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One method of estimating the longwave radiative heating of the atmosphere is to

combine satellite observations of emitted radiances with those computed from synoptic

temperature and humidity profiles. Modeled and observed radiances are brought into

agreement by altering cloud properties or even by adjusting the temperature and water

vapor profiles.

Here this strategy is examined in an exploratory study using global meteorological

data sets and a radiative transfer model typical of those found in general circulation

models. Calculated radiances are compared to those observed by the Earth Radiation

Budget Satellite (ERBS). Input for the model is obtained from the National Meteo-

rological Center (NMC) in the form of vertical profiles of temperature and relative
humidity. The comparisons are limited to clear sky as deduced by ERBE algorithms,

and additional filtering which requires homogeneous surface type for a 3 x 3 array
of ERBS scanner fields of view. Observations are obtained from 60° N to 60° S that

lie within 30 minutes of the NMC analysis time. Following the work of Ramanathan

and Downey (1986), comparisons are separated into climatologically distinct groups as

well as by satellite viewing angle. This separation is an attempt to distinguish between

biases in the radiation model and those in the NMC data set. Results are presented for

the months of July 1985, and January 1986.

A comparison of the present radiation model's output with that obtained from a
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Geophysical Fluid Dynamics Laboratory (GFDL) model shows a bias of nearly 3% in

the present model for a standard mid-latitude summer profile.

Global results show a negative bias in the modeled values for nearly all scenes,
except for nighttime desert. The nighttime desert bias may be a result of a skin-air

temperature difference not resolved by the NMC analyses. The overall negative bias

may be a result of an overestimation of water vapor for regions with low relative

humidity.
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Modeled and Observed Longwave Radiances at the Top of the Atmosphere

1. Introduction

The earth receives energy in the form of solar (shortwave) radiation from the sun and

emits energy in the form of terrestrial (longwave) radiation to space. The temporal and

spatial variations of the absorption, emission and reflection of radiation are important

factors in determining the general circulation patterns of the ocean-atmosphere system.

The variations of atmospheric water (clouds and vapor) content is the largest contributor

to radiation balance fluctuations. Understanding these variations in the radiation budget

of the atmosphere and surface can aid in the solution of problems dealing with weather

and climate predictions.

Future determinations of the radiation budget of the earth will utilize global meteo-

rological data sets using a standard radiative transfer modeling scheme, in conjunction

with satellite derived quantities. As a fundamental first step for such work, this study

will use global meteorological data sets, derived from the National Meteorological Cen-

ter's global analyses (NMC), as input for a radiative transfer model, and compare the

resulting longwave radiances with those observed by satellite for clear sky regions.

Background

Recently, the Earth Radiation Budget Experiment (ERBE) has allowed the oppor-

tunity to select cloud free regions around the globe, a process which was not available

previously for broadband radiances. Resulting studies have included measurements of

cloud-radiation feedback (Ramanathan et. al., 1989), and the greenhouse effect of water

vapor (Raval and Ramanathan, 1989). Also possible with the ERBE instruments was

the chance to validate radiative transfer models (for clear sky), such as those used in

general circulation models.

As a starting point, Ramanathan and Downey (1986) used a radiative transfer
model with carefully selected inputs to examine ERBE longwave observations of clear-

sky regions. Clear sky, nighttime radiosonde profiles of temperature and humidity



were selected to lie within +/-30 minutes of the ERBE passing, and used in a
radiative transfer model incorporating absorption by water vapor, carbon dioxide, ozone,

methane, and nitrous oxide. For the 25 days sampled in November, only 49 profiles

were simultaneous with satellite observations. Their findings indicated that errors

associated with the determination of outgoing radiance for clear sky scenes were within

the accuracy range of the ERBE instrument. That is, the percentage differences between

computed and observed emissions were independent of the scene's surface temperature

(surface emission), viewing angle and moisture content. With their results, Ramanathan

and Downey concluded that ERBS observations were suitable for use in radiation model

validations for clear sky regions. Here a global set of analyzed data is used in place

of individual radiosonde ascents. While the use of the analyzed data will improve the

sample size, it also introduces analysis errors which need to be addressed.

The NMC global data set used here is widely available to the scientific community.

NMC data sets have been used in studies of atmospheric mass determinations, forecast

evaluations and climatology studies. Trenberth and Olsen (1988) noted that the integrity

of the data sets is often less than ideal. Through a process of global optimum inter-

polation analysis, observations from thousands of locations are statistically combined

with a numerical forecast. The resulting product, for example, can be influenced by

spurious errors in the computer model, or by inaccurate field observations.

The validity of the NMC fields for the period 1978-1986 was established to a
degree by Trenberth and Olsen using intercomparison with ECMWF (European Centre

for Medium Range Weather Forecasts) analyses, and internal consistency checks. They

produced a list of questionable analyses, and documented other ills. The analyses in
which they found inconsistencies or other obvious errors were not used in this study.

Another problem they raised dealt with excessive noise in the 1000 mb temperature
fields over oceanic regions. In any study using "analyzed" data sets it is important to

determine what effect analysis errors will have on the end product. Here, a series of test

are performed to determine the sensitivity of the modeled values to inputs governed

by NMC data.

As a first step toward the use of global meteorological data sets in radiation budget

studies, this work will seek to assess the consistency between NMC-radiative transfer

calculations of the outward longwave radiance and ERBE observations.



2. Data Analysis

2.1 ERBE Data Sets
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The satellite data for this work comes from the Earth Radiation Budget Experiment.

Launched by the space shuttle, the Earth Radiation Budget Satellite (ERBS) is in a
mid-inclination orbit. The radiometers on board are described by Barkstrom and Smith

(1986), and Barkstrom (1984). The longwave channel of the scanning radiometer covers

the spectral region from 5 to 50 pm. The shortwave radiometer covers the region 0.2

to 5 pm, and is used in combination with the longwave device as a means of detecting

the type of scene, i.e., clear, cloudy, overcast, etc..

The scanner field of view on the ERBS is approximately 30 across track and 4.5°

along track, which corresponds to a footprint of approximately 35 km at nadir. Each

pass of the satellite gives a swath 62 pixels in width, around 2400 kilometers. ERBS

has an orbital altitude of 600 km, and an inclination of 570, with the ascending orbit

precessing in the westward direction at the equatorial crossing point. The scan rate is

one line of data (across track) every 4 seconds.

