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Purpose of this document

7KLV�GRFXPHQW�SUHVHQWV�DQ�RYHUYLHZ�RI�WKH�VFLHQWLILF�LVVXHV�UHODWHG�WR�WKH�JHQHUDWLRQ�RI

7500�SURGXFWV�RYHU�WKH�WURSLFDO�RSHQ�RFHDQ�DQG�WKH�H[SHULPHQWDO�GHVLJQ�IRU�WKH�7500

ILHOG�FDPSDLJQ�FHQWHUHG�DW�WKH�SHUPDQHQW�*URXQG�9DOLGDWLRQ�VLWH�RQ�.ZDMDOHLQ�,VODQG�LQ�WKH

5HSXEOLF�RI�WKH�0DUVKDOO�,VODQGV��7KH�.ZDMDOHLQ�([SHULPHQW��.:$-(;��LV�XQLTXH�DPRQJ

WKH�SODQQHG�7500�ILHOG�FDPSDLJQV�LQ�WKDW�LW�LV�WKH�RQO\�RQH�WR�EH�FRQGXFWHG�RYHU�WKH

WURSLFDO�RSHQ�RFHDQ��:KLOH�WKHUH�DUH�VLPLODULWLHV�LQ�WKH�VFLHQWLILF�LVVXHV�RYHU�ODQG�DQG�RFHDQ�

WKHUH�DUH�DOVR�GLIIHUHQFHV�LQ�WKH�LVVXHV�DQG�WKHLU�SULRULWLHV�RYHU�WKH�RFHDQ��7KH�ILUVW�SDUW�RI

WKLV�GRFXPHQW�ZLOO�IRFXV�RQ�WKH�VFLHQWLILF�SULRULWLHV�UHODWHG�WR�7500�SURGXFWV�RYHU�WKH

WURSLFDO�RSHQ�RFHDQ��WKH�VHFRQG�KDOI�ZLOO�GHVFULEH�KRZ�WKHVH�VFLHQWLILF�LVVXHV�ZLOO�EH

DGGUHVVHG�LQ�WKH�H[SHULPHQWDO�GHVLJQ�

The scientific goal of KWAJEX

7KH�7500�/HYHO���DQG�/HYHO���SURGXFWV�DUH�GHVLJQHG�WR�\LHOG�LQIRUPDWLRQ�QHHGHG�WR

FDOFXODWH�WKH�SHUWXUEDWLRQ�WR�WKH�ODUJH�VFDOH�EDODQFHG�IORZ�FDXVHG�E\�SUHFLSLWDWLQJ�FORXG

V\VWHPV��*OREDO�FOLPDWH�PRGHOV�VLPXODWH�WKH�ODUJH�VFDOH�EDODQFHG�IORZ�RI�WKH�DWPRVSKHUH�

&KDQJHV�LQ�WKH�ODUJH�VFDOH�EDODQFHG�IORZ�ZLWK�WLPH�DUH�GHVFULEHG�LQ�WKH�WURSLFV�E\�WKH�ODUJH�

VFDOH�YRUWLFLW\�HTXDWLRQ��7KH�IRUFLQJ�IXQFWLRQ�IRU�WKH�ODUJH�VFDOH�YRUWLFLW\�KDV�WZR�WHUPV��RQH

UHODWHG�WR�WKH�YHUWLFDO�JUDGLHQW�RI�KHDWLQJ�DQG�WKH�RWKHU�UHODWHG�WR�PRPHQWXP�WUDQVSRUW��7KH

SULPDU\�JRDO�RI�7500�LV�WR�DGGUHVV�WKH�YHUWLFDO�JUDGLHQW�RI�KHDWLQJ�WHUP�DQG�WKHUHE\

SURYLGH�REVHUYDWLRQDO�YHULILFDWLRQ�WR�JOREDO�PRGHOV�UHJDUGLQJ�WKH�SHUWXUEDWLRQ�RI�WKH

EDODQFHG�IORZ�E\�SUHFLSLWDWLQJ�V\VWHPV��,Q�WKH�WURSLFV��WKH�YHUWLFDO�SURILOH�RI�WKH�ODUJH�VFDOH

KRUL]RQWDO�GLYHUJHQFH�LV�HTXLYDOHQW�WR�WKH�YHUWLFDO�JUDGLHQW�RI�KHDWLQJ�EXW�LV�PRUH�HDVLO\

PHDVXUHG��7KHUHIRUH��WKH�SURILOH�RI�KRUL]RQWDO�GLYHUJHQFH�RYHU�D�SUHFLSLWDWLQJ�UHJLRQ�LV�LQ

HIIHFW�WKH�SHUWXUEDWLRQ�FDXVHG�E\�SUHFLSLWDWLRQ�IHOW�E\�WKH�EDODQFHG�IORZ�

7KH�7500�0LFURZDYH�,PDJHU��70,��DQG�3UHFLSLWDWLRQ�5DGDU��35��ZLOO�EH�XVHG�DV�LQSXW

ERWK�VHSDUDWHO\�DQG�FRPELQHG�LQWR�DOJRULWKPV�WR�SURGXFH�WKH�/HYHO���DQG�/HYHO���SURGXFWV�

7KH�7500�*URXQG�9DOLGDWLRQ��*9��GDWD�VHUYHV�DV�D�PHDQV�RI�YHULI\LQJ�WKHVH�SURGXFWV

RYHU�WKH�UHJLRQV�RI�WKH�*9�VLWHV��+RZHYHU��FRPSDULVRQ�WR�HQG�SURGXFWV�VXFK�DV�VXUIDFH
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UDLQIDOO�LV�QRW�VXIILFLHQW�IRU�WKH�SXUSRVHV�RI�YDOLGDWLQJ�DQG�FDOLEUDWLQJ�WKH�VDWHOOLWH�GDWD�DQG

