, S.: Climatic effect of sulfate aerosols. (a PhD candidate in the Department of
Atmospheric Sciences)

Ding, M.: Stratiform cloud-climate interaction. (a PhD candidate in the Department of
Atmospheric Sciences)

Joseph, E.: Cirrus cloud-climate interaction. (a PhD candidate in the Department of
Physics)

Zhong, M.: Cloud radiative forcing over oceans and land from satellite and climate
model simulations. (a M.S. candidate in the Department of Atmospheric
Sciences)
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5. Project Management

This is a three-year research project and we request a starting date of November 1,

1993. Prof. Wei-Chyung Wang will be the principal investigator and project manager. He

is an expert in atmospheric radiation and climate modeling with an emphasis on the climatic

effects of greenhouse gases and aerosols. He has been developing efficient and accurate

radiation parameterization for use in a hierarchy of 1-, 2-, and 3-dimensional climate

models to study the radiative effects of greenhouse gases, aerosols and clouds. He has

also been analyzing the GCM simulated regional climates of the U. S. and China as well as

the observed temperature and precipitation data in these two regions to study their
interannual variations.

Because of the broad involvement in radiation, MM5, and GENESIS to carry out the

study, Prof. Wang plans to increase his time from 20% in the current project to 30%. He

will be assisted by Drs. Michael Dudek, Xin-Zhong Liang and Arthur Samel. Dr. Dudek

has used the mesoscale model, MM4, to study cumulus convective processes; Dr. Liang is

a larger scale climate modeller with a strong background in atmospheric dynamics and Dr.

Samel has been involved in climate data preparation and analysis. In addition, four

graduate students will participate in the project while working on their dissertations. Two

of these students will be supported directly under this project.
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The budget includes travel funds to attend ARM Science Team meetings and

workshops as well as the scientific conferences to present project results. We will request

supercomputer time to carry out MM5 and GENESIS simulations while analyses of these

simulations and comparisons between the radiation model and measurements will be

performed on workstations.

6. Present Support of Principal Investigator

The following table lists the current and pending research grants of Prof. Wei-
Chyung Wang.

Sponsor Title % Time Period

A. Current Grants

N SF Atmospheric Trace Gases 9 10/91-10/94
andGlobal Climate

DOE Study of Regional Climate 35 1/92-12/94
Changes

Treatment of Cloud Radiative 20 9/90-10/93
Effects in General Circulation
Models

NASA A Research Program on Clouds and 7 7/90-6/94
Climate:Modeling andSatellite
Observational Studies

B. Pending Proposals

DOE Treatment of Cloud Radiative 30 10/93-9/96
Effects in General Circulation
Models (This proposal)
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Appendix A

General Circulation Models: CCMI and GENESIS

The GENESIS (Global ENvironmental and Ecological Simulation of Interactive

Systems) model, developed at NCAR by Starley Thompson and collaborators, consists of

_ an atmospheric general circulation model coupled to multi-layer models of vegetation,

soil, snow, sea ice and a 50-meter mixed layer ocean. The atmospheric component

originated from the NCAR Community Climate Model (CCM1; Williamson et al., 1987),

although many aspects of the model have been modified. Both models use sigma as the

verticle coordinate and use the spectral transform method to solve the dynamics of mass,

heat and momentum. However, GENESIS incorporates a semi-Lagrangian transport for

water vapor (Williamson and Rasch, 1989; Rasch and Williamson, 1990; Williamson,

1990) and can also transport passive tracers using the same semi-Lagrangian code. The
standard versions of both CCM1 and GENESIS have been used with R15 horizontal

resolution and 12 vertical levels. GENESIS is currently being tested at T31 resolution

using 20 vertical levels and this will become the standard version of the model.

The Iongwave radiation paramcterization for both models has been modified

by Wang et al. (1991). In addition to the radiative effects of CO2, H20, and O3 in the

original scheme, the modified scheme explicitly includes the radiative effects of CH4,

N20, CFC11 and CFC12. In CCM1 both the heating rates and gaseous absorptivities are

evaluated every 12 hours. In GENESIS the heating rate is calculated every 0.5 hours

while the absorptivities are still evaluated every 12 hours.

The CCM1 solar radiation parameterization (Kiehl et al., 1987) does not

consider diurnal cycle and aerosols while both are explicitly included in GENESIS,

which is based on the parameterization of Thompson et al. (1987). In GENESIS, a Delta-

Eddington approximation is used to calculate (each 1.5 hours) albedos and

transmissivities of all layers, and then the clouds are collapsed into a single effective

layer. A "ray-tracing" scheme then accounts for multiple reflections; individually for

cloudy and clear fractions. Cloud optical depths depend on liquid water content, which is

currently prescribed as a function of height. The same two spectral bands as in CCM1

are used, i.e., 0-0.9 microns and 0.9-4.0 microns.

Convection in CCM1 is represented by moist convective adjustment (Manabe et

al., 1965) while in GENESIS it uses an explicit sub-grid plume model of rising thermals,

along the lines of Anthes (1977) and Gregory and Rowntree (1990). The plumes can
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1989). CCM1 uses a three-layer thermodynamic sea.ice formulation while GENESIS

uses a six-layer version with both thermodynamic and dynamic sea-ice (Pollard and

Thompson, 1993b). In GENESIS sea-ice can be advected by the surface winds and ocean

currents using the cavitating-fluid model of Flato and Hibler (1990). In addition,

GENESIS includes fractional areal coverage of sea-ice.
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