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Validation and Application of Altimetry-Derived
Upper Ocean Thermal Structure in the Western North

Pacific Ocean for Typhoon-Intensity Forecast
Iam-Fei Pun, I-I Lin, Chau-Ron Wu, Dong-Shan Ko, and W. Timothy Liu

Abstract-This paper uses more than 5000 colocated and near- T.mp.0.t.,CCo kalo 2 IST

coincident in-situ profiles from the National Oceanic and -[ssri-m i u
Atmospheric Administration/Global Temperature and Salinity I
Profile Program database spanning over the period from 2002 1r .*....e......

to 2005 to systematically validate the satellite-altimetry-derived _ Oka*%_______

upper ocean thermal structure in the western North Pacific 7 oA.
ocean as such ocean thermal structure information is critical in
typhoon-intensity change. It is found that this satellite-derived D24.,vmz .. d

information is applicable in the central and the southwestern e•a ij
North Pacific (covering 122-170' E, 9-25' N) but not in the north-
ern part (130-170'E, 25-40' N). However, since > 80% of the D l[
typhoons are found to intensify in the central and southern W" me
part, this regional dependence should not pose a serious con- l , h•e*a 1)
straint in studying typhoon intensification. Further comparison
with the U.S. Naval Research Laboratory's North Pacific Ocean (a) (a)
Nowcast/Forecast System (NPACNFS) hydrodynamic ocean model (a)....

shows similar regional applicability, but NPACNFS is found to
have a general underestimation in the upper ocean thermal struc- Fig. I. (a) Flowchart showing the steps that are involved in the TLM_WNP.

ture and causes a large underestimation of the tropical cyclone (b) Schematic diagram illustrating the TLMWNP method in retrieving upper

heat potential (TCHP) by up to 60 kJ/cm2 . After validation, ocean termal profile.
the derived upper ocean thermal profiles are used to study the
intensity change of supertyphoon Dianmu (2004). It is found that typhoons from category I to 5') are found each year. In com-
two upper ocean parameters, i.e., a typhoon's self-induced cooling parison, < 20 cyclones are found in the Eastern Pacific and
and the during-typhoon TCHP, are the most sensitive parameters the Atlantic, while < 10 cyclones are found in the Southern
(with R 2 , 0.7) to the 6-h intensity change of Dianmu during the Pacific Ocean each year. In the western North Pacific, cyclones
study period covering Dianmu's rapid intensification to category 5
and its subsequent decay to category 4. This paper suggests the profoundly impact the half-billion people living near the Asian
usefulness of satelite-based upper ocean thermal information in coasts. This can be clearly demonstrated in the case of re-
future research and operation that is related to typhoon-intensity cent Supertyphoon Saomai (August 2006) in which eastern
change in the western North Pacific. China was devastated with a death toll of 300 and a loss of

Index Terms-Altimetry, typhoon, upper ocean thermal 1.5 billion USD.
structure. Although with such impact, the current typhoon-intensity-

forecast skill in the western North Pacific still has much room
I. INTRODUCTION for improvement. Unlike the situation in the Atlantic where

EWESTERN North Pacific is coupled hurricane-ocean models are used in the operational
where most tropical cyclones occur. Here, an average forecast [1], here, most of the operational models remain un-

o whercmonest tincaludig t icycloestour., Hepreans, av e coupled and use only the prescribed sea-surface temperature
of 30 cyclones (including tropical storms, depressions, and (SST) to represent the ocean's role in the forecast. As pointed

out by Bender and Ginis [1], Emanuel [3], Emanuel et al. [4],
Manuscript received May 1, 2006; revised October 30. 2006. This work was and Shay et al [321, this is not realistic because cyclones inter-
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Fig. 2. (a) Monthly climatological ratio between D26 and D20 during May-October in the western North Pacific (Data source: NOAA/NODC/WOAOI, 1331).
Gray represents land or areas where the SST is lower than the 26 °C? and no ratio can be calculated. (b) Monthly climatological mixed-layer depth from the
U.S. NRL.

[1], [3], [4], [13]. To include the ocean's dynamic response a first-order approximation of the upper ocean thermal infor-
in the forecast, one important prerequisite is to operationally mation. This method has the advantage of fast calculation and
obtain the upper ocean thermal structure information [1], [4], simple implementation; thus, it is suitable for the operational
120], [31], [35]. However, how to obtain such information over needs and is currently adopted by the National Oceanic and
the vast western North Pacific ocean is a big problem since it is Atmospheric Administration (NOAA) to operationally provide
impossible to use in-situ measurements to meet this operational upper ocean thermal information over global oceans [110],
need. The satellite remote-sensing-based method thus becomes Clearly, it is necessary to validate this derived information so
vital. It has been proposed by Goni et al. [9] and Shay et al. as to assess its applicability regionally. Since there is little such
[32] that by using satellite altimetry and SST data as input to a information for the western North Pacific region, this paper
simple two-layer reduced-gravity ocean model, one can obtain aims to conduct systematic validation using a large set (> 5000)
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of coincident/colocated sea truth data from the NOAA/Global 40.N
Temperature and Salinity Profile Program (GTSPP, [ 17]) during
2002-2005 to contribute to this need. Because this is a rela-
tively simple model, additional comparison with a 26-sigma- 30-N
level operational ocean model (the North Pacific Ocean -