Clear sky scenes were selected and grouped into land, ocean, and desert scene
types, as determined by ERBE algorithms. Pixels were grouped into 3 x 3 arrays of

homogeneous scene type, from 60° N to 60° S. Only scenes in which all nine pixels

were of identical geographical type were saved. To avoid the potential problems of a

stuck scanner on board ERBS, scenes for which the satellite zenith angle (defined as
the angle between nadir and the line of sight for the scanner) changed by less than 1°

were not used. Data was gathered from climatologically distinct months of July 1985

and January 1986, for both OOGMT and 12GMT. Every third day of the month was

sampled, provided both data sets were available. For July, days = 2, 5, 8, 11, 14, 17,

19, 22, 24, 26, and for January, days = 2, 5, 8, 11, 14, 17, 20 , 23, 26, 29.

ERBS scenes were selected to coincide with the NMC observations by +1-30

minutes. This corresponds to 450 scan lines of data before and after the hour of
observation. The mean value was calculated for each relevant variable within in the 3

x 3 array. In addition, the standard deviation of the longwave and shortwave channels

were computed for the purpose of detecting cloud contamination. Table 1 lists ERBS
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observations used.

2.2 NMC Data Sets

Every 12 hours at 00 GMT and 12 GMT, radiosondes are launched throughout

the world. This data as well as data from satellite systems and surface vessels, are
collected at the National Meteorological Center in Washington, DC. The data is fed

into an assimilation system, whereby it is statistically combined with results from a

Numerical Weather Prediction model. The final product of atmospheric temperatures,

sea surface and potential temperatures, relative humidity, geopotential height, and winds

(u,v) are smoothed fields representing the best guess in terms of the expected errors in

the prediction model and in the observations. This Global Data Assimilation System

(GDAS) thus represents a combination of the known physics of the atmosphere, and

the "real world" of meteorological observations.

NMC has five major processing steps in the GDAS (Kanamitsu, 1989). The first

step is a production of a modeled field of meteorological data, or a first guess, using

a Numerical Weather Prediction model. These (first guess) fields of wind, geopotential

height and relative humidity are then interpolated onto the analysis grid of observations.

The second step is an optimum interpolation analysis procedure which statistically

combines the observational and numerical data fields (Dey, 1989), producing a field

of corrections to be applied to the original forecast field. The optimum interpolation

itself consists of several steps including, conversion from model to observed grids,

quality control and multi-variate optimum interpolation. Four statistical quantities are

necessary for the solution of the linear system of equations which result from the
optimum interpolation. An estimate of the error correlation (i.e., the correlation of the

Table 1 ERBS observations used in comparison study.

Observations

Unfiltered Shortwave

Unfiltered Longwave

Solar Zenith Angle

Satellite Zenith Angle

Latitude

Longitude
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error at one point with error at another point) and the standard deviations of the errors

in both the forecast and observed fields. This allows observations with low standard
deviations to receive more weighting than observations with higher standard deviations.

Also, this allows more weighting for an observation, for example, if the ratio of the

observed to forecast error standard deviations is small (and vice versa). Of course, this

process influences the wind components and can have a large effect on the relative

humidities. For instance, relative humidity fields depend heavily on the assimilation,

as observed relative humidities are given little weighting in the interpolation process.

(Trenberth and Olsen, 1985).

The third step in the GDAS is correction of the guess field with the quantities
arising from the optimum interpolation. This updated field is then referred to as the

analyzed field, which will be used in this study.

The fourth step performs an "initialization" of the analyzed field. The resulting

fields of data are checked for dynamical consistency, using a method of non-linear
normal mode initialization. This consistency check damps out gravity waves, leaving

features associated with slower moving large scale meteorological phenomena. One of

the final steps is a repeat of the first using this new initialized field to produce another

forecast field, thereby carrying over information from one analysis to the next.

NMC data sets are stored on the Mass Store system at the National Center for
Atmospheric Research, Boulder, Colorado. The sets are available from 1976 to present.

Geopotential heights, winds and temperatures are centered on 12 levels of pressure

(1000, 850, 700, 500, 400, 300, 250, 200, 150, 100, 70, and 50 mb). A surface (base
of the atmosphere) pressure and temperature are also given. For the 12GMT analyses

a value for water temperature is available. Relative humidity readings are available

on the lowest 6 levels, excluding the surface. Data is stored in northern and southern

hemispheric grids of 5365 points (2.5° spacing) each, with equatorial values repeated

from one grid to the other. For each 3 x 3 array of ERBS data, the corresponding
temperature and humidity profiles, plus the surface pressure are bilinearly interpolated

in latitude and longitude from the four NMC grid points surrounding the ERBS scene.

NMC profiles provide data on temperature up to 50 mb, and relative humidity up

to 300 mb. Climatological values are used outside of this region. An annual average

vertical profile for water vapor and temperature is assigned to three latitude zones:
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polar, mid-latitude and ropical. The profile used in the computation is then in turn
interpolated in latitude depending on ERBS observation. Ozone concentrations are

obtained from a global profile, and carbon dioxide concentrations are consistent with a

constant mixing ratio. See Appendix for a list of profiles used.

Surface values of temperature and humidity must be specified for the calculation

of upward radiance. NMC gives a surface temperature, a so-called shelter temperature,

over all surfaces. However, no value for the relative humidity is given. Here the surface

relative humidity is obtained through interpolation. Surface relative humidity values are

linearly interpolated/extrapolated in pressure (vertically) from the nearest two relative

humidity readings. If the extrapolated relative humidity is higher than 100%, it is set

to 100%. Likewise, if the extrapolated amount is lower than 0%, it is set to 0%.

To justify the use of this estimation of the surface humidity, and to examine the

radiation model's response to various inputs, a series of sensitivity tests were performed.

(The radiation model is described in the Appendix.) The effect of surface relative
humidity on the outgoing radiance was examined by adjusting the relative humidity in

a modified standard mid-latitude profile. Only one data point was used below 850 mb,

located at 1000 mb. Between levels, log mixing ratio scales linearly with log pressure.

The test adjusted the surface relative humidity at 1000 mb, and all other humidities, i.e,

values at and above 850mb, remained fixed. For the modified profile, an adjustment of

the surface relative humidity from 0-100% reduced the outgoing radiance by less than

0.5%. Since the effect is slight, any errors the interpolation might produce will be small.

At 12GMT, NMC gives a sea surface temperature which is accurate to 1-2 K.
However, atmospheric 1000 mb temperatures over oceans have been documented

(Bostleman and Dey, 1986) as erroneous for the period used in this study. A spurious

error was introduced when satellite temperature observations were incorrectly matched

with other observations over oceanic regions. The error was not fixed until later in
1986. In fact, 1000 mb temperatures over the ocean were unusually noisy, with errors

detected in the range of 100 to +5° C.

The sensitivity of the outward longwave radiance to fluctuations in the 1000 mb

temperatures was examined by adjusting a standard mid-latitude profile. The 1000

mb temperature was adjusted +1-5 K. All other profile points, including the surface

(1013 mb) were fixed. Atmospheric temperature between levels was scaled linearly
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with altitude. Less than 0.6% effect in the outgoing radiance was noted. Therefore, the

noise in the 1000 mb ocean fields will have little effect in this comparison.

