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PREFACE

This Note provides a brief analytical review of the World War II
Allied air attacks against the German and Japanese oil industries,
with special reference to the damage done to storage facilities for
petroleum, oil, and lubricants (POL). POL storage is one of the many
different potential target systems now being examined in a study of
possible vulnerabilities in NATO's rear areas.

The objectives of this larger study are to determine what NATO
facilities and activities in the Central Region rear might be attacked
by Warsaw Pact airpower in the early days of a nonnuclear conflict, to
estimate how the Pact might allocate its airpower to these target sys-
tems under different warning and mobilization assumptions, and to
illuminate any requirements for additional measures to reduce target
vulnerability.

The research for the present Note and for the larger study that
it supports was sponsored by the Office of the Assistant Secretary of
Defense, Program Analysis and Evaluation.

The present Note describes the effects of different types of air
attacks on POL storage and other oil installations in Germany and
Japan, and raises questions concerning the possible vulnerabilities
of NATO commercial storage in the 1980s. Although focused on possible
NATO vulnerabilities, the conclusions of this Note are believed to
apply to commercial steorage generally——in the Middle East, for example.

The Note is based on published sources, particularly the detailed
reports of the United States Strategic Bombing Survey, which inter-
viewed officials and assembled and analyzed data in Germany and Japan

at the end of the war.
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SUMMARY

POL installations in Germany and Japan were the targets of
strategic bombing during World War II, with the heaviest and most
systematic campaigns (the "oil offensives'") conducted against Germany
from May 1944 to May 1945, and against Japan from May 1945 to August
1945,

The primary targets were large industrial installations; the
synthetic fuel plants in Germany, and the refineries in both Germany
and Japan. These installations each had substantial POL storage,
usually including tank farms not unlike commercial tank farms today,
but generally with the tanks smaller and protected by blast walls.

In some instances tank farms themselves were the aim points, but the

0il offensives were planned from a "long war" perspective, and the

main object of the bombing was to destroy refining and synthetic fuel
production capacity rather than to deny POL supplies in the short term.
Nonetheless the record of these attacks provides a rich source of infor-
mation on the vulnerability of POL storage to attack from the air.

The attacks were carried out by large formations of heavy bombers
flying at high altitudes--almost always above 10,000 feet and sometimes
as high as 30,000 feet. Visual acquisition of the target was there-
fore difficult or impossible in a large proportion of the missions, and
radar was primitive. Moreover, the German oil plants were heavily
defended by both fighters and anti-aircraft guns.

The result was area bombing that achieved few hits per sortie
against plant structure. Against German oil installations, about 3
sorties were required on the average to achieve one structural hit.
Againgt Japanese o0il targets, hits per sortie were about 10 times more
numerous; this was the result of easier target acquisition, better radar,
weaker defenses, and the bigger payloads of the B-29s. O0f course, hits
against POL storage itself represented only a small fraction of the
total number of structural hits achieved.

Although effectiveness per sortie was modest, the overall effective-

ness of the campaign against German and Japanese POL cannot be questioned.
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In Japan, output capacity was reduced to 15 percent of undamaged
capacity, and over half the tankage was destroyed at the plants
targeted. This was accomplished with fewer than 1500 sorties. 1In
Germany, the production of aviation gasoline fell by over 40 percent
in the first three weeks of the campaign, and this was achieved by

no more than 100 tons of bombs hitting plant structures. This German
experience illustrates how even a rather light attack against targets
not hitherto struck can be extremely disruptive. After 4 months

of the oil offensive against Germany, the production of aviation
gasoline was reduced to less than 10 percent of pre-attack levels.

Fire was a major cause of destruction to both tankage and produc-
tion facilities——fire caused by the ignition of crude or product in
storage or in process. In Japan about one-third of the total damage
to the oil plants was due to fire, even though many of the refineries
were inactive, there was little POL on site at most refineries, and no
incendiary bombs were used by the attackers, In Germany also the
evidence was clear that '"secondary damage" due to fires and explosions
was a multiplier of attack effectiveness, with the result that the
number of POL tanks destroyed was sometimes two or three times the
number of bombs achieving hits or near misses on tanks.

Some incendiaries were used against German POL, but the percentage
of incendiaries in the total weight of ordnance delivered was too low,
the timing of their delivery was poor, and the incendiaries employed
were poorly designed for the job. The United States Strategic Bombing
Survey concluded that far more serious fire damage could have been
achieved in the attacks against German POL if incendiaries had been
used more efficiently.