Nowcast/Forecast System (NPACNFS) from the U.S. Naval low
Research Laboratory (NRL) [ 181) is made. After validation, we 'f, ','

use the derived upper ocean thermal structure information to 20'N *".

study the intensity change of the most rapidly intensified (from
category I to 5 in 18 h) western North Pacific typhoon since
1960, i.e., supertyphoon Dianmu (2004). -,• •,1O'N

II. UPPER OCEAN THERMAL STRUCTURE THAT IS
DERIVED FROM THE Two-LAYER METHOD AND L -

TROPICAL CYCLONE HEAT POTENTIAL (TCHP) O20E __3,,, ........ == 0E .....120'E 130"E 140"E 150"E 160"E 170'E
Fig. I (a) summarizes the steps that are involved to estimate

the upper ocean thermal structure information using satellite Fig. 3. Locations of the four validation zones in the western North Pacific
including the SNPG, the SERZ, the NERZ, and the IERZ. Circles denote thealtimetry and SST data in a two-layer reduced-gravity ocean locations of the 5684 GTSPP in-situ profiles that were used in the validation.

model, as proposed by Goni et al. [9] and Shay et al. [32]. In
the two-layer scheme, the ocean is separated into two layers TABLE I

NUMBER 01 MONTHLY IN-Sru GTSPP PROIMIiFs THAT ARti USED INof fluid. The 20 'C isotherm (which usually lies at the center VALII)ATION IN DIFFERENT ZONES DURING 2002-2005
of the main thermocline in most tropical regions [10], [32])
serves as a border that separates the upper and lower layers. *.'sNPG' SERZ ISRZ NERZ

The distance from the sea surface to the 20 'C isotherm (D20) is qa.r 238 134 70 31

thus defined as the upper ocean thickness hl. As the variations
in the depth of the main thermocline (here defined as D20 or - _18 I

August 245 235 i 132 56
hj) are associated with the variations in the sea-surface height. setm.7V 41 171 78 607
Thus, h, (or D20) can be estimated from the observed altimetry Oc °ober 19 '----171 160 446

sea-surface height anomaly (SSHA or r7') data as follows [9]: --,,otal ....... _2_......... .. 759 2 ,76.

h,(x,y,t) = h--(x,y) + p2(x,y) '(x,y,t) (1)
p2(x, Y) - PI (x, Y)? where H represents D26, and 0 is the climatological ratio

where hIt is the mean climatological upper layer thickness that is also calculated from the WOAOI temperature database
(i.e., the climatological D20), and P1 and P2 are the density [33]. From [10] and [32], it is important to estimate the 26 'C
of the upper (sea surface to 20 'C isotherm) and lower (20 'C isotherm because 26 'C represents a threshold temperature
isotherm to ocean bottom) layers, respectively. In this pa- for tropical cyclone genesis and is commonly used in tropical
per, the SSHA data are from the Jet Propulsion Laboratory's cyclone research [6], [23]. The 0 maps for each month during
delayed mode data from the TOPEX/Poseidon and Jason-I the May-October western North Pacific typhoon season are
satellite altimeters [7]. With this product, SSHA is based on shown in Fig. 2(a).
the difference between the observed sea-surface height and Next, SST (Fig. 1) can be obtained directly from the cloud-
the six-year (1993-1998) mean of the sea-surface height data penetrating Tropical Rainfall Measuring Mission/Microwave
from multiple-altimetry missions including TOPEX/Poseidon, Imager (TRMM/TMI) and the Advanced Microwave Sounding
ERS-I, ERS-2, and GEOSAT [24]. h1 is from the high- Radiometer for the Earth Observing System (AMSR-E) [36].
resolution (25 x 25 km) climatological temperature data, Finally, the mixed-layer depth is obtained from the monthly
i.e., the WOA0I data set (based on the in-situ data dur- averaged climatological mixed-layer depth data from the U.S.
ing 1982-2001) of the NOAA/National Ocean Data Center NRL [16] [Fig. 2(b)]. Thus, the upper ocean depth-temperature
(NODC) [33]. p, and p2 are also calculated from the WOAOI profile can be produced operationally to a first order at 1/4'
temperature and salinity database [22], [34]. Clearly, all pa- (--'25 km) spatial resolution in a daily basis [Fig. 1(b)] [9], [101,
rameters are functions of location (x, y) and time (t), except [32]. It is referred to as TLMWNP (Two-Layer Method for
the climatological parameters (i.e., h1 and p), which are only the Western North Pacific) hereafter in this paper.
functions of location (x, y). After estimation of the initial After obtaining the upper ocean depth-temperature profile,
D20, the depth of the 26 'C isotherm (D26) is estimated TCHP can be calculated. TCHP was originally proposed by
based on the climatological ratio between D20 and D26 for Leipper and Volgenau in 1972 as the integrated heat content
each 1/40 by 1/4' grid point in the western North Pacific from the depth of 26 'C isotherm to the surface. Recent works
(domain: 120-170' E, 9-40' N) as by Goni and Trinanes [10] and Shay et al. [321 report that

as TCHP carries the information of the upper ocean thermal
H(x, y, t) = O(x, y)hl (x, y, t) (2) structure, it can provide useful information in studying the
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Fig. 4. Monthly scatter plots of the LMWNP-estim ated D20 and the in-situ GTSPP D20 in the (a) SNPG, (b) SERZo (c) IERZ, and (d) NERZ during
2002-2005. The matching pairs are separated into three groups representing warm feature pairs (SSHA > 8 cm, red cirrles). neutral pairs (SSHA between -8
and 8 cm, green triangles), and cold feature pairs (SSHA < -8 cm, blue squares).