The computed upward radiance as a function of surface temperature is shown in

Figure 1. The profile is mid-latitude, and the surface temperature at 1013 mb was
adjusted +1-5 K. As seen in the figure, the resulting upward radiance changes by
nearly +1-3 Wm2sr1. Therefore, changes in the surface temperature alone, will have

a large, linear effect on the computed upward longwave radiance.

Absorption by water vapor is primarily in the strong-line limit. (See the Appendix

section on water vapor. In this case, the strong-line limit is defined as SUIiro1 >>1.

Using this approximation, it follows that the mean absorption by water vapor is directly

related to the pressure-weighted water vapor amount.) Consequently, the absorption

strongly depends on the pressure-weighted water vapor amount. The pressure weighted

RADIATIVE TRANSFER MDDEL SENSITIVITY
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Figure 1 Sensitivity of upward longwave radiance to surface temperature using a standard mid-latitude profile.



water vapor amount is given by,

P0 g
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where P0 is 1 atm, r is the mixing ratio of water vapor, and g is the acceleration due

to gravity.

The sensitivity of the outward longwave radiance to column amount of water vapor

is shown in Figure 2. The profile is mid-latitude, and each point in the vertical
water vapor profile, from the surface to 300 mb, is varied in steps of 10%. For

comparison, the standard mid-latitude profile exhibits a pressure-weighted absorber

amount of 1.4 g/cm2. When the water vapor is reduced to half its original value, the

radiance is increased by 2.8 Wm2st* As the atmosphere becomes saturated (relative

humidity approaches 100%) the radiance decreases by only 1.9 Wm2sr'. For further

5

4

'-0U)

LL

w
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w2
LU
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U-

.4

RADIATIVE TRANSFER MODEL SENSITIVITY

MID-LATITUDE PROFILE
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FRACTION OF COLUMN H2O AMOUNT

Figure 2 Sensitivity of upward longwave radiance to fraction of column water vapor amount using a standard
mid-latitude profile. A standard column exhibits a pressure weighted water vapor amount of 1.4 g/cm2.
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comparison, a pressure-weighted amount of 4.0 g/cm2 reduces the outward longwave

radiance by nearly 5 Wm2sr1. As the water vapor burden increases in the atmosphere,

the outward radiance becomes less sensitive to changes in the water vapor amount. It

is at low water vapor amounts that the outward radiance shows the highest sensitivity

to small changes in the water vapor amount.

The sensitivity of the radiation model to atmospheric temperature is shown in Figure

3. The profile is mid-latitude, and each point in the vertical atmospheric temperature

profile, from the base of the atmosphere to 40 mb, is varied from 2% to 2% of
stancbrd. Temperature above 40 mb is not varied. For a column temperature change

of +/-2% of the standard C +1-6 K), the outgoing longwave radiance changes by

+1-3.3 Wm2sr1.

To further examine the sensitivity of the radiation model, Figure 4 shows the

U,

'-0
C',

w()
w
LU
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-3

RADIATIVE TRANSFER MODEL SENSITIVITY

MID-LATITUDE PROFILE

-4 I I I I
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DIFFERENCE FROM STANDARD COLUMN TEMPERATURE (%)

Figure 3 Sensitivity of upward longwave radiance to column
atmospheric temperature using a standard mid-latitude profile.
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response of the outgoing radiance to zenith angle. The profile is standard mid-
latitude. The figure demonstrates that as satellite zenith angle is increased to 700, the

resulting decrease in outgoing radiance is 6.6 Wm2sr', due to increased pathlength and

subsequently, absorber amount. This reduction in radiances is called limb darkening.

Since the model does not include absorption from methane, nitrous oxide or the

other minor infrared absorbers in the atmosphere, the resulting radiance should be
overestimated by 2-4%. The model also neglects radiative transfer beyond 2200 cm,

subsequently, the resulting upward radiance will be overestimated by only 1-3%.

Comparisons with line by line determinations of the upward radiative flux are

shown in Table 2. For a mid-latitude summer profile in the 0 3000 cm range with

absorption by water vapor only, the present model overestimates the flux by 7.2 Wm2
in comparison to Geophysical Fluid Dynamics Laboratory model. The net emission

beyond 2200 cm in the present model was estimated to be 2.0 Wm2. For the same

0

U,

a:

'-4
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a:
LJ

w
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wa:w
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RADIATIVE TRANSFER MODEL SENSITIVITY
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Figure 4 Sensitivity of upward longwave radiance to zenith angle using a standard mid-latitude profile.
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profile, Table 3 shows the comparison including absorption by ozone, water vapor and

carbon dioxide in the spectral region 0 3000 cm. Here, the model overestimates
the flux by 7.3 Wm2, approximately 2%.

Table 2 Comparison of upward flux for present and GFDL models using ICRCCM
(InterComparison of Radiation Codes in Climate Models) mid-latitude summer profile.
Absorption is by water vapor only, from 0 3000 cm'. Flux is in units of Wm2.

Model Upflux

present 335.4

GFDL 328.28

Table 3 Comparisons of upward flux for present and GFDL models using ICRCCM mid-latitude summer
profile. Absorption is by water vapor, carbon dioxide (300 ppmv) and ozone, from 0 - 3000 cm'.

Model Upflux

present 297.6

GFDL 290.32

To convert the NMC relative humidity to a mixing ratio the radiation code can

utilize, the following relation is used (Wallace and Hobbs, 1979),

r -
lOfRH1 e3(T1)
P1e3(T2)

where i refers to each NMC level, and RH is the relative humidity, and f = 0.622.

(2)

e3(T)
109.4051-2354/T (3)

is the approximation used for the saturation vapor pressure of water in mb when T is

expressed in degrees Kelvin. In equation (2), when P is given in mb, T in degrees
Kelvin and relative humidity in percent, the mixing ratio will be in gIKg.



3. Results

3.1 Case Study 1

12

Figure 5 shows a subset of the July OOGMT clear sky daytime coverage. Located

over a portion of the southern United States (95°W-105°W, 30°N-40°N), this region

was chosen due to the relatively large amount meteorological readings nearby. Land

observations should have the advantage over ocean, as meteorological observations are

much more prevalent. Over data rich areas the NMC fields should be fairly accurate.

Figure 6 shows the percentage difference (computedobserved as a percent of
observed) as a function of surface temperature. Also shown in this figure is the response

of computed and observed radiances as a function of surface temperature. The mean

difference is 0.05%, with a standard deviation of 1.82%. For this localized region,
there is no obvious trend in the observed radiances as a function of surface temperature.