The lesson for the 1980s is that it requires only a modest amount
of hitting ordnance to do substantial damage to POL storage and produc-
tion capacity, and that secondary fires and explosions, if deliberately
sought with proper ordnance as part of attacks against tank farms, could
multiply the effectiveness of these attacks several-fold. Attack
damage calculations that ignore the fire damage to commercial tank farms
will therefore understate per-sortie effectiveness. The fire-damage
"multiplier" is highly situation-dependent, but it would be quite

unrealistic to treat it as zero.
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I. THE STRATEGIC CONTEXT, 1944-1945

In both Germany and Japan, domestic production of crude oil

provided only a very small fraction of pre-war needs. Stockpiles
of crude and product (especially crude) were accumulated before
the war, but by 1944 those stockpiles had been reduced almost to
zero in both countries. To meet even minimum requirements for

liquid fuel and lubricants, both countries had to rely on:

o] Continuing importation of POL, mainly crude from occupied
lands, for refining in plants on home territory.
o Synthesis of POL-type products, mainly from coal, by

Bergius hydrogenation, Fischer-Tropsch, and benzol processes.

The Germans during the war imported POL from Hungary, Romania,
and elsewhere in Eastern Europe to feed the refineries in Germany.
Attacks on the transportation system (especially the rail network,
which carried most of the crude to the refineries and distributed
most of the refined product) therefore helped in achieving the objec-—
tives of the Allied 0il offensive: to deny POL to Germany's armed
services and war industry. A massive campaign was mounted against
German inland transportation, independent of the oil offensive,
beginning in the autumn of 1944. The Allied oil offensive itself
(May 1944 to May 1945) concentrated on the refineries and synthetic
fuel plants in Germany, especially on the latter, which before the
offensive began had been producing about 70 percent of total German
refined output, and over 90 percent of the Luftwaffe's aviation gaso-
line [Ref. 3, pp. 19-20, 26].* These synthetic fuel plants were
working at or near their full capacity, whereas the refineries,
because of lack of crude, had much unused capacity.

For finished product, Japan relied mainly on the output of

refineries in the home islands,+ fed by crude imported by sea from the

“The references are listed by number at the end of this Note.

+In the last few months of the war, an attempt was made to bring
in product in the few Japanese tankers still afloat.



Nethériéhdé Eéét Indies. Synthetic fuel plants existed in Japan, but
they were few and small, and contributed little to total output. The
U.S. campaign against Japanese o0il was therefore primarily a naval
and air campaign against tanker vessels; but after the establishment
of B-29 bomber bases in the Marianas, the Japanese home islands were
exposed to systematic strategic air attack, and the larger oil refin-
eries and one or two tank farms were targeted in an oil offensive that
began in May 1945 and continued into August. But well before this
offensive began, the flow of crude from overseas had already been
reduced to a trickle, and the refineries were working at a small
fraction of capacity [Ref. 10, p. 65].

In both Germany and Japan, the primary targets for the oil offen-
sive were large industrial installations: the synthetic fuel plants
in Germany, and the refineries in both Germany and Japan. Each
country had, by this time, a great deal of empty tank capacity; only
a small fraction of the air effort was allocated to attacks on tank
farms as such; and most attacks on POL tanks occurred as a by-product
of missions against productive capacity. Even at the refineries and
synthetic oil plants, many of the tanks were empty or only partly full.
Both the Germans and Japanese had become hand-to-mouth consumers of
0il, moving the product quickly from the production plant to the

point of consumption.

The aim of the oil offensive was to destroy the plants: to
cause permanent unrepairable damage or (through repeated attacks over
time) to prevent repairs from being completed. FEven in 1944 and 1945,
Allied planning was for a war of long duration. The same focus on per-
manent destruction with long-war payoffs characterizes the USSBS
reports, with the result that the data and analysis in these reports
focus on the destruction of heavy, difficult-to-replace items of
production equipment and the resulting long-term effects on productive
capacity. The short-term, more transient, more easily attained payoffs,
of the kind that might be sought in a blitzkrieg scenario, are much

less fully treated.




I1. THE TACTICAL SITUATION

The Target System

The German synthetic fuel plants and refineries were, or quickly
became, among the best protected targets in Germany [Ref. 4, pp. 31-48;
Ref. 5, pp. 53-58]. After the o0il offensive began, an enormous effort
was devoted to the provision of warning systems, active and passive
defenses, concealment, protection of workers, and rapid repair of
damage. Many structures, including much of the tankage, were protected ‘
by blast walls. Heavy reinforced-concrete bunkers were provided for
personnel, Some plants were camouflaged, and even decoy plants were
built at a number of sites. Elaborate smoke screens were employed
and often proved very effective in concealing plant location during
an attack, Fire~fighting teams within the plants were well equipped
and organized. Finished product was quickly moved away to protect
it from destruction and to reduce fire hazard at the plants.

Within three weeks of the beginning of the Allied offensive
against German POL on 8 May 1944, a special nationwide, quasi-military,
oil-plant-repair labor force had been created under a single director
with almost unlimited powers to requisition skilled labor and materials
from other industries. By the autumn of 1944, this special force
numbered several hundred thousand men, with some 150,000 at work on
the reconstruction of the hydrogenation plants alone [Ref. 5, pp. 56-57].