cyclone's intensity change. They proposed that, after obtaining rich zones, i.e., the South Eddy-Rich Zone (SERZ; 122-170' E,
the upper ocean thermal structure from the two-layer method, 1P8-25 N) and the North Eddy-Rich Zone (NERZ; 140-170' E,
TCHP QH [ 10], [ 19], [32] can be calculated as 30-40- N) [ 14], [20], [27]. [30], [37]; and lastly, the Intermedi-

ate zone between the two Eddy-Rich Zones (rsERZ; 130-170' E,
QCla(X, Y, t) = ctnpAT(x, y, z,) A Z (3) 25t30' N). The locations of these four zones, together with

the locations of the in-situ profiles, are shown in Fig. 3. The
where cp is the capacity heat of the water at constant pressure, distribution of the location of these profiles over these zones
which is taken as 4178 J -kg-' I C-1; p is the average density during the typhoon season is given in Table 1. The validation is
of the upper ocean, which is taken as 1026 kg -m-3 ; and AT is done for the ThMWNNP D20, D26, and SST. For each month
the difference between T(z) and 26 'C over depth interval AZ. at each zone, the root mean square (rms) difference (which
Clearly, QH is also a function of location (x, y) and time (t). represents the absolute difference), the Percentage of RMS in

the Observed Mean (PROM, which represents the difference of
the estimated values relative to the observation), and bias are

III. VALIDATION OF THE calculated.
TwO-LAYER-METHOD-ESTIMATED UPPER OCEAN

THERMAL STRUCTURE BY IN-SITU PROFILES

In this paper, 5684 colocated and near-coincident (ac- A. Validation of the Depth of the 20' C Isotherm (D20)

quired on the same day) in-situ temperature profiles from the D20 is the first parameter that is estimated from the two-layer
NOAAJGTSPP [ 17] covering the May-October typhoon season algorithm (Section II) and is used to derive the 26 'C isotherm
from 2002 to 2005 are used for validation. Due to distinct (D26). It is thus fundamental to assess the accuracy of D20 first
hydrographical settings in the western North Pacific [14], [27], since incorrect D20 will lead to subsequent incorrect estimation
[30], [37], validation is done according to the four zones in the of D26. The monthly scatter plots comparing the derived and
western North Pacific. These four zones are the Southern North in-situ D20 during 2002-2005 are given in Fig. 4. In addition,
Pacific Gyre (SNPG; 122-170' E, 9-18' N); two known eddy- in Fig. 4, the matching pairs are separated into three groups
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II I TABLE 11
140 APPLICABILITY OF THE DEPTH OF 20 

0
C ISOTHERM (D20) USING THE() 0- SNPG -A- SERZ , IERZ ,,11- NERZ TLMWNP METHOD FOR DIFFERENT MONTHS AND ZONES. USING THE

.. 120 •25% PROM AS THE ACCEPTANCE THRESHOLD, THE "APPLICABLE"

100 MONTHS AND ZONES ARE SHOWN BY TICKS, WHILE THE OTHER
G •MONTHS AND ZONES ARE SHOWN BY CROSSES

Ju60n - " , •e July I August -September. October
O' NERZ K X x x

S20 SFRZ V V V / V V

0- , , , sNP( V V V 'V -V -V
5 6 7 8 9 10Month
I I I Month [also in Fig. 6(a)], while underestimation in t he negative SSHA

120 (b) region is again observed.
-(b) From the accuracy analysis in Fig. 5, we can see that, in the

100 SNPG and SERZ, the rms difference is usually about 25 m or
S80- less, bias < 20 m, and PROM < 25%. However, in the IERZ,
O 60- the bias increases to > 25 m, and the PROM reaches ,--30%. As06 in the NERZ, both rms difference and bias can be as much as
a 40.. 100 m, while the PROM can also reach 100%. Taking a PROM

20 . . of 25% as a threshold guide, the applicable regions/months are

0 - - -4 determined and summarized in Table II. Basically, the two-

5 6 7 8 9 10 layer-method-derived D20 is of acceptable accuracy in the
Month SNPG and SERZ but not in the IERZ and, particularly, NERZ.

80 1 1 1 1 I Possible reasons for these inapplicabilities are discussed as
S(C) / -follows: From Fig. 6, one can see that the hydrographic setting

60- in the NERZ and IERZ is complex. There exists a mixed-water
region where the warm Kuroshio current from the south and the

E40 cold Oyashio current from the north mixed, a cold sub-Arctic
20 current, and a recirculation region in the Kuroshio extensionS2 0 - ..