VDWHOOLWH�DOJRULWKPV�VLQFH�LW�GRHV�QRW�DGGUHVV�why�WKH�GLIIHUHQFHV�H[LVW��3K\VLFDO�YDOLGDWLRQ�RI

WKH�DVVXPSWLRQV�XVHG�LQ�WKH�70,��35��DQG�*9�DOJRULWKPV�LV�YLWDO�WR�FRUUHFWLQJ�HUURUV�DQG

LPSURYLQJ�DOO�7500�DOJRULWKPV�VR�WKDW�WKH\�UHDFK�WKH�ULJKW�DQVZHUV�IRU�WKH�ULJKW�UHDVRQV�

7KH�*9�VLWHV�FRYHU�RQO\�D�WLQ\�IUDFWLRQ�RI�WKH�7500�VDWHOOLWH�FRYHUDJH��7KH�*9�GDWD�FDQ

VHUYH�DV�D�FKHFN�RQ�WKH�VDWHOOLWH�DOJRULWKPV�EXW�RQO\�RYHU�WKHVH�OLPLWHG�UHJLRQV��7KH

YHULILFDWLRQ�RI�SK\VLFDO�DVVXPSWLRQV�KDV�LPSDFW�RQ�WKH�JOREDO�7500�SURGXFWV�DQG�RXU

FRQILGHQFH�LQ�WKHLU�DFFXUDF\�ERWK�DW�WKH�*9�VLWHV�DQG�between�WKHP�

2I�WKH�URXWLQH�*9�GDWD��WKH���'�UHIOHFWLYLWLHV���$������$�����DUH�WKH�RQO\�PHDQV�RI

DFFHVVLQJ�WKH�FKDUDFWHULVWLFV�RI�WKH�WKUHH�GLPHQVLRQDO�VWRUP�VWUXFWXUH�WKDW�DUH�WKH�EDVLV�RI

PDQ\�RI�WKH�SK\VLFDO�DVVXPSWLRQV�XVHG�LQ�WKH�7500�VDWHOOLWH�DOJRULWKPV��:KLOH�XVHIXO��WKHVH

URXWLQH���'��UHIOHFWLYLW\�GDWD�DUH�OLPLWHG�LQ�WHUPV�RI�WKH�W\SHV�RI�LQIRUPDWLRQ�WKH\�SURYLGH

DQG�DUH�QRW�VXIILFLHQW�WR�DGGUHVV�PDQ\�VSHFLILF�DVSHFWV�RI�SK\VLFDO�YDOLGDWLRQ�IRU�7500

DOJRULWKPV��7KH�7500�ILHOG�FDPSDLJQV�DGGUHVV�WKLV�GHILFLHQF\�E\�SURYLGLQJ�OLPLWHG�WLPH

SHULRGV�RI�LQWHQVLYH�REVHUYDWLRQV�DW�*9�VLWHV�E\�PXOWLSOH�VSHFLDOL]HG�VHQVRUV�DQG�SODWIRUPV

WR�FROOHFW�GDWD�GLUHFWO\�UHODWHG�WR�SK\VLFDO�YDOLGDWLRQ�LVVXHV�WKDW�ZRXOG�QRW�EH�DYDLODEOH

RWKHUZLVH��,W�LV�LPSRUWDQW�WKDW�WKH�ILHOG�FDPSDLJQV�EH�GHVLJQHG�LQ�D�PDQQHU�VXFK�WKDW�WKH

EHQHILW�IRU�SK\VLFDO�YDOLGDWLRQ�RI�DOO�DOJRULWKPV�LV�PD[LPL]HG�JLYHQ�WKH�DOORFDWHG�UHVRXUFHV�

7KH�ILUVW�SDUW�RI�WKLV�GRFXPHQW�GHVFULEHV�WKH�VFLHQWLILF�LVVXHV�DQG�SK\VLFDO�YDOLGDWLRQ�QHHGV�RI

7500�DOJRULWKPV�RYHU�WKH�WURSLFDO�RSHQ�RFHDQ�DV�D�EDFNJURXQG�IRU�WKH�VHFRQG�SDUW��ZKLFK

ZLOO�UHODWH�REVHUYDWLRQDO�QHHGV�WR�VSHFLILF�LQVWUXPHQWV�DQG�SODWIRUP�UHVRXUFHV�DQG�WKH

GHSOR\PHQW�RI�WKHVH�UHVRXUFHV�LQ�WKH�.:$-(;�ILHOG�FDPSDLJQ�
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PART I: Scientific Overview