The plants were given high priority in the allocation of Tuftwaffe
fighter defenses. At 10 of the synthetic fuel installations (critical
because they produced most of the Luftwaffe's gasoline), heavy anti-
aircraft ("flak") defenses were mounted, and the passive defenses were
made particularly strong, so that these plants were turned into so-called
"Hydrogenation Fortresses." At the Leuna plant (the most heavily
defended by flak) there were between 500 and 600 anti-aircraft guns of
88 mm caliber or larger—-a tremendous concentration of firepower by
World War II or any standards [Ref. 3, p. 31]. At Ludwigshafen-Oppau,

a plant having less than one-tenth the capacity of Leuna, there were

180 anti-aircraft guns of 88 mm or larger. Such heavy ground-based air
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defenses undoubtedly served to reduce bombing accuracy.* The Allies
lost nearly 130 bombers at Leuna alone, of which about 75 percent were
credited to the anti-aircraft guns.

Thus the tankage in Germany during the Allied POL campaign in
1944~1945 constituted a much different kind of target from the com-
mercial tank farms in Western Europe today. Then the bulk storage
was mostly either underground or located at well defended sites. Tanks
above ground were typically smaller than they are today; they were
usually protected by blast walls; and they were often empty or only
partly full, with the finished product (generally the most flammable)
taken promptly away for use. Tcday's commercial tank farms, by con-
trast, present larger concentrations of larger tanks, many or most of
them containing flammable intermediate or finished products.

In Japan, the refineries and the tanks associated with them were
much less well protected than in Germany: their blast protection was
less extensive, their personnel shelters were less secure, and their
fire-fighting forces were less well organized. The Japanese ground-
based and air defenses were also much weaker. Almost all the above-
ground tanks in Japanese tank farms were empty. Little refining was
being done because of shortage of crude, and what finished product was
available was dispersed in small quantities throughout the country or
held in underground tanks. Again, Japanese tankage in 1945 was a far
different kind of target from today's large commercial tank farms in

Western Europe.

The Attacker and His Weapons

The oil offensives were carried out by the heavy bombers of the
time, against Germany by the RAF Bomber Command and the USAAF (for
the USAAF, mainly 8th Air Force B-17s), and against Japan by the USAAF
(mainly 20th Air Force B-29s). The characteristics of the air attacks

are summarized in Tables 1 and 2.

*To degrade the effectiveness of the anti-aircraft fire, bombers
came in at high altitudes, often above 25,000 ft. At such high alti-
tudes (where engine reserve power was marginal) formations were more
dispersed and it was more difficult to make smooth bomb runs approach-
ing the target. Thus an increase of a few thousand feet in altitude
had a major effect on bombing accuracy.



—-5-

*squoq q] (GG 2I0W 30 7[--S0Q6T 2YI UT ISATTPP 01 °[qe 2g pPInoys sisqumog-Ia3ysTJI 1°oBJ ISow uey)
9T3108 1ad @8ruuo] dI0W OU DPIISATIOPp II IeM PTIOM ui adoind UT siaquoq AAe9Yy PaTTTV 1BYl 930N

P
*gsuorjeaadg jo I93eoy] ueadoinyg = 0Ld

*s3981e3 uolleliodsueal pue sjueTd 3uranjoejnusuw aaTsordxs

PUE ‘i9qQni ‘TeSTWAYD paje[el 9pnioxe pue ‘ggssn 9ul £q A[moixeu pauIIep 91e S$398i1e3 TOd

q
*9UTBIICT-9DESTY PUB ‘PUBTO]

ux91s89) ‘pueTUaILPNg ‘BTIISNY snld ‘AuBWwian JI-IBM-PTiom-2id Jo ®eIE 9Y]l 03 SI9I31 WUBWISD,

‘9TdeTIIBAER JOoU SupsWw *e*U :S9]0N

*h-9 pue ‘g-H ‘1-9H soTqel ‘% "I@Y ADUN0S

TLEL9

896

08y

9% 7T
667

689°T07

979°‘¢
£°88

G0LL0T
6°GT

908°%¢€2

Te3c]