[28]. With this complex situation, the simple two-layer method
0- may not work. Another possibility is the assumption that is

made in choosing D20 as the border separating the two layers
-20- , , I I (Section II). D20 was chosen and proposed originally as it

5 6 7 8 9 10 is usually where the main thermocline in the study region of
Month Shay et al. [32], i.e., the Gulf of Mexico, lies. In [10], this

Fig. 5. (a) Monthly rms difference, (b) PROM, and (c) bias of the method and the choice of D20 are subsequently applied glob-
TLMWNP-estimated D20 in each zone. The dotted line in (b) depicts the ally. It is possible that, in the IERZ and NERZ, D20 may not be
accuracy threshold of 25% PROM. an appropriate choice in representing the thermocline location

and resulted in the observed error in estimation. As reported by
representing positive SSHA pairs (SSHA > 8 cm, correspond- Qui and Chen [29], in these regions, the main thermocline is
ing to large values of D20), neutral pairs (SSHA between -8 below 20 'C and can reach as low as 12 'C, suggesting possible
and 8 cm), and negative SSHA pairs (SSHA < -8 cm, corre- errors of using D20 in these regions. This can be tested in future
sponding to small values of D20) [271. The monthly accuracy investigations and assess whether accuracy can be improved by
analysis, in rms difference, bias, and PROM, are given in Fig. 5. changing the choice of D20 in the IERZ and NERZ.
As in May, there are very few matching data points (22 pairs)
in the NERZ that can be used for validation because the water B Validation of the Depth of the 26 'C Isotherm (D26)
temperature was still cold and mostly below 20 'C and thus
are not discussed. From Fig. 4, one can see that throughout
May-October in the SNPG [Fig. 4(a)] and SERZ [Fig. 4(b)], After estimating D20, D26 can then be estimated from (2)
the derived TLM_WNP D20 is in good agreement with the (Section II) based on the estimated D20. According to the
in-situ D20. However, moving northward to the IERZ validation results of D20 (Section Ill-A), the two-layer method
[Fig. 4(c)], clear increase in spreading is found. In particular, cannot produce reliable D20 in the IERZ and NERZ. Thus,
the spreading is found to be caused by overestimation in the in these two zones, D26 is not calculated. As in Fig. 7(a), it
positive SSHA pairs (red circles) and underestimation in the can be seen in the monthly scatter plots that the derived and
negative SSHA pairs (blue squares). Further north to the NERZ observed D26 in the SNPG is again in good agreement for all
[Fig. 4(d)], a huge error is seen. One can see that the derived the months between May and October. The corresponding rms
D20 can reach 300 m in the positive SSHA region, with an difference is typically about 12 m with bias < 3 m and a PROM
overestimation of ,200 m from the in-situ D20 of '-•100 m of about 12% (Fig. 8). In the SERZ, a similar agreement is
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Fig. 6. (a) Observational temperature transect of 1450 E in the NERZ (after [37]). (b) Hydrographical setting of the western North Pacific (after [28]).

found from July to October [Figs. 7(b) and 8]. In May and data source of this analysis is the best track data of the U.S.
June, clear underestimation in the positive SSHA pairs (red Joint Typhoon Warning Center (J'TWC). Table IV compares
circles) is seen [Fig. 7(b)]. This leads to a decrease in the the number of typhoons (during intensification) passing the
accuracy that the rms difference is about 22-25 m and the applicable zones during the applicable months with the total
PROM is about 32%-38%. This shows unreliable estimation (i.e.. passing both inside and outside of the applicable zones and
of D26 in these two months. This inapplicability of the two- months). As shown in Table IV, this limited applicability should
layer method in the SERZ during the early typhoon season (e.g., not pose a severe constraint in studying the intensification
May and June) may be caused by the uncertainty of 8 (i.e., of category 5 (in Saffir-Simpson scale) typhoons since 100%
the climatological ratio between D20 and D26). As shown in of category 5 typhoons are found to intensify only in the
Fig. 2(a), during these months, 0 is of very low value (0-0.3) applicable zones [21I]. One can also see that 96.2% of category 4
and shoals sharply in the SERZ (122-170° E, l8-25° N) during intensifying typhoons and 97% of category 3 typhoons pass
this early period before summer. With this very low and sharp the applicable zones and applicable months. This suggests that,
decrease in 0, D26 can be underestimated as observed. Table III although TLM_WNP is only applicable in the applicable zones
summarizes the applicable months in the SNPG and SERZ of during applicable months, this limited applicability is not a
the D26 estimation. The validation results of SST are given in severe hindrance when studying the intensification of intense
Fig. 9. One can see that the monthly rms difference between (i.e., categories 3-5) typhoons since most (96.2%-l00%) of
the TLM_WNP (i.e., the TRMM/T'MI and AMSR-E SST) these intense typhoons are found to intensify in the applicable
and the observed GTSPP SST is within the range of 0.4 0 C- zones during applicable months. The limited applicability of the
l °C. The bias is typically below 0.5 °C, showing good agree- two-layer method for category 2 and, particularly, category I
ments. A similar finding was also reported by [36]. typhoons, however, poses some constraints. As shown in