1. Scientific issues to be addressed in KWAJEX

1.1 Temporal sampling

$PRQJ�WKH�VWDWHG�JRDOV�RI�7500�LV�WKH�JOREDO�PDSSLQJ�RI�SUHFLSLWDWLRQ�RQ�PRQWKO\�WLPH

VFDOHV�DQG�RYHU����×����DUHDV��7KH�7500�VDWHOOLWH�LV�LQ�D�ORZ�HDUWK�RUELW�DQG�REVHUYHV�D

JLYHQ�DUHD�LQWHUPLWWHQWO\��5HJLRQV�LQ�WKH�KLJKHU�ODWLWXGHV�RI�WKH�RUELW�FRYHUDJH�DUH�REVHUYHG

PRUH�IUHTXHQWO\�WKDQ�WKRVH�LQ�WKH�WURSLFV��(UURUV�LQ�WKH�PRQWKO\�DYHUDJHV�ZLOO�FRQVLVW�RI�D

FRPELQDWLRQ�RI�WKH�HUURUV�LQ�WKH�LQVWDQWDQHRXV�UHWULHYDOV�RI�SUHFLSLWDWLRQ�DQG�HUURUV

DVVRFLDWHG�ZLWK�LQWHUPLWWHQW�REVHUYDWLRQ��,QVWDQWDQHRXV�UHWULHYDO�HUURUV�ZLOO�EH�DGGUHVVHG�LQ

6HFWLRQV����������7KH�VDPSOLQJ�HUURU�LV�GHWHUPLQHG�E\�WKH�RUELW�RI�WKH�VDWHOOLWH��WKH�VZDWK

ZLGWK�VFDQQHG�E\�WKH�VDWHOOLWH�DV�LW�SDVVHV�RYHU��DQG�WKH�VWDWLVWLFDO�FKDUDFWHULVWLFV�RI�WKH

REVHUYHG�UDLQIDOO��%HOO�HW�DO��������

6WXGLHV�WR�GDWH�RI�WKH�7500�VDPSOLQJ�HUURUV��%HOO�HW�DO��������%HOO�DQG�.XQGX�������KDYH

XVHG�WKH�*$7(�UDLQ�PDS�GDWD�VHW�DV�LQSXW�WR�PDWKHPDWLFDO�PRGHOV�XVHG�WR�FRPSXWH�WKH

VWDWLVWLFDO�FKDUDFWHULVWLFV�RI�WKH�UDLQIDOO��5DLQIDOO�FKDUDFWHULVWLFV�WKDW�LPSDFW�VDPSOLQJ�HUURU�DUH

WKH�GLXUQDO�F\FOH�RI�UDLQIDOO��WKH�DUHDO�H[WHQW�DQG�GLVWULEXWLRQ�RI�WKH�SUHFLSLWDWLQJ�UHJLRQV��DQG

WKH�OLIHF\FOH�DQG�GXUDWLRQ�RI�UHJLRQV�RI�UDLQIDOO��,Q�RUGHU�WR�DVVHVV�WKH�YDULDWLRQ�RI�VDPSOLQJ

HUURU�LQ�GLIIHUHQW�UHJLRQV�RI�WKH�JOREH��UHVHDUFK�VLPLODU�WR�WKH�%HOO�VWXGLHV�ZLOO�QHHG�WR�EH

FDUULHG�RXW�IRU�RWKHU�UHJLRQV�VXFK�DV�.ZDMDOHLQ�ZKHUH�SUHFLSLWDWLRQ�FKDUDFWHULVWLFV�DUH

GLIIHUHQW�IURP�WKRVH�LQ�WURSLFDO�$WODQWLF�,QWHUWURSLFDO�&RQYHUJHQFH�=RQHV�QHDU�WKH�$IULFDQ

FRDVW�

7KH�7500�*9�VLWHV�DUH�WKH�ORJLFDO�FKRLFH�IRU�WKHVH�IXWXUH�VDPSOLQJ�HUURU�VWXGLHV�VLQFH

WKH\�DUH�FROOHFWLQJ�GDWD�RYHU�WKH�OLIHWLPH�RI�WKH�7500�VDWHOOLWH��'XULQJ�*$7(��UDLQ�PDSV

ZHUH�SURGXFHG�DW�KRXUO\�LQWHUYDOV�RYHU�D�UHJLRQ�a��������NP��RYHU�a����GD\V��+XGORZ�DQG

3DWWHUVRQ��������*LYHQ�WKH�����NP�UDGLXV�RI�WKH�*9��$����UDLQ�PDSV��DSSUR[LPDWHO\�����

*9�UDLQ�PDSV��a��PRQWKV�ZRUWK��ZRXOG�EH�UHTXLUHG�WR�SURGXFH�D�UDLQ�PDS�GDWDEDVH

HTXLYDOHQW�WR�WKDW�IURP�*$7(�
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9DOLGDWLRQ�VWXGLHV�RI�WKH�PHWKRGV��%HOO�DQG�.XQGX�������XVHG�WR�SURGXFH�PRQWKO\�SURGXFWV

IURP�WKH�LQWHUPLWWHQW�VDWHOOLWH�VDPSOHV�ZLOO�XWLOL]H�FRPSDULVRQV�RI�PRQWKO\�DYHUDJH�SURGXFWV

IURP�WKH�7500�VDWHOOLWH�DQG�*9�GDWD��0DQ\�PRQWKV�RI�GDWD�ZLOO�EH�UHTXLUHG�WR�KDYH

VXIILFLHQWO\�ODUJH�VDPSOHV�WR�GHWHFW�V\VWHPDWLF�ELDVHV�DQG�UDQGRP�HUURU��7KH�WLPH�VFDOH�RI�WKH

SURSRVHG�.:$-(;�ILHOG�FDPSDLJQ����PRQWKV��LV�WRR�VKRUW�WR�DGGUHVV�WHPSRUDO�VDPSOLQJ

LVVXHV�GLUHFWO\��+RZHYHU��DQDO\]LQJ�WKH�*9�GDWD�LQ�WKH�FRQWH[W�RI�WKH�RWKHU�REVHUYDWLRQV

GXULQJ�WKH�ILHOG�FDPSDLJQ�ZLOO�LPSURYH�WKH�SK\VLFDO�LQWHUSUHWDWLRQ�RI�WKH�URXWLQH�*9�GDWD��,Q

WKLV�ZD\��WKH�ILHOG�FDPSDLJQV�DW�WKH�SHUPDQHQW�*9�VLWHV�ZLOO�PDNH�WKH�URXWLQH�*9�GDWD�PRUH

YDOXDEOH�DQG�WKXV�FRQWULEXWH�WR�WKH�H[DPLQDWLRQ�RI�WHPSRUDO�VDPSOLQJ�LVVXHV�LQGLUHFWO\�

1.2 TRMM microwave imager (TMI)

a. Basic concepts

6DWHOOLWH�SDVVLYH�PLFURZDYH�SUHFLSLWDWLRQ�HVWLPDWLRQ�WHFKQLTXHV�XWLOL]H�WKH�PRGLILFDWLRQ�RI

VXUIDFH�XSZHOOLQJ�UDGLDWLRQ�E\�SUHFLSLWDWLRQ��%RWK�VFDWWHULQJ�DQG�DEVRUSWLRQ�UHGXFH�HQHUJ\

UHDFKLQJ�WKH�VXUIDFH��$EVRUSWLRQ�RI�LQFRPLQJ�HQHUJ\�E\�LQWHUYHQLQJ�PDWHULDOV�FDXVHV�WKHP�WR

HPLW�UDGLDWLRQ��WKURXJK�.LUFKRII·V�/DZ��ZKLFK�LQFUHDVHV�WKH�XSZHOOLQJ�EULJKWQHVV

WHPSHUDWXUHV�FRPSDUHG�WR�D�VLWXDWLRQ�ZKHQ�QR�DEVRUELQJ�PDWHULDOV�DUH�SUHVHQW��6FDWWHULQJ

UHGXFHV�WKH�XSZHOOLQJ�EULJKWQHVV�WHPSHUDWXUH��:DWHU�DW�WKH�HDUWK·V�VXUIDFH�KDV�ORZ�HPLVVLYLW\

DW�PLFURZDYH�IUHTXHQFLHV�DQG�WKXV�SUHVHQWV�D�FROG�EDFNJURXQG�ZKLFK�PDNHV�WKH�VPDOO

LQFUHDVH�LQ�EULJKWQHVV�WHPSHUDWXUH�DVVRFLDWHG�ZLWK�DEVRUSWLRQ�E\�SUHFLSLWDWLRQ�GHWHFWDEOH�

/DQG�KDV�ODUJHU�DQG�YDULDEOH�HPLVVLYLWLHV�DQG�SUHVHQWV�D�PXFK�ZDUPHU�EDFNJURXQG�DJDLQVW

ZKLFK�WKH�DEVRUSWLRQ�VLJQDO�LV�GLIILFXOW�WR�GHWHFW�XQDPELJXRXVO\��:LOKHLW��������6FDWWHULQJ�LV

GHWHFWDEOH�RYHU�ERWK�ZDWHU�DQG�ODQG�

$PRQJ�WKH�DWPRVSKHULF�FRQVWLWXHQWV��RQO\�SUHFLSLWDWLRQ�VFDWWHUV�PLFURZDYH�UDGLDWLRQ��7KH

GHJUHH�RI�VFDWWHULQJ�DQG�WKXV�WKH�GHSUHVVLRQ�LQ�XSZHOOLQJ�EULJKWQHVV�WHPSHUDWXUHV�FDXVHG�E\

VFDWWHULQJ�LV�D�IXQFWLRQ�RI�K\GURPHWHRU�W\SH�DQG�PL[LQJ�UDWLR��/LTXLG�ZDWHU�ERWK�DEVRUEV�DQG

VFDWWHUV��,FH�SULPDULO\�VFDWWHUV�PLFURZDYH�UDGLDWLRQ��WKRXJK�LW�GRHV�DEVRUE�WR�D�VPDOO�GHJUHH�

7KH�DEVRUSWLRQ�RI�PLFURZDYH�UDGLDWLRQ�LV�H[SUHVVHG�E\�σD '�LQ�ZKLFK�'�LV�WKH�GHSWK�RI�WKH

UDLQ�OD\HU�DQG�σD LV�WKH�YROXPH�DEVRUSWLRQ�FRHIILFLHQW��D�IXQFWLRQ�RI�WKH�PL[LQJ�UDWLRV�RI�UDLQ�
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FORXG�GURSOHWV��DQG�ZDWHU�YDSRU��.LGGHU�DQG�9RQGHU�+DDU��������0LFURZDYH�UDGLDWLYH