me—“nNN OMWHnm..—N LR R R R R R R I I R IR I R R R N L R R I R R ) A.HNQ.ESAHV ..Hom HH.QE!H@U nm.D. EOHW mmt.hu.u.\ﬁom
NN.n—” Qmm L R R L I R R I R R I A e N AHOQE.D.HHV ..Hom ﬁmeww *SA .GSO._”M” mco..ﬂmm,.ﬂz
._N©© Omm -----n---o..o.--.-o----.o.@ALHV mﬁ_.EOﬁ_. H.m.:.@ﬂp..ﬁ@ﬂ._” mno mNn_”m wm.mhmm><
hm..NH HG.NH L R R N R N ] @AH@LESSV m.ﬁu.u.om .HUQ W@EO@ WO .H@ﬂ..&.,:g wwmhm>¢
NH...N Hq.N L I I R I T T T T T Y Amgou.v Uﬂu.t.mom M@Pu_. ULWHWB ww.m.Hm>€<
qunNm @ONAOOH L R I I I R R R R R R R R R Amﬂ.ou.v mm..hUHOm HH.N MO QUWMNHMMQ
T0d UBWIDY) *SA PIIIATITOP Squoq SATSCTdxa-~-y31g
m.qOAN Hhm.m L N I R I I R ) Am.ﬁopv -HOm G\NE.HWU *SA .TNH@PHH@@ MQPEOQ %HNH@G&U.GH
m.mm m-Nw I T T I T T T 104 OLHE HH..W *SA .TW.HQPI_HHQG Hmuou M..O UAH@U.H@Q 5Y
mNmA.ﬂm Ow.\laNH._” L I A I I I T R R I R I R R I I T I I S I SRR RS ) MHHO_H_
704 UBWIDY °*SA PIISATTSp squoq TIe JO TBIOL
‘U LR RA L R R I R R R R WEOU.M%M U@MH\NU O_Hm HH,W
*sA poraed 3utanp paasaTlop sbounog Surquoq 09I823®IlS TE01 JO usdiad sy
cpen cgu R R R R R R - 7
704 uewIoy Burpniour ‘s393av1 T0d S0Ld TT® °"SA PaIsATTep squoq TTe Jo TeloL
v AVVSQ QT3ISTA30BIBYD

SADVILY dIV 40 SOILSTHHIDVIVHD

SY6T AVH-79%6T AVH ﬂ.dom NVIREHD LSNIVOV NOIVAWVD ¥4IV QEITIV

T ST4BL



‘0T *dse ‘2T “IT ‘0T ‘6 "S$I®¥ :904n0S

(squog qT-00¢ 3uTeq 1Yy3Team £q
queoxad (g I9a0) squoq qT-0Q0% PUR ‘-00§ ‘-06Z ‘-00T :Squoq TBNPTAIPUT JO 3Y3Tay

s1981B83 TIO ‘'SA
A1Te0o1IT0ods pesn sarJeIpusdul ou ‘sarsordxe uy3ty TTe :paddoap squoq Jo adLl

SU0Y hy*y :19T1I0S f7-g I1od poisAaTlep squoq jo 3ySTom afvisay

(TTo @sourder *sa o3euuol [Ie
Jo 3ueoaad ¢°66) 8CS°0T :SET-T 22104 ITY YIQZ £q PIAdATTPP Squoq Jo IYSTepm

(spueTsT swoy ssauedel °*sa 28vuuci-quoq
TTe 3o Jusoaad ;) suold ¢I9°QT :4L3TUTOTA 38981831 03 DPIIFATTIP SqWOoq Jo IYSIopm

(Gy6T 3sn3ny-4ell) 6T#T :S6Z7-% 99104 ATV Y307 49 UMOTF S9T2I0§
(6761 3Isndny-Aey ‘aodoxd 9ATSU9IFO-TTIO 9Y3l) (7 :S6z-g °0107 ITV Y3107 £9 UMOTJ SUOTSSTH

(6961 AeW ur ue8eq SATSUSIFO TIO 2yl 910J9q UMOTI SuoTIssTE 3UIPNToUT) £ :UMOTJ SUOTISSIK

SADVLILV 4IV A0 SOILSTHHIOVIVHD
$SNOTLVIIVLSNI TIO ANVTIST HWOH HSHNVAVL LSNIVOV NDIVAWVO AVVSH

¢ °Tqel



—7-

In the year-long offensive against German POL targets, nearly 600
missions (over 67,000 bomber sorties) were flown and the total weight
of bombs dropped amounted to about 207,000 toms. By comparison, the
0il offensive against the Japanese home islands was a modest affair.
Tt extended from May through August 1945 with about 20 missions (some
1400 bomber sorties) dropping less than 11,000 tons of bombs.

Although the B-29s delivered an average of 7.4 tons per sortie
against Japanese targets, the average weight of bombs delivered by a
heavy bomber sortie against German targets was only about 3 tons
(2.4 tons by the USAAF, 4.2 tons by the RAF). It is interesting to
observe that this is about the same tonnage per sortie as can be
delivered today by many Pact and NATO fighter-bombers. By the mid-
1980s, fighters capable of delivering at least 12 550-1b bombs
(3.3 tons) to NATO's rear areas may be common in the Pact inventory.

Bombs were delivered from high altitude, typically from 15,000
to 30,000 ft against German targets and from 10,000 to 20,000 ft
against Japanese targets. Most of the attacks were carried out at
night or under conditions of restricted visibility,* and, as will be
discussed, delivery accuracy was necessarily poor.