Surprisingly, there is almost no trend in the computed radiances. The lack of a trend
might be explained by Figure 7, which shows how the pressure-weighted amount of

water vapor is correlated with the surface temperature. As the surface temperature
increases, the water vapor amount also increases, thus increasing absorption and nearly

negating the increased radiance from the surface. At higher temperatures the computed

values are in better agreement with the observed.

Figure 8 shows the percentage difference as a function of pressure-weighted water

vapor amount. The variance in the scene is larger than any trend. Furthemlore, no
distinct trend is noted in the observed radiances as a function of water vapor amount.

The lack of sensitivity to water vapor is evidently a result of the surface temperature

correlation with amount of water vapor.

Figure 9 shows the percentage difference, and computed and observed radiances

as a function of the standard deviation of the shortwave radiance for the 3 x 3 array

of ERBS pixels. Over a homogeneous region, cloud contamination in a clear sky

scene will increase the observed shortwave satellite radiances, as the albedo of a cloud

is generally higher than that of the surface. As the standard deviation of shortwave

radiance increases within the 3 x 3 array, the observed longwave radiances are expected

to decrease if cloud contamination is present. No trend is indicated in either the
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computed or observed values.

Figure 10 shows the percentage difference, and computed and observed radiances as

a function of satellite viewing angle. Over a homogeneous region the observed values

are expected to decrease as the viewing angle increases. The observed values show some

limb darkening, and the computed values also capture this effect. In this case, however,

the apparent darkening was due to a systematic decrease in scene temperatures with

increasing satellite zenith.

NMC-ERBE COMPARISON: JULY 1985 OOGMT Region la



10

8w
w
cwLL2
LL

'-2
w
ci:w-6
ci-

-8

10

NMC-ERBE COMPARISON: JULY 1985 OOGMT Region la

Mean = 0.05 Std. Dev. = 1.82 Correlation = .34

CLEAR SKY LAND

D
D

D

D o D0 D

B
D OD°

D D D

D DIDDDR B
D

D

DDDD 0 0

00 0
0

0

D D

302 304 306 308 310 312

SURFACE TEMPERATURE (K)

110

.-105
U)

CM

E

100

w
C-)

595

ci:

o=observed, m=modeled

0
0 0 0

0
on5m1

m
m0 0nm rn008l

8 00
m fl% 00 0

0
0

14

901 I

302 304 306 308 310 312
SURFACE TEMPERATURE (K)

Figure 6 Percent difference (computedobserved as a percent of the observed) and computed and observed radiances
as function of surface temperature for clear sky land scenes obtained for case study 1, from OOGMT July, 1985.



15

I

c-5
E
C.)

I

F

LII

NMC-ERBE COMPARISON: JULY 1985 OOGMT Region la

I I I I

CLEAR SKY LAND

D

0 0

D0 0

D D -

0 D DD
D

DD DOD D

DOD D D

D DDD o
0 D -

D DO
D&P
DDD
D0D

DD
0 D DD

I I

302 304 306 308 310 312
SURFACE TEMPERATURE (K)

Figure 7 Pressure weighted water vapor amount as a function of surface
temperature for clear sky land scenes from case study 1, OOGMT July, 1985



10

8w
w
ccw
LL

c0
F-2
w
ftw-6
a-

-8

10

110

L105
U)

Cu

E

-100

w
C-)

595
C)

cc

16

NMC-ERBE COMPARISON: JULY 1985 OOGMT Region la

Mean = 0.05 Std. Dev. = 1.82 Correlation = .34

CLEAR SKY LAND

D
D DD D& DD

D co D
DD0D 0D

D D

0DD0
tt' D

D0 D 0 0

D DO 0 0

D

DO

0 1 2 3 4 5 6

H20 PRESSURE WEIGHTED ABS AMOUNT(gfcm2)

o=observed, m=modeled

0 Oo 00

0
m ?mo80

0
1m 00 om m mi°m om

0000 0
m

m

m 0 0 0

0
0

901 I I I I

0 1 2 3 4 5 6

H20 PRESSURE WEIGHTED ABS AMOUNT(g/cm2)

Figure 8 Percent difference as well as computed and observed radiances as a function
of pressure-weighted water vapor amount from case study 1, OOGMT July, 1985.



17

10

8w
w
crwL12
U-

'-2
UJ
C-)-

crw-6
a-

-8

10

110

105
Cl)

CM

E

100

w
C-)

595
ci

cr

NMC-ERBE COMPARISON: JULY 1985 OOGMT Region la

Mean = 0.05 Std. Dev. = 1.82 Correlation = .34

CLEAR SKY LAND

D
D

D D
D

o D 0 D0

D

D0D0DD D DD 9 0 D

D
D

D

D

DD

0 1 2 3 4 5

STANDARD DEVIATION SHORTWAVE (3x3)

o=observed m=modeled

o0rnmm
0 rr11

m

00

0

0

0 m
m

0
0

901 I

0 1 2 3 4 5

STANDARD DEVIATION SHORTWAVE (3x3)

Figure 9 Percent difference as well as computed and observed radiances as a function of standard
deviation of shortwave radiance for the 3 x 3 array of ERBS pixels from OOGMT July, 1985



NMC-ERBE COMPARISON: JULY 1985 OOGMT Region la

Mean = 0.05 Std. Dev. = 1.82 Correlation = .34

101 I I

8w
w
wu2
LL

'-2
w
C-)-

w-6
0

8

-10 I I I

0 10 20 30 40 50 60

SATELLITE VIEWING ANGLE

110

.105
Cl)

c'J

E

100

w
C-)

95

I I I

o = observed m = modeled

o0
I

I
0

m Imm m m mfl m m
0 80 m

8 0

01

10 20 30 40 50 60

SATELLITE VIEWING ANGLE

Figure 10 Percent difference as well as computed and observed radiances as
a function of satellite zenith angle from case study 1, OOGMT July, 1985

18



19

3.2 Case Study 2

Figure 11 shows the coverage for the July 12GMT daytime scene centered over
Northern Africa (20°N-30°N, 20°E-30°E). The mean difference is 16.78%, with a
standard deviation of 3.79%.

It is evident from Figure 12 that there is very little variability in the computed

longwave radiances over this region. There is an obvious trend in the percent difference

as a function of surface temperature, with the best agreement coming from the warmer

temperatures, other than the anomalous low temperatures below 298 K. Once again, it

is noted that water vapor and surface temperature are correlated in this region.

Figure 13 shows percent difference as a function of viewing angle, as well as
computed and observed radiances as a function of satellite viewing angle. There is

a notable darkening of the observed radiances with increasing satellite zenith. The

computed values seem to be capturing this effect. In this case, though, much of the

decrease in observed radiances can be seen also in Figure 14. This figure shows the

lowest observed radiances are coming from high (3 x 3 longwave) standard deviation

scenes. Thus, the lowest radiances appear to be due to cloud contaminated scenes, and

not attributed entirely to increased satellite zenith (pathlength).

