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Atlas of Northern Hemisphere Density
Between 30 and 60 km

1. INTRODUCTION

The horizontal and vertical disiribution of atmospheric density can be a sig-
nificant factor in the design and operation of aerospace systems. Potential prob-
lems related to reentry trajectories and fuzing are particularly important, and a
detailed knowlegdge of atmospheric density is required to evaluate vehicle perform-
ance. Variations in the distribution of density affect predicted deceleration and
range of free-fall bombs and ballistic missiles that have high forward velocities.
Consequently, engineers and designers of aerospace systems must consider ver-
tical structure and day-to-day density variability as well as geographic and season-
al differences up to altitudes of at least 55 km. Diurnal variations are not ad-
dressed in this report.

Currently available density data at altitudes above radiosonde levels (30 km)
are limited to densities derived from Meteorological Rocket Network observations
at some 24 locations, mostly in the Northern Hemisphere. Height and temperature
measurements from these rocketsondes and from TIROS satellite vertical sounders
have been combined by the National Meteorological Center of the National Oceanic
and Atmospheric Administration (NOAA) to produce hemispheric analyvses of height

and temperature fields at 5-, 2-, 1-, and . 4-mb pressure surfaces (35 to 35 km).

(Received tor publication 29 September 1082)
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For maximum utility, however, information is needed at constant altitudes rather
than along pressure surfaces. Therefore, we have used these data to derive hem-
ispheric maps of mean seasonal density for spring (Mar, Apr, May); summer

(Jun, Jul, Aug); fall (Sep, Oct, Nov); and winter (Dec, Jan, Feb) at 5-km altitude
intervals from 30 through 55 km. We also present estimated day-to-day variations,
or root-mean-square (rms) deviations around the mean seasonal values. The
development of these maps is outlined in this report, which represents only one
portion of a continuing effort to analyze and present information on the distribution
of the thermodynamic properties of the atmosphere in forms most suitable for use
in the design and operation of aerospace systems.

2. DATA

From 1964 through 1968, the National Meteorological Center has produced
once-weekly charts of heights and temperatures over much of the northern hemi-
sphere (centered on North and Central America) for pressure levels 5, 2, and
0.4 mb. 1-5 Meteorological Rocket Network data were essentially the only input
during those five years. By 1972, data from experimental satellite temperature
sounders became available; these data were used in conjunction with the Meteoro=-
logical Rocket Network observations, so that height and temperature charts were
extended to cover the entire northern hemisphere. 6-8 In July 1976, analyses of
the height and temperature fields were expanded to include charts at the 1-mb
pressure level. Objective analysis techniques have been employed since that time,

1. Staff, Upper Air Branch (1967) Weekly Synoptic Analyses, 5-, 2-, and 0.4-mb

Surfaces for 1964, ESSA Technical Report WB-2, Silver Spring, Md.

2. Staff, Upper Air Branch (1967) Weekly Synoptic Analyses, 5-, 2-, and 0.4-mb
Surfaces for 1965, ESSA Technical Report WB-3, Silver Spring, Md.

3. Staff, Upper Air Branch (1062) Weekly Synoptic Analyses, 5-, 2-, and 0.4-mb
Surfaces for 1966, ESSA Technical Report WB-0, Hillcrest Heights, Md.

4. Staff, Upper Air Branch (1970) Weekly Synoptic Analyses, 5-, 2-, and 0,4-mb
Burfaces for 1967, ESSA Technical Report WB-~12, Hillcrest Heights, Md.

5. Staff, Upper Air Branch (1971) Weekly Synoptic Analyses, 5-, 2-, and 0.4-mb
Surfaces for 1968, NOAA Technical Report NWS-14, Silver Spring, Md.

fi. Staff, Upper Air Branch (1975) Synoptic Analyses, 5-, 2-, and 0. 4-mb Surfaces
for January 1072 Through June 1073, NASA SP-3001, Camp Springs, Md.

7. Staff, Upper Air Branch (1976) Synoptic_Analyses, 5-, 2-, and 0.4-mb
Surfaces for July 1973 Through June 1974, NASA SP-3102, Camp Springs,
Md.

8. Staff, Upper Air Branch (1078) Synoptic Analysis, 5-, 2-, and 1.4-mb
Surfaces for July 1974 Through June 1976, NASA Reference Publication

1023, Camp Springs, Md.

10
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producing hemispheric charts based on computer-determined grid-point values, 9
An example of such height and temperature analyses is shown in Figure 1 for the
2-mb level on 15 June 1977.