The typical USAAF bomb weighed 500 1b and was fuzed to detonate
shortly after penetration; the RAF often used larger bombs (1000-1b,
2000-1b, and some of 4000-1b) usually fuzed to detonate on impact, so
that surface effects (blast and fragmentation) were maximized. Incen-
diaries and time-delay bombs were relatively little used. Only 5600
tons of incendiaries were employed in the attacks against German POL
targets (less than 3 percent of total tonnage dropped). UNo incen-
diaries were used in the attack against Japanese POL targets, although
supplies of incendiaries were readily available and were used exten-—
sively in 20th Air Force attacks against other Japanese targets. This

omission will be discussed later.

*In October and November 1944 (when the offensive against German POL
was near its height) 24 percent of the total 12-month tonnage was dropped,
but only about one-tenth of the tonnage dropped in these two months was
delivered under conditions that permitted visual acquisition of the target
[Ref. 3, p. 87]. This was the combined result of the poor weather and
the high bombing altitudes normally adopted by the heavy bombers.,



III. RESULTS OF THE ATTACKS

In Germany, some 100 or so POL targets were attacked: 87 syn-—

thetic oil plants or refineries plus a few oil depots, as shown in

Table 3. Many were attacked repeatedly over many months. In Japan,

18 targets were attacked, including one or two targets that were

mainly depots but had some refining capacity. Most of the Japanese
targets were attacked only once. In the POL campaign in Germany,

only 7.7 percent of the tonnage delivered (8.4 percent of the sorties)
went specifically against oil depots (see Table 3), and in Japan the
percentage was about the same. In a few cases, a tank farm associated
with a refinery or synthetic fuel plant was chosen as one of the mission
aim points, usually for ease of location, but this was exceptional.

Each attack or mission was carried out by many aircraft. The 396
USAAF missions against German POL targets averaged 114 bowmber sorties
per mission, and the 20 POL missions flown by the 20th Air Force against
Japanese targets averaged 71 bomber sorties per mission.

The targets were of various sizes, ranging from tens to huridreds
of acres, the Japanese plants usually being considerably smaller than
the German ones. The extent of the "target area' was usually defined
by an exterior fence surrounding the plant and its associated tank farms.
The built-up fraction of the target area varied from about 10 to 30
percent, with something like 20 percent being typical.

Accuracy was poor, as would be expected with iron bombs delivered
from high altitudes mostly in poor visibility or at night. As a percent
of total tonnage released in the vicinity of the target, about 15 per-
cent hit the target area (see Tables 4 and 5), with the greater overall

*
accuracy achieved in attacks against the Japanese targets. In terms

7‘In clear daylight conditions in Germany the USAAF hit the target
areq with about 27 percent of tonnage dropped, but such conditions pre-
vailed only a small fraction of the time, and in poor visibility the
percentage fell to about 6 percent. The RAF, attacking at night with
pathfinder techniques, was thus able to equal or surpass the USAAF over-
all percentage on target (see Table 4). Because the target areas were
generally smaller in Japan, the 16.5 percent on target achieved overall
by the 20th Air Force (41.5 percent for day visual bombing alone) was
actually a considerable improvement over the average accuracy recorded
for the campaign against German POL. This greater accuracy can be attri-
buted to several causes, especially the weaker defenses in Japan, the
good radar in the B-29s, and the coastal (easily located) positions of
most Japanese POL targets [Ref. 10, pp. 6, 121].
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of hits against total plant structure (of which tankage was only one
element), the average sortie flown against Japanese POL scored about
10 times higher than the average sortie in the campaign against German
POL (2.8 vs. 0.28 hits, as shown in Tables 4 and 5). The reason is
partly the much greater payload of the B-29, partly the greater accu-
racy achieved in the Japanese campaign, and partly, perhaps, a result
of a difference in USSBS definitions, with the sorties against
Japanese targets given credit for damaging near misses as well as
direct hits, whereas "hits" against German plant structure may have
been more narrowly defined.

Although effectiveness per sortie was modest, the overall elffec-
tiveness of the campaign against German POL cannot be questioned. The
precipitous fall in the German production of aviation gasoline tells
much of the story (Table 4). It is significant that the 42 percent
reduction that occurred in the first three weeks of the oil offensive
was achieved by about 1 percent of the total campaign bombing effort,
and required only about 100 tons of bombs hitting plant structures.*
The 75 percent reduction in output achieved by the end of the first
7 weeks of the oil offengive required only about 3 percent of the
total campaign effort. As would be expected, the effectiveness of the
campaign was especially marked at the beginning, before the enemy had
time to learn from experience and adapt to the attack. According to
the USSBS, "At first, production losses were extremely sharp, because
the plants had not been hit before and production loss resulted no
matter what sections were hit." [Ref. 3, p. 87.]