3.3 Conclusions for Case Studies

It appears that noise in the ERBS instrument, on order 2 Wm2sr±, could explain

nearly all the variability in case 1. The other source for variability comes from the ERBS

radiometer selecting data at a higher resolution than the NMC data set, thus detecting

surface and atmospheric variability not resolved by the NMC 2.5°grid spacing.

Based on the comparison with the GFDL model in section 2, the present model

may be overestimating the upward radiance by 3-5%. In view of the potential errors

in the analyzed fields the agreement is still remarkable.

The second case, a desert scene over north Africa, indicates a large negative bias

in the computed radiances. For this scene the observed values were coming into better

agreement for higher surface temperatures. Interestingly, possible cloud contamination

was evident, but only at high satellite zenith angles. It appears that the NMC fields
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must underestimate the temperatures and overestimate the relative humidities in order

to explain the large difference (on order 20 Wm2sr') in this case.
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Figure 11 Clear sky daytime desert coverage obtained for case study 2, 12GMT July, 1985.
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3.4 Global Results

Figure 15 shows the clear sky, land, daytime coverage obtained for OOGMT July,

1985. Figure 16 shows the percent difference (computedobserved as a percent of the

observed) as a function of surface temperature. Shown in Figure 17 are the observed

satellite radiances as a function of surface temperature. Binned plots are used for the

presentation of global results, as scatter diagrams become ineffective due to the large

number of observations. The plots represent mean differences for a binned group of

data values, the error bars represent the standard deviations within the binned area. The

mean difference for the ensemble is 2.3% with a standard deviation near 4%. Here, a

clear trend is indicated in the difference as surface temperature increases. At the higher

surface temperatures, agreement is much better.

Once again, a correlation between surface temperature and water vapor amount

(Figure 18) is exhibited. At higher temperatures, higher water vapor amounts are

present, which reduces the increased radiance from the surface by increased absorption.

Examination of plots of percent difference as a function of standard deviation of
radiance both longwave and shortwave show no discernible trends. Figures 19 and 20

show the percent difference, and observed radiances as a function of satellite zenith
angle. There is some slight limb darkening with the observed radiances. There is no

obvious trend in the percent difference that would indicate a problem with the treatment

of increased path length in the radiation model.

Figure 21 shows the clear-sky daytime coverage obtained for 12 GMT July 1985,

for land surfaces. Figure 22 shows the percentage difference as a function of surface

temperature. Figure 23 shows the satellite observed longwave radiances as a function

of surface temperature. It appears that the computed values are becoming increasingly

lower than the observed for temperatures above 290 K. In view of the sensitivity of

the radiation model to water vapor amount, a simple overestimation of the water vapor

alone in this region by NMC would not explain the 20 Wm2sr' necessary to achieve

better agreement.

To explore the negative bias in this region, only data points where the percent

difference was less than 10% were examined. Figure 24 shows the coverage of data

points that meet this criteria. The observations all lie within the zone 100 W to 50° E.
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Figure 25 shows another interesting trend from this region. The figure shows the

dependence of pressure weighted absorber amount with satellite zenith angle. Normally,

the amount of (vertical) water vapor should not be correlated with viewing angle. In

this case, computed water vapor amounts from the NMC moisture fields are showing

a decrease in vapor amount with increasing zenith angle. A possible explanation
follows from the ERBS scene identification routine which selects clear sky scenes
by requiring relatively high longwave emissions. This in combination with ERBS pixel

size increasing with zenith angle may preferentially select regions with lower overall

relative humidity. Due to the large scale nature of the moisture fields, larger clear sky

regions are more likely to have lower relative humidities.

Figure 26 shows the global area coverage for January 1986, for clear sky ocean

scenes. Over ocean, resolving skin-air temperature differences associated with diurnal

variation is less problematic than land, since both sea surface and atmospheric tempera-

tures are given. Thus, ocean scenes are presented here with both daytime and nighttime

observations. The ensemble shows a mean difference of 2.46%, with a standard de-

viation of 2.24%. The correlation between computed and observed longwave radiances

is 0.89.

Shown in Figure 27 is the sensitivity of the comparisons to (sea) surface temperature

for this global collection. The plots represent mean differences for a binned group of

data values, the error bars represent the standard deviations within the binned area. The

differences all lie within +/-10%. No obvious trend is indicated in the differences.
Figure 28 shows the response of the observed longwave radiances as a function of

surface temperature for the global January ensemble. It appears from these comparisons,

that observed and computed longwave radiances are in good agreement over oceans.

In part this is due to the accuracy of the sea surface temperatures.

Table 4 Results for January 1986 for the comparisons of upward longwave radiance
at the top of the atmosphere. Mean differences are shown with standard deviation in

parentheses. Values are in percent difference, computedobserved as a percent of observed.

January Day Night

Surface Type 000MT 12GMT OOGMT 12GMT

Land -9.04 (4.92) -10.73 (6.69) -2.17 (3.95) -4.03 (3.79)

Ocean -2.95 (3.12) -2.08 (2.35) -4.39 (1.49) -3.31 (1.69)

Desert -4.37 (5.07) -9.66 (7.08) 4.52 (5.11) 2.28 (6.40)
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Table 5 Results for July 1985 for the comparisons of upward longwave radiance at
the top of the atmosphere. Mean differences are shown with standard deviations in

parentheses. Values are in percent difference, computed - observed as a percent of observed.

July Day Night

Surface Type OOGMT 12GMT OOGMT 12GMT

Land -2.23 (3.84) -5.56 (5.55) -0.41 (2.87) -2.48 (2.0)

Ocean -2.77 (3.38) -2.00 (2.29) -2.62 (2.73) -2.48 (1.79)

Desert -3.18 (4.52) -9.74 (5.72) 7.95 (4.76) 1.46 (2.62)

Table 4 gives a summary of all cases examined for the month of January, 1986.
Table 5 summarizes the results for the month of July, 1985. For each month, results

are separated into OOGMT and 12GMT as well as nighttime and daytime conditions.

Results are tabulated for surface types: ocean, land, and desert.

An interesting trend is noted in the positive differences associated with all nighttime

desert scenes. To explore this further, a subset from July OOGMT data set was examined.

Figure 29 shows the coverage for the July OOGMT nighttime scene situated over

the southern tip of Africa. This is a midnight scene in the southern hemisphere winter.

The mean percent difference is 9.72%, with a standard deviation of 2.24%.