2-MB HEIGHTS AND TEMPERATURES, IS5 JUNE 1977

Figure 1. Heights and Temperatures of the 2-mb Surface,
15 June 1977

The data that were used for this report consist of tapes of the National Mete-
orological Center grid-point values; they represent 200 once-weekly, 5-, 2-, 1-,
and 0,4-mb height and temperature charts for 46 months from July 1976 through
April 1980. The original fields consist of a 4225-point grid in a 65 X 65 array,
with a grid increment of 381 km covering the entire northern hemisphere.

9. Gelman, M.E., Nagatani, R.M,, Miller, A.J,, Laver, J.D., and Finger,
F.G. (1981) An evaluation of stratospheric meteorological analyses using
satellite sounder and rocketsonde data, Handbook for MAP, Volume 2,
SCOSTEP Secretariat, Univ. of I11., Urbana, Ill., pp 1-9.

11




3. PROCEDURE

To determine monthly and seasonal densities at constant heights from once-
weekly heights and temperature on constant pressure surfaces, several conver-
sions, and mathematical and statistical procedures are required. First, all grid-
point heights and temperatures were used to derive grid-point densities from the

perfect gas law10
_MP
P = R:‘_: T » (1)

where p is atmospheric density in kg/m3; M is the mean molecular weight of air,
28. 9644 kg/kmol, considered constant up to approximately 80 km; P is atmospheric
pressure in N/m2; R* is the universal gas constant, 8.31432 X 103 N m/kmol K;
and T is atmospheric temperature in K. Because this sample is limited to only

46 months of once-weekly observations, computed densities were combined by
season to provide more stable averages. In this manner, spring, summer, fall,
and winter seasons each consist of 47 to 52 values rather than only 13 to 18 for

each month.

3.1 Mean Densities

The distributions of density with altitude can be represented as relatively
smooth vertical profiles when expressed as percent departure from the 1976
U.S. Standard Atmosphere. 10 Examples of such profiles are shown in Figure 2
which portrays vertical density structure in January and July at 30° and 45°N. 11
Data that produce profiles such as these readily lend themselves to curve-fitting
and smoothing techniques. As a consequence, grid-point densities were averaged
for each grid point at 5, 2, 1, and 0.4 mb and converted to percent departures
from the Standard Atmosphere, at the mean heights of these pressure surfaces for
cach season. Third degree polynomial fits to these average values were then
applied to provide mean seasonal density profiles at each grid point for altitudes
corresponding to 5 mb through 0.4 mb.

At this juncture it should be noted that, since both density and pressure de-
crease nonlinearly with altitude, mean densities on a given pressure surface do
not necessarily occur at exactly the mean height of that pressure surface. In

reality, densities occur at a slightly lower altitude than that calculated from, and

[, COESA (1976) U.S. Standard Atmosphere, 1976, Superintendent of Documents,
Washington, D, C,

11. COESA (1966) U,S. Standard Atmosphere Supplements, 1966, Superintendent
of Documents, Washington, D.C.
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applied to the average altitude of, constant pressure surfaces. However, the
accuracy of results appears more than adequate for the purposes of this report.
Examples of the equations and polynomial fits to the mean seasonal densities are
shown in Figures 3, 4 and 5 for grid points located one column or 381 km east of
80°W longitude at locations near 30°N (Figure 3), near 45°N (Figure 4), and near

60°N (Figure 5). As can be seen on the figures, third degree polynomial fits to
four data points produce curves that go through every point. These are preferable
to quadratic fits in which curvatures are unchanging and, therefore, represent
unrealistic portrayals of vertical density profiles at these altitudes. The obser- {
vational errors in densities derived from rocketsonde temperature measurements

result in rms density errors that vary approximately linearly from 3 percent at '
30 km to 5 percent at 65 km. 12 Y

As shown for the examples in Figures 3, 4 and 5, the altitude of the lowest

data point, the 5-mb density, lies at or near 35 km. As a result, the curves were [
extrapolated downward roughly 5 kin to provide meaningful estimates of the aver-
age density at 30 km. Because the polynomial fits become less realistic with

distance beyond the data, the curves were extended downward linearly, as shown
by the dashed lines, at the same slope as that at 5 mb (the lowest point of observa- ]
tion). Similar extensions upward (for shorter increments) to 55 km were made at
those locations and seasons for which 0.4-mb densities were below 3% km. Exam-

ples of these extrapolated extensions are denoted by the upper dashed lines in

AR ARANELAA AR ALS 4 3'- g v

Figures 3, 4, and 5.