This has obvious implications for any Pact attack against NATO
POL. A relatively light attack at the beginning of a conflict might
be extremely disruptive although it produced only transient effects.
In a blitzkrieg scenario, these transient effects might have high

payoffs for the attacker.

*The tonnage dropped at hydrogenation plants during May 1944 was
about 1.2 percent of total tonnage delivered against all POL targets
during the 1Z-month oil offensive. The estimate of 100 tons is prob-
ably on the high side. It is based on data in Ref. 4, Table G-21,
with the assumption that 5 percent of the tonnage delivered to the
vicinity of the target actually hit plant structures; on the average
for the whole campaign, plant structures were hit by only about
3 percent of the tonnage dropped.
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Probably béEEGEE‘EEE}‘focus on the assessment of permanent damage
to production capacity, the USSBS reports provide no overall data on
the damage/destruction of German POL tankage. The USSBS reports on
Japan are more informative but still somewhat unsatisfactory (Table 53).
At the Japanese plants targeted, average tankage destruction exceeded
50 percent—-and this usually as a result of a single attack. At the
same time, about half a million barrels of POL were destroyed--a large

fraction of the very small inventory located at these plants.

1V. SECONDARY DESTRUCTION OF PQOL AND TANKAGE: FIRE AS
A MULTIPLIER OF ATTACK EFFECTIVENESS

The Hamburg Tank Farm

Destructive fires due to the ignition of fuel in tank farms and
other plant locations are often mentioned by the USSBS as a major
cause of damage at individual plants.* At the big "Eurotank"
tank farm and refinery next to the Hamburg petroleum harbor, fire
was the principal cause of tank destruction and POL loss [Ref. 6,
pp. 1, 4, 9, 1l4]. Crude o0il spilling from a damaged tank was
ignited and set fire to other tanks, alEhdﬁgHy£ﬁéréh§as little
refined product in storage, and nearly all the tankage was protected
by blast walls and the usual earth embankments. About 90 percent of
the capacity was destroyed in the tank farm, most of the destruction

occurring as a result of a single rather light attack.+

The Meerbeck Synthetic 0il Plant

An account of fires at the Meerbeck synthetic oil plant (near
Homberg on the Rhine) is worth giving at length. The tank farm there
contained 23 tanks ranging from 16 to 65 ft in diameter.

Interestingly, explosions of fuel-air mixtures are seldom
mentioned.

t

The attack of 30 March 1945, in which only 85 bombs (mostly
500-pounders) fell in the entire 83 acres of the refinery complex,
including about 50 acres of tank farm [Ref. 6, p. 14].



—14—

The entire area was surrounded with a blast wall constructed
of reinforced concrete and brick 20 in. thick and 24 ft high.
Inside this wall the tanks were separated into six groups by
a central fire wall running the length of the area and four
transverse walls at right angles to the central wall.

Three heavy bombs dropped in the same raid detonated in the
south-west section of the farm, which contained nine tanks.
The explosions and fire destroyed every tank in the section.

A 1000~1b bomb detonated in the ground 10 ft from the north-
west outside corner of the farm, demolishing 30 ft of the
blast wall on the north side and 15 ft on the west. The
nearest tank ignited and burned out; flaming oil apparently
ran through the feed-line opening in the first wall and
ignited the adjacent tank, which also burned out.

A 500-1b bomb detonated inside the north-east corner stall,
which contained two tanks. It demolished a 148-ft length
of the exterior blast wall and tore a hole in the base of
the nearest tank. Both tanks suffered fragmentation and
splinter damage. There was no fire.

A 1000-1b bomb detonated inside the south-east stall, com-
pletely destroying six tanks.

A 500-1b bomb detonated inside the south-east cormer of the
blast wall. It demolished a section of the wall and
severed the main oil feed lines leading into the adjacent
building containing pumps, a manifold system and carbon
dioxide fire-fighting equipment for the tank farm. O0il
running from the severed line into the basement of the
building was ignited, probably from the wiring system

of the electric pumps, burning out all the piping valves
and buckling the steel framework of the building. Of the
23 tanks, only three were found in usable conditiom.
[Ref. 7, Exhibit CC, p. 27.]

In this instance, seven or eight bombs destroyed 20 tanks, with

spreading fires as one of the contributing causes.

The Misburg Refinery

The Misburg refinery near Hanover was attacked many times in
1944-1945, but the first attack on this target (20 June 1944, 5
weeks after the oil offensive had begun) destroyed most of the crude

and product tankage, including about 200,000 bbl of POL. In this
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attack, 36 500-1b bombs fell in the 13.2-acre crude oil tank farm,
destroying 70 percent of capacity. Sixty percent of finished-product
capacity was also destroyed elsewhere at the refinery in the same
attack [Ref. 8, pp. 7-8 and Exhibit K-6].