Figure 30 shows the percent difference as well as computed and observed radiances

as a function of surface temperature. The computed values appear to be in better

agreement for the lower surface temperatures.

Examination of radiances as a function of pressure-weighted absorber amount show

no obvious trend either with the computed or the observed radiances. Once again a

coupling of the water vapor amount and the surface temperature was indicated.

Examination of the computed radiances, and percent differences as a function of

standard deviation of the longwave radiance indicates no trend that could be attributed

to cloud contamination.

It is possible that a skin temperature effect is creating the positive bias in the

computed radiances. This desert surface could be cooling rapidly at night, thereby

creating a large skin-air temperature difference not resolved in the NMC analyses.
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4. Conclusions and Discussions

Radiative transfer model calculations of the upward longwave radiance for clear sky

regions show a marked negative bias for daytime and nighttime (except desert) scenes

for the months of July 1985, and January 1986. Nevertheless, a consistency between

modeled and observed upward longwave radiances was shown for many cases.

The selection of clear sky scenes, with homogeneous surface type, limited the
percentage of valid scenes to approximately 6% of the total from the satellite swath.

The sampling of temperature and humidity profiles from clear sky regions, could have

produced profiles which were largely different in comparison to a mean grid averaged

profile. Both temperature and humidity would be affected by increased local solar
radiation, and by NMC assimilating nearby observations which were not cloud free. The

selection of clear sky profiles from the analyzed field may have produced temperature

profiles which were lower than actual, and humidity profiles which were higher than

actual. This would lead to an overall underestimation of the outward longwave radiance.

For the three individual cases examined differences ranged from around 17% to

nearly 10%. The first case was situated over the United States in mid-afternoon summer

conditions, with a mean difference of around 0%. The NMC fields should be fairly

accurate in that region because NMC has a relatively large amount of observations

available for assimilation.

The second example displayed the possibility of cloud contamination, but only at

large satellite zenith angles. The increase in cloud contamination with zenith angle may

be a result of the increased area coverage for the 3 x 3 array, at large zenith angles.

The third example, a scene over the southern tip of Africa, showed a positive
bias. In this case the computed values were coming into better agreement for lower
surface temperatures, even though the model was overestimating the radiance. This

could indicate that the local surface temperatures over this desert region are not being

adequately described by NMC for this midnight scene, that is, the NMC surface
temperatures are higher than actual. It is possible that the water vapor burdens could

also be overestimated, in combination with the surface-atmosphere temperature offset.
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July 12GMT daytime land scenes revealed two possible sources for differences.

Computed radiances were quite low at higher surface temperatures. A simple over
estimation of the moisture field could not explain the entire difference. Atmospheric
surface temperature biases in the NMC field could explain the low computed values.

Given the geographical coverage of the largest negative differences, a skin temperature

effect might indeed be the cause of the differences. The second source for differences

was indicated in the dependence of pressure weighted absorber amount with satellite

zenith angle. As the ERBS scanner extends to high zenith angles the pixels size
increases. Selecting clear-sky 3 x 3 arrays at large zenith angles may preferentially
select regions with overall lower relative humidity, due to the large scale nature of the

moisture fields. That is, the larger the clear sky region, the more likely the relative

humidities are to be lower.

Large differences occurred for several of the global cases. January 1986 showed 3

remarkably large (exceeding +1-6%) differences. The OOGMT and 12GMT daytime

scene differences over land were in part attributed to isolated regions. Both regions

were characterized by fewer than 200 observations. Greater than 70% of these points

were located in the tropics and southern hemisphere.

The third large difference for January 1986, occurred for daytime 12GMT desert

scenes. While the meridional coverage here was greater than the two previous cases,

over 95% of the points represented only a 600 longitudinal band. Other global

ensembles which resulted in a small sample size or inadequate spatial coverage, were

January 1986: OOGMT daytime desert, 12GMT nighttime land and desert.

Two large differences (exceeding +1-6%) were evident in the July 1985 case. A

large negative bias occurred for daytime desert scenes at 12GMT. A large positive bias

occurred for nighttime desert scenes at OOGMT. A possible explanation for the negative

bias is a systematic underestimation of the surface temperatures for daytime desert
scenes, coupled with a overestimation of the water vapor. The combination would
explain the large difference between computed and observed radiances for daytime

desert scenes. For the positive bias at night another explanation is offered. Since

ERBS instruments select only the scenes that exhibit high emission at night as clear

sky, preference is given to warm scenes, and thus moist due to the correlation with

water vapor. The agreement would be consistent with the results that NMC is generally

accurate for warm moist regions. Another explanation of the positive bias is, once again,



45

a skin temperature effect not resolved in the NMC surface temperature fields.

Global scenes, due to small sample size or otherwise inadequate spatial coverage,

which should not be considered representative of the global NMC analyses for July

1985 are: 12GMT nighttime desert and land.

NMC fields show a correlation between the pressure-weighted water vapor amount

and surface temperature. The results shown for July OOGMT, are consistent with the

NMC fields overestimating the water vapor amounts when the amount is low, provided

the radiation calculations are taken to be correct. As the water vapor amount increases

the observed and computed values come closer into agreement as seen for the global

July OOGMT cases. This could indicate that the actual water vapor burdens in the

atmosphere are being adequately represented by NMC for warm, generally moist areas

for this subset of comparisons.

It is noted that more observations are necessary to establish a global basis for these

inferences, as noted earlier not all scenes are representative of the global analysis, due

in part to poor spatial coverage for some cases. For example, by examining regions

with low water vapor amounts, one can preferentially select certain geographic regions

if the data is scarce. This would lead to a possible false conclusion on the effect of

water vapor, when in fact it is simply the geographical distribution of the data creating

the differences. For instance, it was noted that comparisons over North America tended

to achieve a better agreement between observed and computed radiances.
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5. Recommendations

As pointed out by Trenberth and Olsen, there are problems in the relative humidity

fields at NMC. Nevertheless, these fields tend to describe the large scale moisture fields.

Unfortunately, the small scale moisture fields are important in radiation budget studies.

To determine the exact nature of the bias in the radiative transfer study, specific NMC

regions could be validated with radiosonde ascents. This in combination with satellite

observations and radiative transfer calculations would give more information on the

origin of the differences.

Future work should involve clouds and solar radiances in the comparisons, as well

as an attempt to isolate water vapor inconsistencies in the NMC fields. Work should

also concentrate on obtaining more data for the cases examined in this study. Data

should be examined in seasonal blocks in an attempt to expand comparisons to avoid

the geographic clustering of points observed for the individual months.