12, Range Commanders Council (1981) Meteorological Data Error Estimates,
Document 110-81, White Sands Missile Range, N. M.
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3.2 Variability of Density

A procedure analogous to that used to determine mean seasonal densities was
employed to estimate standard deviations of the day-to-day variability around the
seasonal means. That is, rms values, as a percent of the mean, were calculated
for all 4225 grid points at the 5-, 2~, 1-, and 0.4-mb pressure levels for each
season. Third-degree polynomial fits to the values at the four pressure levels
result in vertical profiles of the estimated rms variations around the seasonal
means for altitudes from 30 through 55 km. Examples of these data and the fitted
curves are shown in Figures 6, 7 and 8 for the same locations 381 km east of 80°W
longitude, near 30°N (Figure 6), near 45°N (Figure 7) and near 60°N (Figure 8).
As before, third degree polynomial fits to four data points produce curves that go
through every point. Again, these are preferable to quadratic fits in which curva-
tures are unchanging and, consequently, less realistic. Linear extensions to the
curves, when and where required to reach 30 and 55 km, are shown by the dashed
lines in the examples given in Figures 6, 7 and 8.

4. RESULTS

The mean seasonal grid-point densities, which were derived for constant
altitudes as described in Section 3, were analyzed objectively (by computer) to
construct northern hemisphere maps of mean seasonal density. Twenty-four
secasonal charts were drawn, four each at 30, 35, 40, 45, 50, and 55 km; they
arc given in Appendix A. These computer-analyzed maps were subjectively
smoothed as required to provide vertical and horizontal consistency.

Superimposed on the seasonal mean densities are standard deviations which
were derived in the same manner as the mean densities, and represent estimates
of the day-to-day variability around the seasonal averages. However, optimum
results in determining day-to-day variability around monthly or seasonal averages
require daily observations over an extended period of time. Suitable daily data
are not yet available because daily charts (since 1978) are based only on satellite
measurements and lack the detail needed for variability analysis. 9 Consequently,
the once-weekly observations have been used to provide estimates of the standard
deviation of the dav-to-dav variations of density around mean seasonal values.

The results tend to underestimate the true variability.
Standard deviations are not shown for the winter season because temperatures,

and consequently densities, are not normally distributed in winter at these altitudes,

17
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particularly in middle and high latitudes. The density distributions tend to be bi-
13,14

modal or rectangular rather than normal during the winter over these regions.
Rough first estimates of day-to-day density variations for January have been
made for a number of Meteorological Rocket Network stations in middle and high
latitudes, and estimated 1, 10, and 20 percent extremes for latitudes 30, 45, 60,
15 Although
there can be considerable change in density distribution with longitude in winter,

and 75°N are provided in the Air Force Reference Atmospheres.

especially poleward of 40°N, the 1, 10, and 20 percent values are presented in
that report as being representative of the type of variations that can be expected
to occur at those latitudes. They are reproduced herein in Tables 1, 2, 3, and 4
for altitudes 30 through 55 km.

To test the validity of the derived density maps shown in the appendix, mean
seasonal densities obtained from these maps were compared with values obtained
from the Meteorological Rocket Network data. The results are given in Table 5.
Values for White Sands, Wallops Island, and Churchill are in general agreement
in that trends with season, latitude and altitude are similar. The values at
Churchill in winter are nearly identical, even though the map data are based on
only 46 months of observations from July 1976 through April 1980.

5. REMARKS

This preliminary atlas of northern hemisphere density in the upper strato-
sphere contains 24 maps of mean seasonal density for altitudes between 30 and
55 ki, and includes estimated standard deviations of the day-to-day variability
around the seasonal means. It can serve as the precursor of a more extensive
and detailed atlas of atmospheric density for altitudes above radiosonde levels.
Perhaps as little as four additional years of observations at constant pressure
tevels will afford sufficient data for application of the method described in this
report to provide a more useful and accurate presentation of the climatology of

density in the upper stratospher~ and lower mesosphere.

13. Cole, A L., and Kantor, A.J. (1974) Periodic Oscillations in the Strato-
sphvre and Mesosphere, AT CRL=-TR-74-0004, A A003304,
Fro Viddies, sobn, (Bad) (1en) Handbook of Geophysics and bpace Eavironment:,,

RO

Lo Cone, b o Ramor, Aoy (1975 Ane Foree Referens ¢ Aunospheres,
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Table 1. High and Low Percentiles of Density in January at 30°N, Given

as Percentage Departures From U, S. Standard Atmosphere, 1976

1% 1(;% 20% U.S. Std
Altitude - — - Densi_t'g

(km) High | Low | High | Low | High | Low | (kg m=9)
30 +2 ~-10 -2 -8 -3 -6 1.8410
35 +3 -12 0 -8 -1 -6 8.4634-3
40 +2 -10 +1 -1 0 -5 3. 9957
45 +8 -10 +3 -7 +2 -5 1. 9663
50 +12 -8 +7 -4 +5 -2 1. 0269
55 +9 -10 +5 -6 +3 -4 5,6810~4