Fire following blast caused the destruction of many storage
tanks, in spite of protective countermeasures [Ref. 8, p. 5]. After
the early attacks, a policy was adopted (as elsewhere in Germany) of
minimizing materials in storage at the plant and sending away finished
products as soon as possible [Ref. 8, p. 9]. Permanently emplaced
foam fire-fighting systems were generally ineffective, because the

pipes were easily damaged [Ref. 8, p. 15].

Secondary Fires in the Attacks vs. Japanese POL

In general, according to the USSBS, fire did "tremendous damage"
in those Japanese plants that were bombed when they were in operation
or when quantities of crude or refined oils were stored in the

associated tank farms:

Not only were the o0il and all combustible materials consumed
by the flames, but permanent damage was sustained by operat-
ing equipment in the fire areas. Structures sagged and
allowed towers and other heavy equipment to fall, often with
destructive effect on adjacent units. Vessels, tanks, pumps,
pipe, and machinery were warped or twisted, often beyond
repair. Even brick settings were ruined by high tempera-
tures. Electrical equipment was especially subject to

severe damage. Metal was often melted or rendered useless
by the heat. [Ref. 10, p. 102.]

The USSBS estimated that fire accounted for 28 percent of all the
damage sustained by Japanese oil installations, in spite of the fact
that many of the refineries were inactive and most had little POL on
site [Ref. 10, pp. 7, 94]. The most spectacular example of fire
encountered in a Japanese POl installation occurred at the Akita refin-
ery. While in operation it received a heavy concentration of 100- and
250-1b bombs, and was immediately set on fire. Tanks in the tank farm
located on a rise of ground above the plant were opened up and "the
flaming oil flowed down into the'refinery, completing its destruction"

[Ref. 10, p. 104].
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Fires and the Use of Incendiary Bombs

Although evidence appears throughout the USSBS reports that fires
multiplied damage and destruction in the German tank farms, the USSBS
survey teams were generally concerned at the discovery that fires and
other secondary damage in the German POL installations were less exten-
sive than might have been expected. Partly, it seems, this concern arose
from USSBS focus on the permanent destruction of production equipment,
which in Germany, at least, was a very much "harder" target* than tankage

and POL, and to which fire contributed a smaller share of damage. And
partly it arose from the fact that the damage due to fire was, indeed,"éon—

siderably less extensive than it might have been. There appear to have been

four related factors that limited damage due to fire in the German plants:

o The small quantities of easily inflammable product kept in
storage.

o} The highly efficient fire-fighting services provided at each
plant.

o The nature and timing of the attacks.

o Deficiencies in the design of the incendiary bombs used.

The brevity of most USAAF raids was capitalized on by German
fire-fighting personnel. They were usually able to leave shelter
after the last bomb fell in time to deal with incendiaries and incipi-
ent fires before conflagrations were started. The RAF raids, gener-—
ally longer and of less predictable duration, were more effective
from the point of view of fire-induced damage, because they kept
fire~-fighters out of action longer [Ref. 3, pp. 6-7, 125]. Delayed-
action, anti-personnel bombs should have been used to delay the fire-
fighters from leaving shelter and starting work [Ref. 3, p. 137].+

Either the incendiaries should have been dropped several minutes

after the attack with high-explosive bombs was carried out (not simul-

%
The German plants were more solidly constructed than the Japanese,
with much stronger passive defenses such as blast walls.

TThis is one of the five major recommendations on weapon effec-
tiveness and bombing techniques in the Final Report of the USSBS 0il
Division. The USSBS regarded delays even as short as 5 or 10 minutes
ag critical.
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taneously with the HE attack, as was usually done), or the incendiaries
should have been equipped with time fuzes, so that the spillage from
damaged tanks and pipes would have a chance to spread and explosive
fuel-air mixtures form before the incendiaries came alight [Ref. 3,

P. 137].* Many German plant managers told the USSBS that the incendi~
aries delivered along with HE bombs were actually being snuffed out
when the HEs detonated [Ref. 7, p. 42].

The weight of incendiaries delivered was relatively very small--
about 3 percent of the total tonmage delivered against German POL tar-
gets——-and there is reason to suspect that accuracy with the incendiaries
was inferior even to the generally poor accuracy achieved with HE bombs
[Ref. 7, p. 12]. One USSBS team recommended that incendiaries and
antipersonnel (AP) bombs together should make up about 20 percent of
the total weight delivered against POL plants [Ref. 7, p. 43], and
against tank farms the same reasoning would suggest that an even higher
percentage of incendiaries and APs would be appropriate.

The incendiaries used were mostly small (typically 4-1b), short-
lived, easily extinguJ‘_shable,Jr magnesium bombhs. The larger, longer-
burning, white-phosphorous bombs appeared to be much more effective
[Ref. 3, p. 129; Ref. 7, p. 43], but few were employed against POL
targets. Napalm appeared to the USSBS to have high potential in start-
ing POL fires, but it seems not to have been employed for this purpose.