WUDQVIHU�LQ�D�SUHFLSLWDWLQJ�PHGLD�LV�GRPLQDWHG�E\�DEVRUSWLRQ�EHORZ����*+]�DQG�LFH

VFDWWHULQJ�DERYH����*+]��%HWZHHQ����DQG����*+]�ERWK�VFDWWHULQJ�DQG�DEVRUSWLRQ�DUH

LPSRUWDQW�DQG�HLWKHU�PD\�GRPLQDWH�GHSHQGLQJ�RQ�WKH�VSHFLILF�VLWXDWLRQ��:LOKHLW�������

0LFURZDYH�EULJKWQHVV�WHPSHUDWXUHV��7E��DUH�WKXV�VHQVLWLYH�WR�WKH�FROXPQ VFDWWHULQJ�DQG

DEVRUSWLRQ�SURSHUWLHV�ZKLFK�LQ�WXUQ�DUH�GHSHQGHQW�RQ�K\GURPHWHRU�W\SHV�DQG�WKHLU�PL[LQJ

UDWLRV�ZLWKLQ�WKH�FROXPQ��7KH�YHUWLFDO�SURILOH�RI�K\GURPHWHRUV�LV�QRW�OLQHDUO\�UHODWHG�WR

VXUIDFH�UDLQIDOO��6PLWK�HW�DO��������.XPPHURZ�������HWF����&XUUHQW�SDVVLYH�PLFURZDYH

SUHFLSLWDWLRQ�HVWLPDWLRQ�DOJRULWKPV�DSSURDFK�WKH�SUREOHP�RI�UHODWLQJ�EULJKWQHVV

WHPSHUDWXUHV�DQG�VXUIDFH�UDLQIDOO�E\�XVLQJ�VRPH�FRPELQDWLRQ�RI�´HPSLULFDOµ�DQG�´SK\VLFDOO\

EDVHGµ�PHWKRGRORJLHV��6PLWK�HW�DO��������(PSLULFDO�DOJRULWKPV�GHULYH�D�VWDWLVWLFDO�UHJUHVVLRQ

EHWZHHQ�PHDVXUHG�EULJKWQHVV�WHPSHUDWXUHV�DW�VHYHUDO�IUHTXHQFLHV�DQG�JURXQG�PHDVXUHPHQWV

RI�UDLQIDOO��UDGDU�DQG�RU�UDLQ�JDXJH���7KH�7500�'D\���SDVVLYH�PLFURZDYH�DOJRULWKPV�XVH

SK\VLFDOO\�EDVHG�SDVVLYH�PLFURZDYH�UDLQIDOO�UHWULHYDO���6PLWK�HW�DO���������GHVFULEHG�WKH

FRQFHSWXDO�EDVLV�IRU�SK\VLFDOO\�EDVHG�SDVVLYH�PLFURZDYH�UDLQIDOO�UHWULHYDO�LQ�WKHLU

FRQFOXVLRQV�

´7KHVH UHVXOWV HPSKDVL]H WKDW WKH XQGHUO\LQJ UHPRWH�VHQVLQJ SUREOHP LQYROYHV WKH

GHWHFWLRQ RI OLTXLG DQG IUR]HQ K\GURPHWHRUV ZHOO DERYH WKH VXUIDFH� QRW WKH GHWHFWLRQ RI

QHDU�VXUIDFH UDLQ UDWHV� ,W LV WKURXJK WKH JXLGDQFH RI D FORXG PRGHO WKDW WKLV LQIRUPDWLRQ FDQ

EH XVHG LQ D FRQVLVWHQW IDVKLRQ WR GHVFULEH WKH HQWLUH YHUWLFDO K\GURPHWHRU VWUXFWXUH� ,Q

HVVHQFH� ZH FRQWHQG WKDW WKH RSWLPDO DSSURDFK WR HVWLPDWLQJ UDLQIDOO IURP SDVVLYH PLFURZDYH

PHDVXUHPHQWV LV WR ILUVW GHWHUPLQH WKH FRQVWLWXHQW SURILOH RI K\GURPHWHRUV LQ WKH PLGGOH DQG

XSSHU UHDFKHV RI WKH FORXGV� WKDW LV� LQ WKH UHJLRQ RI WKH DWPRVSKHUH ZKHUH PXOWLIUHTXHQF\

PHDVXUHPHQWV DUH PRVW VHQVLWLYH� 7KLV SURILOH LQIRUPDWLRQ FDQ WKHQ EH XVHG LQ FRQMXQFWLRQ

ZLWK D SURSHUO\ GHVLJQHG FORXG�UDGLDWLRQ GDWDEDVH WKDW FRQWDLQV FRPSOHWH LQIRUPDWLRQ RQ WKH

K\GURPHWHRU SURILOHV DQG VXUIDFH UDLQ UDWHV� LQYROYLQJ WKH LQKHUHQW LQWHUFRUUHODWLRQV RI WKH

PLFURSK\VLFV IURP XSSHU WR ORZHU DWPRVSKHUH DQG DYRLGLQJ DQ\ DUELWUDU\ DVVXPSWLRQV

FRQFHUQLQJ K\GURPHWHRU VWUXFWXUHV DQG SDUWLFOH VL]HV�µ

$�VLPSOLILHG�YHUVLRQ�RI�KRZ�WKHVH�FRQFHSWV�DUH�LPSOHPHQWHG�LQ�SK\VLFDOO\�EDVHG�SDVVLYH�

PLFURZDYH�SUHFLSLWDWLRQ�UHWULHYDOV�VXFK�DV�XVHG�LQ�7500�LV�DV�IROORZV��.XPPHURZ�������

&ORXG�PRGHOV�DUH�LQLWLDOL]HG�ZLWK�REVHUYHG�XSSHU�DLU�VRXQGLQJV�DQG�RWKHU�GDWD�WR�SURGXFH
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UHDOLVWLF�VLPXODWLRQV�RI�WKH�DWPRVSKHULF��FORXG��DQG�SUHFLSLWDWLRQ�FKDUDFWHULVWLFV�RI�VWRUPV��2I