Another problem arising from this study was the inability to easily assign an error

to either radiation code or NMC field. Tests such as viewing angle versus the percent

difference became ineffective for land scenes on small scales due to possible cloud
contamination and inhomogeneities in temperature and humidity profiles. The hope

would be to isolate small scale areas and have multiple satellite passes for an entire

season. Unfortunately, the satellite orbit, and the scarcity of homogeneous clear sky

land scenes limit ensembles to few cases.

To explore the possibility of a skin-air temperature difference affecting the computed

outward radiances, comparisons of computed and observed radiances could be made in

latitude zones. The resulting differences in computed and observed radiances could be

plotted as function of longitude, or local solar zenith angle. This in combination with

local climatology could hopefully isolate regions where skin-air temperature differences

would lead to biases in longwave radiance determinations.

Evaluation of water vapor amount as a function of satellite zenith is also an
interesting result to explore. Pixel array size at nadir could be varied (e.g., 2 x 2,
3 x 3, etc.) to mimic the effect of increased pixel size at large zenith. Water vapor

amount would then be plotted as a function of array size.
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Radiative Transfer Model

The primary absorbers of terrestrial radiation in the earth's atmosphere are water

vapor, carbon dioxide, ozone, and to a limited extent methane and nitrous oxide. The

individual absorption lines of these gases are quite complex, and to avoid a heavy

computational burden in evaluating radiances, several approximations are made.

The equation of transfer for longwave radiation is given by

I(z, p) = Bug exp
T

TV

fBv(z')exp
(TV

7.p1

(4)

where u is the zenith angle, z is wavenumber and z is altitude. The Planck function

is given by
2v2he ii

B,, = hcv
(5)

exp (-r) 1

where c is the speed of light; h is Planck's constant and k is Boltzman's constant.

The transmissivity is given by,

T(z,z',ji) =exp 1 (6)

and the optical depth is given as
z2

J >j. Sf,,p1dz (7)

Z1

where the summation is over the component i, and the particular line j. S is the line
intensity, f is the line shape function, and p is the density of absorber.

In terms of the transmissivity the equation of transfer is given by,
z

I(zj,p) = BugTv(zt,O,) + JBu(z')dTv(zt,z',/) (8)

0

The integral of the radiance over wavenumber is performed through a summation over

wavenumber intervals within which the Planck function is considered to be constant.

For a wavenumber interval Lv a mean transmissivity is defined as

=_-fexp(T)dv (9)
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A mean transmissivity is then computed for each interval and each optical path used

in the integral in (4).

To arrive at a transmission one needs the vertical distribution of absorber p(z), and

data on its line shape and intensity over the wavenumber interval. Band models are

used to calculate the transmission functions.

Water Vapor

In the case of water vapor two absorption regions are treated. For the rotational band

(wavenumber interval 0 1000 cm) the random band model developed by Goody
is used with temperature coefficients determined by Rodgers and Walshaw (1966). For

the vibrational-rotational band centered at 6.3 1im (wavenumber region 1200 2200

cm1), the standard Goody model is used. For an interval v the mean transmission

is given by,

/ kU
= exp

+ )

(10)

where k is the mean line strength for the band, c is the Lorentz half-width for the

lines, and 5 is the mean line spacing. U is the absorber amount. Table 6 shows the

spectral band parameters used for water vapor.

The continuum absorption by water vapor in the 280 1200 cm interval is

treated with an exponential model. The mean transmission is given by,

where k is the mean absorption,

=exp(kU) (11)

u=fp2dz (12)

where p is the mass mixing ratio of water vapor. Table 7 lists spectral band parameters

(Roberts et al., 1976) for the water vapor continuum absorption. K is the mean
absorption coefficient given in units of cm2/g, for the wavenumber interval given in

units of cm.
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Carbon Dioxide

The 15 jim band of CO2 contains contributions from three components, the
fundamental and the first and second hot bands. The mean transmission for a spectral

interval i is given by

T=l--- (13)
L\v2

where Lw is the width of the spectral interval and W1 is the equivalent width due to

absorption by CO2 within the interval. The equivalent width then follows the model

Table 6 Spectral band parameters used for absorption by water vapor.

Wavenumber a x iO3 b x 10-6 A x B x 10
Interval

(cm-1) (g'cm2) (deg) (deg') (deg) (deg1)

0-40 579.8 0.0930 -6.75 8.55 -8.38 4.56
40-160 7210 0.1820 -2.93 2.01 -2.68 1.57
160-280 6025 0.0940 1.43 -13.0 2.03 -10.3
280-380 1614 0.0810 9.59 -41.8 9.08 -38.1
380-500 139.0 0.0800 14.3 -23.7 15.1 -54.1
500-550 32.42 0.0743 14.36 -45.15 16.05 -35.33
550-625 9.373 0.0659 15.70 -48.54 16.53 -41.96
625-675 3.730 0.0597 18.10 -57.07 17.09 -53.79
675-725 2.725 0.0575 22.29 -75.62 21.24 -78.16
725-800 18.63 0.0595 22.03 -56.75 21.46 -68.53
800-900 0.0715 0.0670 24.10 -40.30 26.20 -74.10
900-1000 0.0209 0.0510 12.90 -65.00 28.50 -86.80

1200-1350 12.65 0.0890
1350-1450 134.4 0.2300
1450-1550 632.9 0.3200
1550-1650 331.2 0.2960
1650-1750 434.1 0.4520
1750-1850 136.0 0.3590
1850-1950 35.65 0.1650
1950-2050 9.015 0.1040
2050-2200 1.529 0.1160

Sources: Rodgers and Walshaw (1966), Houghton (1977)
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by Goody and Belton (1967) and is given by

w' \
W1 = A01 in (i + (14)

where w' is the equivalent width for the carbon dioxide absorption lines in the limit of

nonoverlapping lines. This equivalent width is calculated assuming that the CO2 lines

are in the strong Lorentzian line limit. It is given by

= FIU+HlI\/U+H2I\/U (15)

where for the path between pressure levels P1and P2

P2

U= [ip
J P0 g

P1

(16)

P2

hcz \
= f .

exp (- kTcP) dP (17)
J P0 g
P1

Table 7 Spectral band parameters for water vapor continuum absorption.

Wavenumber K
Interval

280-380 574.0

380-500 234.0

500-550 95.64

550-625 61.54

625-675 38.38

675-725 27.25

725-800 18.63

800-900 12.30

900-1000 8.000

1000-1050 5.970

1050-1100 5.389

1100-1200 4.890
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P2

fPr / 2hc
U2 I exp (\_kTp)dP (18)

j Po g
P1

where r is the mixing ratio of CO2 which is taken to be constant; P0 is 1 atm; g is
the acceleration due to gravity; h is Planck's constant; c is the speed of light; k is
Boltzman's constant (hc/k = 1.44 K/cm) and ii is the wavenumber associated with

the vibrational transition (667 cm').