Thus as a means of producing large POL fires and explosions the
incendiaries used were poorly designed for the job. Moreover, too few
were employed, they were not delivered in proper time sequence, and they
were inadequately (or not at all) protected by time-fuzed AP or HE
bombs against aggressive fire-fighting teams. The USSBsrconclﬁde&uEﬁgg_j
far more serious fire damage could have been achieved in the attacks
against German POL 1f incendiaries had been used more efficiently

[Ref. 3, pp. 6-8]. This conclusion appears to be well founded.

%
This is another of the USSBS 0il Division's five major recommen-—
dations on weapon effectiveness and bombing techniques.

TSometimes they were extinguished by the POL into which they
fell [Ref. 10, p. 116].
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The nonuse of incendiaries against Japanese POL targets* is at
first sight puzzling, especially as one objective of the survey of
German experience was to help U.S. operations planners in designing
the bombing attacks against Japan. Timing no doubt provides most of
the answer. The USSBS teams in Germany were just starting their sur-
veys when the campaign against Japanese oil installations began in
May 1945. Consequently, most of the survey results were available
too late to have much effect on the planning of the Japanese campaign.
That planning was done mainly during the early months of 1945, when
intelligence reports, especially the results of photographic recon-
naissance, were the best source of data on the effectiveness of the
campaign against German POL. And these reports, although good in
most respects, had sometimes concluded that incendiary bombs were not
suitable for such attacks [Ref. 7, p. 39]. This may have influenced
the decision not to use a mix of HE and incendiary bombs against the
Japanese refineries. One USSBS report on the Japanese campaign sug-
gested, perhaps somewhat defensively, that "opportunities to light
fires were well exploited" by the use of HE bombs alone [Ref. 10, p. 7],

but this appears very much open to doubt.

V. THE LESSON FOR THE 1980s

For the 1980s, the lesson from the strategic bombing surveys is

that fires, if deliberately sought with proper ordmance as part of
attacks against commercial tank farms, could multiply the effective-
ness of these attacks several-fold. This applies, of course, not
only to commercial tank farms in NATO's rear areas, but to those
everywhere, for example, in the Middle Fast.

The commercial tank farms in Western Europe today are large,
visible, unhardened targets. They normally contain large stocks of
both crude oil and refined product, much of the latter being highly

flammable. TFire-fighting equipment is good, but it is probably

*Incendiaries were not used alone or in combinations with HE
bombs in the attacks against Japanese oil [Ref. 10, p. 7], although
a few incendiaries hit oil installations in spill-overs from city
attacks.



-19-

inadequate to handle multiple, simultaneous, distributed fires, and
today's fire fighters have little if any experience of operation while
under attack from the air. If delay-fuzed HE and AP bombs or air-
delivered anti-vehicle and AP mines were used to supplement an attack
against POL tanks, fire~fighting teams, even if sufficiently numerous,
might be slowed so that small ignitions would often have the five or
ten minutes required to develop into serious conflagratiomns.

We conclude, therefore, that attack damage calculations that
ignore the fire damage to commercial tank farms will understate
per-sortie effectiveness in a well-designed attack, almost certainly
by a factor of 2 or 3 on the average, and in particular cases by a
factor of perhaps 10 or more. The fire-damage "multiplier' would,
of course, be quite sensitive to the nature of the target and the
circumstances of each attack, but it would be highly unrealistic to
treat it as zero.

The results achieved in the 1940s required a very large number
of sorties to place even a few weapons on target. This high-sortie
requirement was the natural consequence of heavy-bomber tactics,
which called for high-level formation bombing (almost always above
10,000 ft and often at nearly 30,000 ft),* thereby greatly reducing
opportunities for good visual acquisition of the target and for
accurate weapon delivery even when the target could be seen. Fighter
bomber tactics in the 1980s can be expected to be quite different,
with low-level approaches to the target area and (especially in the
absence of local defense) weapon release occurring at low levels.
Therefore, opportunities for visual acquisition should be much greater;
aiming errors should be greatly diminished; and the sorties required

to put any given number of weapons on target should be enormously

*There were a few raids at lower levels against oil installations
in Europe outside Germany, for example, the attack against the refineries
at Ploesti in Romania; but the bomber attacks in the oil offensive against
targets in Germany were almost always above 20,000 ft. The attacks
against Japanese oil targets came in usually at altitudes between
10,000 and 20,000 ft, but one raid is recorded at about 7000 ft [Ref. 11,
p. 1317.
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reduced-—especially with the use of PGMs. The World War II experi-
ence surveyed here is therefore relevant in terms of the insights
it gives as to weapons effects on POL targets. But it should not
be read as implying the need for thousands of sorties, when hundreds

may be able to do an equivalent job in the 1980s.
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