WKH�PDQ\�SRVVLEOH�RXWSXWV�IURP�WKH�FORXG�PRGHO��D�VXEVHW�LV�IXUWKHU�SURFHVVHG�IRU�XVH�DV

LQSXW�LQWR�IRUZDUG�UDGLDWLYH�WUDQVIHU�FDOFXODWLRQV��,Q�SDUWLFXODU��UHJLRQV�ZLWKLQ�WKH�VWRUP

VLPXODWLRQ�ZLWK�VXUIDFH�UDLQIDOO�UDWHV�ZLWKLQ�VSHFLILHG�LQWHUYDOV�DQG�DVVRFLDWHG�ZLWK�FRQYHFWLYH

DQG�VWUDWLIRUP�SUHFLSLWDWLRQ�W\SHV�DUH�LGHQWLILHG�DQG�DYHUDJHV�RI�WKH�YHUWLFDO�SURILOHV�RI

PL[LQJ�UDWLRV�RI�GLIIHUHQW�K\GURPHWHRU�W\SHV�DQG�FORXG�ZDWHU�DUH�FRPSXWHG�RYHU�WKHVH

UHJLRQV��7KH�IRUZDUG�UDGLDWLYH�WUDQVIHU�FDOFXODWLRQ��)LJ�����LV�WKHQ�PDGH�IRU�HDFK�UDLQIDOO

LQWHUYDO�SUHFLSLWDWLRQ�W\SH�XVLQJ�WKH�DYHUDJHG�YHUWLFDO�K\GURPHWHRU�SURILOHV�WR�SURGXFH

EULJKWQHVV�WHPSHUDWXUHV�DW�HDFK�RI�WKH�7500�70,�IUHTXHQFLHV��7KH�FORXG�PRGHO�DQG

UDGLDWLYH�WUDQVIHU�FDOFXODWLRQV�\LHOG�VHWV�RI�EULJKWQHVV�WHPSHUDWXUHV�DVVRFLDWHG�ZLWK�GLIIHUHQW

VXUIDFH�UDLQIDOO�UDWHV�DQG�SUHFLSLWDWLRQ�W\SHV��7KLV�LQIRUPDWLRQ�LV�FRPELQHG�WR�GHULYH

QRQOLQHDU�DQDO\WLFDO�H[SUHVVLRQV�UHODWLQJ�7E�WR�VXUIDFH�UDLQIDOO�UDWHV��IRU�GLIIHUHQW�FDWHJRULHV�RI

SUHFLSLWDWLRQ�W\SH�DQG�UDLQ�OD\HU�WKLFNQHVV�

2XU�XQGHUVWDQGLQJ�RI�WKH�VRXUFHV�RI�HUURU�DQG�WKHLU�PDJQLWXGHV�LQ�WKH�YDULRXV�DVSHFWV�RI

SK\VLFDOO\�EDVHG�SDVVLYH�PLFURZDYH�SUHFLSLWDWLRQ�UHWULHYDOV�YDULHV��7KHVH�VRXUFHV�FDQ�EH

EURNHQ�LQWR�VHYHUDO�FDWHJRULHV��HUURUV�DVVRFLDWHG�ZLWK�UDGLDWLYH�WUDQVIHU�FDOFXODWLRQ�LWVHOI�

HUURUV�DVVRFLDWHG�ZLWK�LQSXWV�WR�WKH�UDGLDWLYH�WUDQVIHU�FDOFXODWLRQ��DQG�HUURUV�DVVRFLDWHG�ZLWK

XVH�RI�DYHUDJH�FKDUDFWHULVWLFV�WR�UHSUHVHQW�SUHFLSLWDWLRQ�VWUXFWXUH�WKDW�LV�KRUL]RQWDOO\

LQKRPRJHQHRXV�RQ�WKH�VSDWLDO�VFDOH�RI�WKH�UDGLDWLYH�WUDQVIHU�FDOFXODWLRQ��EHDP�ILOOLQJ��

b. Errors associated with radiative transfer calculation

)RU�WKH�SXUSRVHV�RI�WKLV�VHFWLRQ�ZH�ZLOO�FRQVLGHU�HUURUV�LQ�WKH�UDGLDWLYH�WUDQVIHU�FDOFXODWLRQ

DVVXPLQJ�WKDW�WKH�LQSXW�SDUDPHWHUV�DUH�SHUIHFW��7KHVH�W\SHV�RI�HUURUV�FRQVWLWXWH�RQO\�D�VPDOO

SRUWLRQ�RI�WKH�RYHUDOO�HUURU�LQ�PLFURZDYH�UHWULHYDOV�EXW�ZLOO�EH�GLVFXVVHG�IRU�FRPSOHWHQHVV�

7KH�XVH�RI���GLPHQVLRQDO�YHUVXV���GLPHQVLRQDO�UDGLDWLYH�WUDQVIHU�FDOFXODWLRQV�LV�WKH�SULPDU\

IRFXV�RI�UHVHDUFK�LQ�WKLV�DUHD�

%\�.LUFKKRII·V�/DZ��DEVRUSWLYLW\� �HPLVVLYLW\�DW�D�SDUWLFXODU�ZDYHOHQJWK��7KXV�FDOFXODWLQJ

DEVRUSWLRQ�DOVR�\LHOGV�HPLVVLRQ��7KH�YROXPH�DEVRUSWLRQ�FRHIILFLHQW�σD �LV�D�IXQFWLRQ�RI�WKH

YHUWLFDO�SURILOH�RI�PL[LQJ�UDWLRV�RI�UDLQ��FORXG�GURSOHWV��DQG�ZDWHU�YDSRU��,I�WKHVH�DUH�NQRZQ�
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σD FDQ�EH�FDOFXODWHG�XVLQJ�HOHFWURPDJQHWLF�VROXWLRQV�IRU�WKH�DEVRUSWLYH�SURSHUWLHV�RI�UDLQ�

FORXG�GURSOHWV��DQG�ZDWHU�YDSRU�DOO�RI�ZKLFK�DUH�IDLUO\�ZHOO�XQGHUVWRRG��.LGGHU�DQG�9RQGHU

+DDU��������,Q�FRQWUDVW��LFH�VFDWWHULQJ�LV�PXFK�PRUH�GLIILFXOW�WR�PRGHO��(OHFWURPDJQHWLF

VROXWLRQV�IRU�LFH�VFDWWHULQJ�DUH�RQO\�DYDLODEOH�IRU�D�IHZ�VLPSOH�VKDSHV�VXFK�DV�VSKHUHV�DQG

HOOLSVRLGV��WKH�PRGHOLQJ�RI�PRUH�FRPSOH[�VKDSHV�VXFK�DV�GHQGULWHV��DJJUHJDWHV��ULPHG�LFH�

DQG�JUDXSHO�LV�FRQVLGHUHG�WR�EH�LQWUDFWDEOH��2JXFKL�������:LOKHLW��������7KH�RQO\�PHDQV�RI

GHULYLQJ�LFH�VFDWWHULQJ�FKDUDFWHULVWLFV�IRU�WKHVH�FRPPRQO\�RFFXUULQJ�LFH�SDUWLFOHV�LV�E\

HPSLULFDO�VWXGLHV�LQYROYLQJ�FORXG�SK\VLFV�PHDVXUHPHQWV�RI�LFH�SDUWLFOH�W\SHV��FU\VWDO�KDELWV�

DQG�PL[LQJ�UDWLRV�DQG�WKHLU�DVVRFLDWHG�PLFURZDYH�VFDWWHULQJ�

7KH�PL[LQJ�UDWLR�RI�ZDWHU�YDSRU�GHFUHDVHV�H[SRQHQWLDOO\�ZLWK�KHLJKW�LQ�WKH�DWPRVSKHUH�

6LPLODUO\��WKH�FRQFHQWUDWLRQ�RI�LFH�DERYH�WKH���&�OHYHO�GHFUHDVHV�ZLWK�KHLJKW�DV�ZHOO�

$GGLWLRQDOO\��WKH�QDWXUH�RI�LFH�SDUWLFOHV�FKDQJHV�ZLWK�WHPSHUDWXUH��DOWLWXGH���7KH�PD[LPXP

GLPHQVLRQ�RI�DJJUHJDWHV�WHQGV�WR�LQFUHDVH�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH��GHFUHDVLQJ�KHLJKW��VR

WKDW�WKH�ODUJHVW�DJJUHJDWHV�RFFXU�EHWZHHQ�²��WR���&��+REEV�HW�DO���������7KH�EDFNVFDWWHUHG

FURVV�VHFWLRQ�RI�SDUWLFOHV�LQFUHDVHV�PRUH�WKDQ�OLQHDUO\�ZLWK�SDUWLFOH�VL]H��H�J���'��DW�UDGDU

IUHTXHQFLHV���7KXV�WKH�OD\HUV�RI�LFH�SDUWLFOHV�ZLWK�WKH�JUHDWHVW�LPSDFW�RQ�PLFURZDYH

VFDWWHULQJ�ZLOO�EH�WKRVH�LQ�UHJLRQV�RI�KLJKHU�LFH�SDUWLFOH�FRQFHQWUDWLRQV�DQG�ZLWK�ODUJHU�VL]HV�

7KHVH�FKDUDFWHULVWLFV�DUH�PD[LPL]HG�LQ�WKH�UHJLRQ�MXVW�DERYH�WKH���&�OHYHO��+LJK�DOWLWXGH�LFH

ZLWK�LWV�VPDOO�VL]H�DQG�ORZ�QXPEHU�FRQFHQWUDWLRQ�KDV�OLWWOH�WR�QR�UHOHYDQFH�WR�PLFURZDYH

UDGLDWLYH�WUDQVIHU�FDOFXODWLRQV��.XPPHURZ��SHUVRQDO�FRPPXQLFDWLRQ��

7KH�UHJLRQ�MXVW�DERYH�WKH���&�OHYHO��ZKLFK�LV�RI�YLWDO�LPSRUWDQFH�WR�PLFURZDYH�LFH

VFDWWHULQJ��KDV�D�KLJK�SUREDELOLW\�RI�FRQWDLQLQJ�VXSHU�FRROHG�ZDWHU��6XSHU�FRROHG�OLTXLG�ZDWHU

GURSV��ZKHQ�SUHVHQW��DUH�XVXDOO\�IRXQG�DW�WHPSHUDWXUHV�EHWZHHQ���WR�²���&�ZLWK�WKH�KLJKHVW

PL[LQJ�UDWLRV�REVHUYHG�FORVH�WR�WKH���&�OHYHO��$LUFUDIW�SHQHWUDWLQJ�WKHVH�UHJLRQV�ZLOO

HQFRXQWHU�VHYHUH�LFLQJ�FRQGLWLRQV�VLQFH�VXSHUFRROHG�GURSOHWV�IUHH]H�ZKHQ�WKH\�FROOLGH�ZLWK

DQ�DLUFUDIW��:DOODFH�DQG�+REEV�������

7KH�PL[HG�SKDVH�OD\HU��H�J���UDGDU�EULJKW�EDQG��ZLWKLQ�D�SUHFLSLWDWLQJ�FORXG��ZKHUH�LFH

PHOWV�DQG�SDUWLFOHV�RI�SXUH�LFH��SXUH�OLTXLG�ZDWHU��DQG�FRPELQDWLRQ�LFH�ZDWHU�K\GURPHWHRUV

DUH�SUHVHQW�VLPXOWDQHRXVO\�LV�YHU\�SRRUO\�XQGHUVWRRG��6LQFH�WKLV�UHJLRQ�LV�WRR�FRPSOH[�WR

PRGHO�HOHFWURPDJQHWLFDOO\��WKH�RQO\�PHDQV�RI�GHULYLQJ�DEVRUSWLRQ�DQG�SDUWLFXODUO\�VFDWWHULQJ
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SURSHUWLHV�RI�WKH�PL[HG�SKDVH�UHJLRQ�DUH�VLPXOWDQHRXV�REVHUYDWLRQ�RI�PLFURZDYH�UDGLDQFHV