In the above, U represents the optical path due to absorption by the fundamental

band, U1 represents the optical path for absorption by the first hot band, and U2
represents the optical path for absorption by the second hot band. The values associated

with the four spectral intervals which contain absorption due to the 15 1tm band are

given in Table 8. The values for F, H1 and H2 yield an equivalent width in cm1 when

the absorber amounts are expressed in g/cm2.

Ozone

Ozone has three vibrational bands in the infrared, a weak band masked by carbon

dioxide at 14.27pm, which is ignored, and the other two forming a band centered at 9.6

m. For the spectral region from 1000 1100 cm1, the Malkmus model (Rodgers,

1969) is used to treat the absorption due to ozone. The model gives the equivalent

width of a spectral interval i by

w1=(!.)(H_1)

Table 8 Spectral band parameters for carbon dioxide.

(19)

Spectral interval A0 F Hi H2

Interval width (i/cm)
(1/cm)

550-625 75 13 0 1.03 0.57

625-675 50 17 6.96 3.68 1.63

675-725 50 20 6.96 3.77 1.18

725-800 75 19 0 1.12 0.62
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where H is given by,

H1=4/l+ (20)
V

where U is the absorber amount, o is the line intensity, and olj is the Lorentz half

width for the lines in the spectral interval.

The mean transmission for a spectral interval is then given by,

A01
[1 exp

(-v)]
(21)T1=1---

where zw1 is the width of the spectral interval.

The parameters used for the computation of the absorption due to ozone are listed

in Table 9.

Inhomogeneous Path

Since the radiation passing through the atmosphere interacts with molecules at vary-

ing pressures and temperatures, the absorption line strengths and shapes are functions

of the optical path. The Curtis-Godson approximation is used to treat this pressure and

temperature dependence of the lines over the optical path. Pressure is replaced with

an effective pressure. The absorber amount is modified to allow for the temperature

dependence of the absorption lines. The modified absorber amount is given by,

U'=f(T)du (22)

The effective pressure is then defined,

f4'(T)pdu
U,

(23)

where the two functions (T) and W(T) are defined as,

ln (T) = a(T 260) + b(T - 260)2 (24)

Table 9 Spectral band parameters used for ozone.

Spectral Interval cti/6 irailö A0

1000-1050 2080 8.796 40.61

1050-1100 2080 8.796 40.61
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in 'IJ(T) = A(T - 260) + B(T - 260)2 (25)

The constants a, b, A, and B are tabulated in Table 6 for the absorption due to

water vapor.
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Table 10 Mid-latitude summer profile from the ICRCCM, the 32 levels of pressure are a subset of the 108 available.

Pressure (mb) Temperature (K) Humidity (gfKg) Ozone (mg/Kg)

1006.5 293.78 11.48 0.050

990.0 293.21 11.02 0.051

890.0 289.48 8.259 0.056

790.0 284.31 5.672 0.062

710.0 279.07 3.867 0.070

610.0 271.72 2.087 0.083

550.0 266.80 1.360 0.092

470.0 259.42 0.845 0.112

410.0 252.94 0.561 0.135

350.000 245.47 0.329 0.166

310.000 239.85 0.218 0.194

270.000 233.61 0.121 0.238

190.000 218.79 0.009 0.460

150.000 215.78 0.004 0.747

110.000 215.75 0.004 1.209

92.885 215.77 0.004 1.654

50.266 219.43 0.004 4.502

36.978 221.82 0.004 5.819

27.203 224.33 0.004 7.008

20.011 227.88 0.004 8.081

14.721 232.42 0.004 9.550

10.830 237.10 0.004 10.16

5.861 246.84 0.004 0.985

2.720 261.10 0.004 0.829

1.472 272.50 0.004 0.526

0.797 272.98 0.004 0.35 1

0.431 258.62 0.004 0.314

0.200 241.46 0.004 0.249

0.172 238.17 0.004 0.232

0.147 234.92 0.004 0.214

0.108 228.54 0.004 0.171

0.093 225.42 0.004 0.145
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Table 11 Climatological profiles used in comparison study. Values are for an annual case.
Ozone concentration is a global profile. Carbon dioxide is set constant at 50.01 mg/kg.

Temperature (K) Humidity (g/Kg) Ozone
(mg/Kg)

Pressure Tropics Mid- Polar Tropics Mid- Polar Global
(mb) latitude latitude

1013.5 302.59 288.15 249.22 19.109 6.436 0.476 0.054

954.6 299.24 284.94 250.3 16.0 5.7 0.59 0.054

898.0 295.89 281.65 251.9 13.0 5.0 0.70 0.054

795.0 289.34 275.15 252.3 9.0 3.4 0.62 0.054

701.1 284.28 268.65 246.8 6.5 2.4 0.50 0.055

616.4 277.36 262.15 242.0 4.1 1.5 0.34 0.057

540.2 270.54 255.65 237.2 2.8 1.0 0.24 0.062

471.8 263.71 249.15 231.7 1.8 0.66 0.17 0.068

410.6 256.94 242.65 226.5 1.2 0.42 0.11 0.082

356.0 250.17 236.15 221.5 0.70 0.22 0.069 0.099

307.0 243.44 229.65 216.5 0.33 0.12 0.049 0.147

264.0 236.72 223.15 214.8 0.18 0.058 0.03 0.220

193.0 223.30 216.65 213.6 0.03 0.02 0.014 0.520

141.0 209.90 216.65 212.3 0.007 0.007 0.007 0.828

102.8 196.50 216.65 210.6 0.0027 0.0027 0.0027 1.43

75.0 199.15 216.65 209.3 0.002 0.002 0.002 2.68

54.7 207.15 216.65 207.8 0.002 0.002 0.002 4.32

40.0 215.15 218.65 207.8 0.002 0.002 0.002 6.06

29.3 219.55 220.65 207.8 0.002 0.002 0.002 7.84

21.5 223.95 222.55 207.8 0.002 0.002 0.002 9.44

15.9 228.35 224.65 207.8 0.002 0.002 0.002 10.2

2.78 254.75 251.05 207.8 0.002 0.002 0.002 11.9

1.43 265.75 265.05 207.8 0.002 0.002 0.002 8.42

0.759 270.15 270.65 207.8 0.002 0.002 0.002 4.85

0.402 262.15 264.65 207.8 0.002 0.002 0.002 2.71

0.208 250.65 254.65 207.8 0.002 0.002 0.002 1.13

0.104 233.15 236.65 207.8 0.002 0.002 0.002 0.74

0.049 215.65 216.65 207.8 0.002 0.002 0.002 1.13

0.021 198.15 196.65 207.8 0.002 0.002 0.002 0.27

0.009 180.63 180.65 207.8 0.002 0.002 0.002 0.18