Table IV, 61.9% of the category I typhoons pass the applicable

C. Applicable Zones and Periods zones during applicable months during their intensification,
while the other 38.1% of the category I typhoons do not. As

As summarized in Tables II and III, the two-layer method for category 2, 87.9% of the cases are applicable. Fig. 10 sum-
is applicable in the southern part of the western North Pacific marizes the intensification track segment for all 562 typhoons
ocean (i.e., the SNPG and SERZ) but not in the northern (from category I to 5) passing the western North Pacific and,
part (i.e., IERZ and NERZ). Thus, SNPG and SERZ are the in average, 84.5% of the typhoons that are intensified in the
"applicable" zones where this method can be used with ac- applicable zones during applicable months (as also shown in
ceptable accuracy (typically, the monthly PROM is < 25%). Table IV).
In addition, the applicable months of the SNPG are from May
to October (i.e., the entire typhoon season), while those of COPRONWTTHNANF
the SERZ are from July to October. To assess whether this FL CA OE
limited applicability in location and time may pose a seri-
ous constraint in studying typhoon intensification, we analyze Since the two-layer reduced-gravity model is a simple model,
45 years (1 960-2004) of typhoon track and intensity data over here we further compare its performance with the NPACNFS
the western North Pacific during the May-October period. The full ocean model from the U.S. NRL [18]. NPACNFS is a 3-D
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Fig. 8. (a) Monthly rms difference, (b) PROM, and (c) bias of the
TLM-WNP-estimated D26 in SNPG and SERZ. The dotted line in (b) depicts
the accuracy threshold of 25% PROM. lation System to produce 3-D fields of temperature and salinity

[18]. Three months (July-September 2003) of the NPACNFS
hydrodynamic model with 26 sigma levels in the vertical. The upper ocean thermal structure data is obtained for compar-
model assimilated satellite data, MultiChannel SST (MCSST), ison. Again, the NPACNFS data is validated by the in-situ
and static climatology from the Modular Ocean Data Assimi- GTSPP data.
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TABLE IV in the NERZ, the rms of ,-•40 m and PROM of -50%, as
STATISTICS OF 45 YEARS (1960-2004) OF WESTERN NORTH PACIFIC validated by the in-situ points, are still too high and are still not
TYPHOONS (CATEGORY I THROUGH 5) BASElD ON THE BEST TRACK
DATA FROM THE JOINT TYPHOON WARNING CENTER. THE TOTAL. suitable for use. A summary of the applicability for applicable

NUMBERS OF TYPHOONS (DURING INTENSIFICATION) ARE zones and months using the NPACNFS is given in Table V.
COMPARED WITH THE NUMBERS OF TYPHOONS PASSING THE

APPLICABLE ZONES DURING APPiICABLE MONTHS

"('41 1. C- t.... . ........t. 5 .......... B. Depth of the 26 'C Isotherm (D26) and SST""•• i ]tI ('at 2 Cat 3 C:at 4 Cat" 5 Totla

The validation results of the NPACNFS D26 are summarized
t ph,,n 39 99 97 133 94 562 in Fig. I I (d)-(f). In comparison with the two-layer method
"numbrs (Fig. 8), the NPACNFS D26 has little less accuracy in the SNPO

applicable 6 87 80 128 94 475 that the monthly PROM is > 14%, as compared with the 11%
Arease of the two-layer method. In addition, a clear negative bias in

perenta.ge ! 61,94 87.9q 97'i 96.2% 100% 8o the range of 8%-23% is found. In the SERZ, the two-layer D26
has higher accuracy that the PROM of the NPACNFS D26 can
be up to 46% [Fig. 11 (e)], while the two-layer PROM is about

T" 20% [Fig. 8(b)]. Moving northward to the IERZ and NERZ,
35"N an obvious negative bias of the NPACNFS D26 with PROM

NERZ > 40% is found, again suggesting that in these two zones,
30"N -even with the complex NPACNFS, D26 cannot be reliably

Iestimated. Again, taking the 25% monthly PROM accuracy as
25N a threshold, the applicability of the NPACNFS is summarized

- in Table VI.
20"N The validation results of the NPACNFS SST with in-situ data

are given in Fig. II (g) and (h). In contrast to the high SST
S5"N _ accuracy that is found in the two-layer method (i.e., monthly

IOiN rms difference and bias -,,0.7 °C), the NPACNFS shows less
accuracy. As shown in Fig. 11(g) and (h), the monthly rms

5 N difference is in the range of 0.8 'C-I.4 'C, together with a
Sclear negative bias of 1.0 'C. From the preceding discussion,

0"___-________-__ we see that the NPACNFS has general underestimation in the
120"E 125'E 130"E 135"E 140"E 145"E 150"E 155"E 160"E 165"E 170"E upper ocean parameters (i.e., D26 and SST). This becomes a

Fig. 10. Tracks of the 562 typhoons in the past 45 years (1960-2004) passing critical factor to consider when using NPACNFS upper ocean
the western North Pacific and the applicable areas. parameters to study typhoon-ocean interaction since this upper

ocean is the primary part of the ocean with which typhoons are
A. Depth of the 20 'C Isotherm (D20) interacting [25], [32].