DQG�LQ�VLWX�FORXG�SK\VLFV�PHDVXUHPHQWV��7KH�FORXG�SK\VLFV�PHDVXUHPHQWV�PXVW�EH�DEOH�WR

GLVWLQJXLVK�EHWZHHQ�LFH�DQG�ZDWHU�SDUWLFOHV�ZLWKLQ�WKH�IXOO�VSHFWUXP�RI�K\GURPHWHRU�VL]HV

�����PP������PP��LQ�RUGHU�WR�UHVROYH�WKH�UHVSHFWLYH�FRQFHQWUDWLRQV�RI�LFH�YHUVXV�OLTXLG

ZDWHU�VFDWWHUHUV�

c. Errors associated with inputs to the radiative transfer calculation

0RVW�RI�WKH�LQSXWV�WR�WKH�UDGLDWLYH�WUDQVIHU�FDOFXODWLRQ�FDQ�EH�SURGXFHG�E\�FORXG�PRGHOV

DQG�WKXV�WKHLU�DFFXUDF\�DQG�SUHFLVLRQ�LV�GLUHFWO\�UHODWHG�WR�KRZ�ZHOO�WKH�FORXG�PRGHO

VLPXODWHV�WKH�YDULRXV�ILHOGV�RI�WKH�VWRUP��'LVFXVVLRQ�RI�FORXG�PRGHO�XQFHUWDLQWLHV�LV�GHIHUUHG

XQWLO�6HFWLRQ������+RZHYHU��LW�LV�FOHDU�WKDW�IRU�SK\VLFDOO\�EDVHG�SDVVLYH�PLFURZDYH�WHFKQLTXHV�

WKH�EHWWHU�WKH�FORXG�PRGHO�ZRUNV��WKH�EHWWHU�WKH�LQSXW�WR�WKH�UDGLDWLYH�WUDQVIHU�FDOFXODWLRQ

DQG�WKXV�WKH�EHWWHU�WKH�GHULYHG�EULJKWQHVV�WHPSHUDWXUH�WR�VXUIDFH�UDLQIDOO�UDWH�UHODWLRQV�

7KH�FDOFXODWLRQ�RI�DEVRUSWLRQ�RI�PLFURZDYH�UDGLDWLRQ�UHTXLUHV�WKH�IROORZLQJ�SULPDU\

LQSXWV��WKH�EULJKWQHVV�WHPSHUDWXUH�RI�WKH�VXUIDFH��ZKLFK�LV�D�IXQFWLRQ�RI�VXUIDFH�HPLVVLYLW\��

VXUIDFH�WHPSHUDWXUH��DQG�VXUIDFH�URXJKQHVV��WKH�LQFRPLQJ�PLFURZDYH�UDGLDWLRQ�IURP�WKH

FRVPRV��WKH�GHSWK�'�RI�WKH�UDLQ�OD\HU��DQG�σD WKH�YROXPH�DEVRUSWLRQ�FRHIILFLHQW��ZKLFK�LV�D

IXQFWLRQ�RI�WKH�PL[LQJ�UDWLRV�RI�UDLQ��FORXG�GURSOHWV��DQG�ZDWHU�YDSRU���6XUIDFH�URXJKQHVV��D

IXQFWLRQ�RI�VXUIDFH�ZLQG�VSHHG��LV�XVXDOO\�DVVXPHG��DQG�DOO�WKH�RWKHU�SDUDPHWHUV�DUH�XVXDOO\

GHULYHG�IURP�WKH�FORXG�PRGHO�RXWSXW��.XPPHURZ��������+RZHYHU��DV�D�FKHFN�RI�PRGHO

RXWSXW�LW�ZRXOG�EH�XVHIXO�WR�REVHUYH�WKHVH�LQSXWV�GLUHFWO\�DQG�XVH�WKH�REVHUYDWLRQV�DV�LQSXW

WR�WKH�UDGLDWLYH�WUDQVIHU�FDOFXODWLRQV��2I�WKHVH�LQSXWV��WKH�UDGLDWLYH�WUDQVIHU�FDOFXODWLRQ�LV

SDUWLFXODUO\�VHQVLWLYH�WR�GHSWK�RI�WKH�UDLQ�OD\HU�DQG�WKH�YHUWLFDO�SURILOH�RI�K\GURPHWHRUV�IURP

WKH�WRS�RI�WKH�PL[HG�SKDVH�OD\HU�WR�WKH�VXUIDFH�

)RU�7500�VDWHOOLWH�GDWD��WKH�SUHVHQFH�RI�WKH�35�LQVWUXPHQW�SHUPLWV�GLUHFW�PHDVXUHPHQW

RI�WKH�GHSWK�RI�WKH�UDLQ�OD\HU��5DLQ�GHSWK�FDQ�DOVR�EH�REVHUYHG�GLUHFWO\�E\�WKH�*9�UDGDUV�

7KH�XVH�RI�REVHUYHG�UDLQ�GHSWK�UDWKHU�WKDQ�D�FOLPDWRORJLFDO�IUHH]LQJ�OHYHO�ZLOO�UHGXFH�WKH

XQFHUWDLQW\�LQ�UDGLDWLYH�WUDQVIHU�FDOFXODWLRQV��7KH�UDLQ�GHSWK�LV�QRW�DW�WKH�FOLPDWRORJLFDO���&

OHYHO�LQ�WKH�IROORZLQJ�W\SHV�RI�FRQGLWLRQV��ZDUP�UDLQ�VLWXDWLRQV�ZKHUH�WKH�UDLQ�OD\HU�GRHV�QRW
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H[WHQG�WR�WKH�IUHH]LQJ�OHYHO��ZKHUH�D�VWRUP�KDV�LQGXFHG�D�ORFDOL]HG�FKDQJH�LQ���&�OHYHO��DQG