Table 2. High and Low Percentiles of Density in January at 45°N, Given

as Percentage Departures From U.S. Standard Atmosphere, 1976

1% 10% 20% U.S. Std

Altitude - - - Densifg

(km) High | Low High | Low | High | Low (kg m~?)
30 +1 ~17 -2 -13 -4 -9 1.8410

35 +2 =20 =2 ~16 -4 ~-12 8.4634-3
40 +5 =23 0 -17 -4 -13 3. 9957
45 +8 =22 +2 ~16 -3 ~-14 1. 9663
50 +11 =20 +4 ~-16 -3 -14 1. 0269

55 +9 =25 +2 ~18 -4 ~-16 5.6810-4




Table 3. High and Low Percentiles of Density in January at 60°N, Given
as Percentage Departures From U, S, Standard Atmosphere, 1976

1% 10% 20% U.S. Std

Altitude - - - Densi}g

(km) High | Low | High | Low | High | Low (kg m=9)
30 +7 -32 +2 -18 -2 -15 1.8410

35 +8 -35 +3 =27 -3 -19 8.4634-3
40 +10 -36 +5 -30 -4 =20 3. 9957
45 +12 -39 +5 ~-34 -10 -24 1. 9663
50 +14 -43 +3 -36 -15 -29 1. 0269

55 +9 -48 -10 -39 -20 ~-35 5.6810-4

Table 4. High and Low Percentiles of Density in January at 75°N, Given

as Percentage Departures From U.S. Standard Atmosphere, 1976

1% 10% 20% U.S. Std

Altitude : - - Densi_tg

(km) High Low High | Low High | Low (kg m-3)
30 -4 -36 -9 =26 -16 -24 1.8410

35 0 -43 -10 =32 -16 -30 8.4634-3
in +4 -48 -0 ~38 -16 -38 3. 0057
45 +8 -H2 -6 -45 -16 -39 1. 9663
8l +4 =56 -8 -48 =20 -42 1. 0269

35 +3 -65 -10 -5h <23 =50 5.6810~4




Table 5.

Comparison of Mean Seasonal Density (Percent of Standard) Obtained
From Meteorological Rocket Network (MRN) Data (1969-1976) With Mean Seas-
onal Density Obtained From Maps

White Sands (32°N) Wallops lsland (38°N) Chwurchill (39°N)
A(ll:;:‘;de Winter Summer Winter Summer Winter Summer
MRN Maps MRN Maps MRN Maps MRN Maps MRN Maps MRN Maps
% %o T % K %o
30 -2.6 -7 4.3 1 -4.7 -3 4,6 1 ~8.1 -10 6.0 5
40 =-3.0 ~6 1.7 2 -5.2 -6 9.5 3 -13.4 =15 12.5 8
St th b -6 12,0 2 ~1.8 -0 14,4 4 =22.6 =22 18.4% 12
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Mean Seasonal Density Maps for the Northern Hemisphere
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at Altitudes From 30 Through 55 km
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Figure Al. Density and rms Variability of Density at 30 km in the Spring
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Figure A2, Density and rms Variability of Density at 35 km in the Spring
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Figure A3. Density and rms Variability of Density at 40 km in the Spring
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Density and rms Variability of Density at 45 km in the Spring
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Figure A5, Density and rins Variability of Density at 50 km in the dSpring
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Density and rms Variability of Density at 55 km in the Spring
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Figure A7. Density and rms Variability of Density at 30 km in the Summer

T TTY v T v oy
- . .

e

v e v ow v -
-

[ aan e S RS
R .

’
)
)
I
]
17
0
!
[



— P
Lo G

a0 A0S0 40 40 v
S <. .

\

S

|

- 90° W

L‘ MEAN DENSITY AS PERCENT DEPARTURE FROM STD
b — — —RMS VARIABILITY AS PERCENT OF MEAN

S

g

- Figure A8. Density and rms Variability of Density at 35 km in the Summer
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Figure V11, Density and rms Variability of Density at 50 ki in the Summer
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IFigure A12. Density and rms Variability of Density at 3 km in the Summer
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Figure A15. Density and rms Variability of Density at 40 km in the Fall
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Figure A16. Density and rms Variability of Density at 45 km in the Fall
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Figure A17. Density and rms Variability of Density at 59 km in the Fall
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Figure A19. Density at 30 km in the Winter
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