Fig. 12 compares the profiles from the in-situ, two-layer,
The validation results of the NPACNFS D20 are shown in and NPACNFS profiles along a transect at 1450 E for every 30

Fig. I l(a)-(c). It can be seen that, during the three months of the latitude from 10'N to 25°N (i.e., passing through SNPG and
validation period, the NPACNFS D20 shows slight increase in SERZ). Here, the 145' E transect is chosen because it is where
accuracy in the SNPG as compared with the two-layer method abundant in-situ profiles exist with uniform distribution (Fig. 3).
(Fig. 5) that the monthly rms difference is typically about In Fig. 12, one can see that the simple two-layer profiles (in gray
13-20 m with a PROM < 10%. A small negative bias of with dots) match reasonably well with the observed profiles
about 10 m in the SNPG between July and September is (black curves), while the clear underestimation (1.0 'C or more)
noted. In the SERZ, the NPACNFS and TLM_WNP have of the upper ocean (typically from SST down to a depth of
similar accuracies in the D20 estimation, with a PROM of 100 m) of the NPACNFS profiles is seen.
about 11%-16% and an rms difference of about 21 m in
August and September [Fig. 11 (a) and (b)]. A larger monthly C. TCHP
rms difference of 32 m is noted in the NPACNFS D20 in
July [Fig. 11 (a)]. In the IERZ, the D20 from the NPACNFS Using in-situ profiles, TCHP is calculated and used to com-
performs better than that from the two-layer method (Fig. 5); pare with the TCHP from the estimated profiles by the two-
for example, in July and September, the PROM is < 20% layer and the NPACNFS models. From Fig. 13, one can see that
(rms difference < 20 m), while in August, the PROM is -'29% the two-layer TCHP has higher accuracy than the NPACNFS
[Fig. 11 (a) and (b)]. In the NERZ, the D20 from the NPACNFS TCHP throughout the three-month (July-September 2003) val-
is better than that from the two-layer method, with a monthly idation period. With the two-layer method, the rms difference is
PROM in the range of 43%-56% and an rms difference of about 30 kJ/cm , and the bias is less than 10 kJ/cm 2 . In contrast,
about 30-46 m [Fig. 11 (a) and (b)], as compared with the two- the NPACNFS TCHP has evident underestimation with a large
layer PROM of > 90% and rms difference of 70 m. However, negative bias ranging from -40 to -60 kJ/cm 2 and the large
although NPACNFS behaves better than the two-layer method corresponding PROM in the range of 40%-70% (Fig. 13). This
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TABLE V V. APPLICATION IN STUDYING THE INTENSITY CHANGE
AS IN TABLIF, [l BUT FOR THF, PFRFORMANCFE OF THE NPACNFS D20 OF SUPERTYPHOON DIANMU (2004)

4.... . August -Septemberj Oeto~ber iUsing the TLMWNP profiles, we study the intensity change
-NERZ- K'- ' .-- - of Supertyphoon Dianmu (2004). Dianmu, which means

IFZ ' V"Mother of lighting" in Chinese and made landfall and damaged
SERZ [ V V | V Japan, has been the most rapidly intensified western North
SNP( V' V-• 3 ' J/ Pacific typhoon since 1960.2 Within 18 h (0000 UTC-1800

UTC June 15), it rapidly intensified from category 1 (70 kn)

TABLE VI to the category 5 superscale (145 kn). This is equivalent to
As IN TAHI.: 11 BUT FOR THE PFRFORMANCE. OF THE. NPACNFS D26 100-kn intensification in 24 h, which is more than three times

1 • _] the usual "rapid intensification" baseline of 30 kn in 24 h
_ _ /_•__ August Se!•tenihr O. 0ihe. [15]. Observing the pre-Dianmu SSHA data, one can see that

N_ ERZ_ ..... _ ____ K this happened as Dianmu entered a large warm ocean feature
I IERZ K ,, X ,,__, region in the SNPG that is characterized by positive SSHA
S.RZ ... ' ........ K x- '[ V ... -,20 cm [Fig. 14(a)]. From the TLM_WNP results, we can

SSNPG; 'V/ 'V '/ V see that this warm feature caused further deepening of D26
by 10-30 m [Fig. 14(b)] in the SNPG. As a result, it can be

underestimation is clearly the result of the underestimation 2According to the I -min sustained wind best track data of the U.S. JTWC
from 1960 to present, Dianmu (2004) and the #11 typhoon in 1983 are the mostof SST and D26 in the NPACNFS profiles, as discussed in rapidly intensified typhoons in the western North Pacific; both intensified by

Section IV-B. 75 kn within 18 h.
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seen that this rapid intensification took place at a region with an profile 9) are depicted in black (Fig. 15(a), with the location
extraordinarily thick layer of warm water, i.e., D26 reaching depicted as stars in Fig. 14), confirming acceptable quality of
150 m [Fig. 14(c)]. The corresponding pretyphoon TCHP is the TLMWNP profiles. It can also be noted that, with the
about 120-150 kJ/cm 2 [Fig. 14(d)], which is higher than the two-layer method, profiles along the track can be obtained, but
well-known Hurricane Opal (1998) case of 80-120 kJ/cm2 [10], with in-situ profiles, such information is not available. As in the
[32]. As it progressed into the interior of the warm feature Dianmu case, only two in-situ profiles are found. As reported by
at 0600 UTC June 16, Dianmu reached its peak intensity at Lin et al. [21], this lacking of in-situ data along the typhoon's
155 kn [Fig. 14(a) and (c)]. This peak intensity sustained for tracks is common, particularly, before the deployment of Argo
12 h until 1800 UTC June 16 and started to decline to the floats [11], [12] in 2003.
category 4 120 kn at 1800 UTC June 17 as Dianmu moved into Thus, with the TLMWNP profiles as initialization, together
a region with a shallower warm layer of 90 m [Fig. 14(c)]. This with wind forcing from the JTWC best track wind, we can run
situation can also be seen from the TLM_WNP profiles, where an ocean mixed-layer model [26] to study the ocean's dynamic
profiles from the intensification region (i.e., profiles 1-6), the response to typhoon and estimate typhoon-induced cooling [1],
intensity-sustained region (profiles 7 and 8), and the intensity [3], [25]. From Fig. 15(b), one can see the progressive increase
declination region (profiles 9-12) are depicted in red, green, and in mixing as the typhoon intensifies (profiles 1-6) and reaching
blue, respectively [Fig. 15(a)]. Here, two in-situ GTSPP profiles as deep as 120 m, as confirmed by the in-situ GTSPP profile
(profile 6' and 9') that were found prior to Dianmu's passing [black profile in Fig. 15(b), with the location depicted as a
(from June 10 and 12, 2004; one near profile 6 and one near triangle in Fig. 14] that was acquired immediately after the
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-40 -30 -20 -10 0 10 20 30 40Fig. 15. (a) Initial profiles along Dianmu's track that are used in the mixed-

_4' layer model experiment where the in-situ profiles, those along Dianmu's
1NI(C) intensification location, those along Dianmu's intensity maintenance location.

16-N and those along Dianmu's intensity decay location are depicted in black, red.
green, and blue, respectively. (b) same as (a), but from mixed-layer model
except profile 13. which obtained from ARGO.

120E 124E 12~E 32E 136E 140 144E 18'Eintensification period on June 17, 2004. From Fig. 16, one
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 can also see the corresponding increase in self-induced cooling

- -from 0.6 'C during category I (at 0000 UTC June 15) to
(d 1.4 'C at peak (i.e., category 5, 0600 UTC June 16). From

0600 UTC June 16 onward, although Dianmu's intensity did
12'N not increase, cooling still enhanced to 2.1 'C as Dianmu moved

into a region with shallower warm water [profiles 9-12 in
map14 2E 3E 16E 10* 4' 4~ Fig. 15(b), Fig. 16]. This situation can also be observed in

KJCO.C the SST maps from TRMM and AMSR-E that were acquired
0 10 20 30 40 50 60 70 80 90 100 1101 120 130 140 150 160 170 before [oniJune 13, Fig. 17(a)] and after [on June 18, Fig. 17(b)]

Fig 1. a) omosteof `OEXPoeidn ndJaon-I ltmerymesue-Dianmu's passing. From 0600 UTC June 16 onward, one can
ments for one cycle (ten days) between June 5, 2004 and June 14, 2004, se la nacdcoigt hergtt h yho' rc
showing the pre-Dianmu SSHA. (b) zAD26 (TMM.WNP-derived D26 minus [SST -27 'C in Fig. 17(b)] [1], [2], [25], [36] as compared
climatological D26), (c) ThMWNP-derived D26. and (d) TCHP estimated with the warm pretyphoon SST of > 29 'C [Fig. 17(a)]. As
from the two-layer method. The green stars and black triangle depict the in-situ
profiles that are found before and during Dianmu's passage. Typhoon intensity in the earlier intensification period (i.e., before 0600 UTC
in the Saffir-Simpson scale is shown in the legend of (a). June 16), cooling is less pronounced [Fig. 17(b)].
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Fig. 16. Relationship between five parameters (i.e., self-induced SST cooling, dynamic TCHP, pretyphoon SST. pretyphoon TCHP. and vertical wind shear) and
typhoon intensity.

Srapid-intensification period from category I to 5, followed by
the decay to category 4, from 0000 UTC June 15 to 1800

15"N UTC June 17). From Fig. 16, we can see that throughout
the study period, there is little change in the vertical wind
shear. With the rapid intensification and decay of Dianmu, the

1 0N shear was typically about 6 m/s and shows little variability.
120E 125*E 130"E 135E 140TE 145"E 150'E This is also true for the pretyphoon SST. In comparison, theb other three parameters, i.e., the pretyphoon TCHP, the dynamic

- TCHP, and the self-induced cooling, have more variability.
15"N As can also be seen in the relationship between the 6-h in-

tensity change and each of the five parameters (Fig. 18). the
two parameters that include the ocean's dynamic responses,

IO'N i.e., the self-induced cooling and the dynamic TCHP, have120 'E 125'E 130"E 135"E 140"E 145*E 150 *E2

K(C) the highest correlation coefficient, with R 2 = 0.69 and 0.72,
270 275 280 285 290 29.5 respectively [Fig. 18(a) and (b)]. This suggests that there seems

Fig. 17. Composite of SST from the TMI and AMSR-E passes in (a) June 13, to be a relation between the 6-h intensity change of Dianmu

2004 for pre-Dianmu and in (b) June 18, 2004 for after Dianmu's passage. during this period and these two parameters. During this study
period, the correlation coefficient with the pretyphoon SST

Finally, of much interest for future forecast reference is and the vertical wind shear is low, with R 2 = 0.07 and 0.10,
to identify parameters that are sensitive to typhoon-intensity respectively [Fig. 18(c) and (e)]. As for the pretyphoon TCHP,
change. As shown previously, using the derived profiles to the R 2 

- 0.48 shows more sensitivity than the pretyphoon SST and
mixed-layer model, self-induced cooling during the typhoon shear but is still lower than the self-induced cooling and the
along the track can be estimated. Since upper ocean thermal dynamic TCHP.
profiles [i.e., Fig. 15(b)] can also be obtained, it can be used It should be understood that typhoon intensity is controlled
to calculate the dynamic TCHP during the typhoon. Therefore, by many necessary atmospheric and oceanic parameters as well
two parameters that include the ocean's dynamic response, i.e., as the typhoon's own structure [4], [35]. It is still a current
the self-induced cooling and the dynamic TCHP during the open question in identifying sensitive parameters in typhoon
typhoon, can be calculated. It should be noted that, without the intensity and identifying the roles that each parameter plays
derived profiles, these two parameters could not be calculated, [4], [5], [10], [351. The preceding sensitivity comparison shows
as it is impossible to have in-situ profiles at each point of that pretyphoon SST and vertical wind shear are less sensitive
the track (Fig. 14). Together with the other parameters, i.e., than the other parameters. However, it does not imply that
pretyphoon SST [blue curve in Fig. 16 and the 2-D map in both parameters are not important. The very warm pretyphoon
Fig. 17(a)], pretyphoon TCHP [green curve in Fig. 16, as from SST in the range of 29 'C-30 'C and the low wind shear
Fig. 14(d)], and atmospheric vertical wind shear3 data along of about 6 m/s [8] are all very favorable for typhoon in-
the track (brown curve in Fig. 16), we compare the sensitivity tensification but not sensitive to subsequent typhoon-intensity
of these five parameters to typhoon-intensity change during change when the value of the threshold of both parameters (i.e.,
Dianmu's drastic intensity change period (i.e., covering the pretyphoon SST > 26 'C and wind shear < 10 m/s) are satis-

factory. Unless the situation is close to threshold value, both
3Wind shear is estimated as the difference between the 200- and 850-mb parameters can probably become sensitive to typhoon intensity.

European Centre for Medium-Range Weather Forecasts 1.25" resolution re-
analysis wind data that are averaged over a 700 x 700 km box that is centered In the Dianmu's case, both parameters were far beyond the
in the typhoon for every 6-h interval, threshold and experienced little change (blue and brown curves
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Fig. 18. Intensity change of 6 h of Dianmu with the five parameters, i.e., (a) self-induced SST cooling, (b) dynamic TCHP, (c) pretyphoon SST, (d) pretyphoon
TCHP. and (e) vertical wind shear.

in Fig. 16) during the study period; thus, pretyphoon SST and ters (i.e., SST and D26) is found. This leads to significant
vertical wind shear are not as sensitive as the other parameters. underestimation in TCHP using the NPACNFS profiles from
This study is the beginning of investigation using two-layer- -40 to -60 kJ/cm 2 , whereas using the two-layer method, the
method-derived profiles to systematically study these various TCHP estimation reaches higher accuracy, which is typically
parameters in relation to the intensity change of western North about 30 kJ/cm 2 . Applying the two-layer-method-derived pro-
Pacific typhoons. With the current analysis, we found that at files in studying the intensity change of supertyphoon Dianmu
least for the Dianmu case, the upper ocean thermal structure is (2004) found that the two parameters, i.e., the typhoon's self-
highly critical, and the two associated parameters, i.e., the self- induced cooling and the dynamic TCHP during the typhoon, are
induced cooling and the dynamic TCHP during typhoon, are the most sensitive parameters (R2 ,-i 0.7) to the 6-h intensity
the most sensitive to the 6-h intensity change as compared with change during the study period. Therefore, with the availability
all other parameters. of the upper ocean thermal profile that is derived from the two-

layer method in the applicable zones/periods in the western
VI. CONCLUSION North Pacific, one can conduct future analysis to systematically

study the control of upper ocean thermal structure in the inten-
Using a large set of > 5000 in-situ profiles from the sity change of western Pacific typhoons.
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