LQ�UHJLRQV�ZKHUH�VXSHU�FRROHG�UDLQ�LV�SUHVHQW��:LOKHLW��������:LWK�D�PLQLPXP�VHQVLWLYLW\�LQ

UHIOHFWLYLW\�RI�a���G%=��WKH�35�FDQQRW�DGGUHVV�WKH�GHSWK�RI�WKH�PHDQLQJIXO�LFH�ZDWHU�SDWK�

7KH�YHUWLFDO�SURILOH�RI�GURS�VL]H�GLVWULEXWLRQ��DQG�KHQFH�UDLQUDWH�DQG�UHIOHFWLYLW\�RI

K\GURPHWHRUV��IURP�EHORZ�WKH�PL[HG�SKDVH�OD\HU�WR�WKH�VXUIDFH�LV�FRQWUROOHG�E\�LQWHUUHODWHG

IDFWRUV�RI�KRUL]RQWDO�DQG�YHUWLFDO�DLU�PRWLRQV��QXFOHDWLRQ�IURP�WKH�YDSRU�SKDVH�

FRQGHQVDWLRQ��HYDSRUDWLRQ��FROOHFWLRQ��GURS�EUHDNXS��DQG�IDOORXW��+RX]H��������6XFK

FRPSOH[�LQWHUDFWLRQV�FDQ�RQO\�EH�DVVHVVHG�XVLQJ�D�FORXG�PRGHO��6XUIDFH�EDVHG�VFDQQLQJ

UDGDUV�DUH�OLPLWHG�LQ�WKHLU�DELOLW\�WR�DGGUHVV�WKLV�LVVXH�EHFDXVH�RI�WKHLU�FRDUVH�YHUWLFDO

UHVROXWLRQ��a����NP��FRPSDUHG�WR�JURXQG�EDVHG�DQG�DLUERUQH�YHUWLFDOO\�SRLQWLQJ�UDGDUV

���������P�UHVROXWLRQ���$GGLWLRQDOO\��WKH�VFDQQLQJ�UDGDU�EHDP�GRHV�QRW�VDPSOH�WR�WKH

VXUIDFH�GXH�WR�FXUYDWXUH�RI�WKH�UDGDU�EHDP�DZD\�IURP�WKH�VXUIDFH�ZLWK�LQFUHDVLQJ�UDQJH�

ZKLFK�LV�UHODWHG�WR�ERWK�DWPRVSKHULF�UHIUDFWLRQ�DQG�WKH�FXUYDWXUH�RI�WKH�HDUWK��5DGDU

UHIOHFWLYLW\�FDQQRW�EH�PDSSHG�XQLTXHO\�WR�GURS�VL]H�GLVWULEXWLRQ��0HDVXUHPHQWV�RI�UDGDU

UHIOHFWLYLW\�DQG�'RSSOHU�YHORFLW\�DORQJ�D�YHUWLFDOO\�SRLQWLQJ�EHDP�UHTXLUH�WKH�XVH�RI�PDQ\

DVVXPSWLRQV�WR�LQIHU�GURS�VL]H�GLVWULEXWLRQ��:DNDVXJL�HW�DO��������*RVVDUG�HW�DO���������,Q

RUGHU�WR�DGGUHVV�WKH�HIIHFWV�RI�LQKRPRJHQHLW\�LQ�WKH�YHUWLFDO�RQ�EULJKWQHVV�WHPSHUDWXUHV�

PHDVXUHPHQWV�RI�K\GURPHWHRU�SURILOHV�ZLWK�YHU\�KLJK�YHUWLFDO�UHVROXWLRQ��LGHDOO\�������P�

DUH�QHHGHG�

$OWKRXJK�WKHUH�DUH�XQFHUWDLQWLHV�LQ�LFH�VFDWWHULQJ�PRGHOLQJ��VWXGLHV�KDYH�VKRZQ�D�VWURQJ

VHQVLWLYLW\�RI�SDUWLFXODUO\�KLJK�IUHTXHQF\�����*+]��PLFURZDYH�EULJKWQHVV�WHPSHUDWXUHV�WR

WKH�YHUWLFDO�SURILOH�RI�LFH��$GOHU�HW�DO���������$GGLWLRQDOO\��JUDXSHO�KDV�EHHQ�VKRZQ�WR�KDYH�D

GRPLQDWLQJ�DWWHQXDWLQJ�LQIOXHQFH�RQ�WUXH�HPLVVLRQ�VRXUFHV�GXH�WR�EDFNVFDWWHULQJ��6PLWK�HW�DO�

�������7KH�SUHVHQFH�RI�DQG�ORFDWLRQ��DERYH�RU�EHORZ�WKH���&�OHYHO��RI�JUDXSHO�ZLWKLQ�D

FROXPQ�DUH�WKXV�LPSRUWDQW�SDUDPHWHUV�LQ�WKH�UDGLDWLYH�WUDQVIHU�FDOFXODWLRQ��,Q�WHUPV�RI

PLFURZDYH�UHWULHYDOV��LW�LV�WKHUHIRUH�SDUWLFXODUO\�LPSRUWDQW�WR�YDOLGDWH�WKH�JUDXSHO�ILHOG�LQ

FORXG�PRGHOV�

7KH�FXUUHQW�7500�70,�DOJRULWKP�XVHV�GLIIHUHQW�K\GURPHWHRU�SURILOHV�IRU�FRQYHFWLYH�DQG

VWUDWLIRUP�SUHFLSLWDWLRQ��7KH�FORXG�PRGHO�SURGXFHG�K\GURPHWHRU�SURILOHV�QHHG�WR�EH
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YHULILHG�ZLWK�REVHUYDWLRQV�LQ�WHUPV�RI�WKHLU�FRQVWLWXHQWV�DQG�PL[LQJ�UDWLRV�LQ�ERWK�FRQYHFWLYH

DQG�VWUDWLIRUP�SUHFLSLWDWLRQ�

d. Errors associated with horizontal inhomogeneity

%HDP�ILOOLQJ�LV�D�EDVLF�FKDUDFWHULVWLF�RI�DOO�HOHFWURPDJQHWLF�VHQVRUV��(OHFWURPDJQHWLF�EHDPV

ZLGHQ�DV�D�IXQFWLRQ�RI�UDQJH�DQG�EHDP�ZLGWK��ZKHQ�WKH�EHDP�LQWHUVHFWV�D�SDUWLFXODU�YROXPH

RI�DWPRVSKHUH�WKH�UHWXUQHG�HQHUJ\�LV�D�IXQFWLRQ�RI�WKH�LQFLGHQW�HQHUJ\�DQG�WKH�QXPEHU��VL]H�

DQG�W\SHV�RI�VFDWWHUHUV�EXW�QRW�WKH�VSDWLDO�GLVWULEXWLRQ�RI�VFDWWHUHUV�ZLWKLQ�WKH�YROXPH��7ZR

YROXPHV�RI�DWPRVSKHUH�FRQWDLQLQJ�WKH�VDPH�QXPEHU�RI�VFDWWHUHUV�RI�WKH�VDPH�VL]H�DQG�W\SH

ZLOO�VFDWWHU�WKH�VDPH�DPRXQW�RI�HQHUJ\�LQGHSHQGHQW�RI�WKH�VSDWLDO�GLVWULEXWLRQV�RI�WKH

VFDWWHUHU��)LJ������7KH�EHDP�ILOOLQJ�´SUREOHPµ�LV�DFWXDOO\�WKH�DVVXPSWLRQ�PDGH�IRU

PDWKHPDWLFDO�FRQYHQLHQFH�WKDW�WKH�VFDWWHUHUV�DUH�XQLIRUPO\�GLVWULEXWHG�LQ�WKH�YROXPH��7KH

RQO\�WUXH�VROXWLRQ�WR�EHDP�ILOOLQJ�LV�WR�XVH�D�VHQVRU�ZKRVH�FKDUDFWHULVWLFV�DUH�VXFK�WKDW�WKH

VSDWLDO�VFDOH�RI�WKH�IHDWXUHV�RI�LQWHUHVW�LV�VLPLODU�WR�RU�ODUJHU�WKDQ�WKH�ILHOG�RI�YLHZ��)29��RI

WKH�EHDP��7KXV�XVLQJ�WKH�VDPH�DOJRULWKP��SDVVLYH�PLFURZDYH�SUHFLSLWDWLRQ�UHWULHYDOV�DUH

PRUH�DFFXUDWH�XVLQJ�WKH�KLJKHU�UHVROXWLRQ�7500�70,�VHQVRU�WKDQ�WKH�FRDUVHU�UHVROXWLRQ

660�,�VHQVRU��.XPPHURZ��SHUVRQDO�FRPPXQLFDWLRQ��

:KHQ�EHDP�ILOOLQJ�FDQQRW�EH�HOLPLQDWHG��WKHQ�WKH�XQFHUWDLQWLHV�UHODWHG�WR�WKH

LQKRPRJHQHLW\�RI�WKH�REVHUYHG�ILHOG�FDQ�EH�TXDQWLILHG�ZLWK�DQ�HUURU�PRGHO��)RU�SDVVLYH

PLFURZDYH�UHWULHYDOV��HUURU�PRGHOV�UHODWH�LQKRPRJHQHLWLHV�LQ�WKH�UDLQ�ILHOG��L�H��

LQKRPRJHQHLWLHV�LQ�WKH�K\GURPHWHRU�SURILOHV��ZLWKLQ�WKH�VDWHOOLWH�)29�WR�WKH�EULJKWQHVV

WHPSHUDWXUHV�UHWXUQHG�IURP�WKH�)29��7KH�LQKRPRJHQHLW\�RI�WKH�UDLQ�ILHOG�LV�GHILQHG

PDWKHPDWLFDOO\�LQ�WHUPV�RI�WKH�PHDQ�YDULDQFH�RI�WKH�UDLQ�ILHOG�ZLWKLQ�WKH�VDWHOOLWH�)29��WKH

FKDQJH�LQ�WKH�PHDQ�LQKRPRJHQHLW\�IURP�RQH�PRQWK�WR�WKH�QH[W��DQG�WKH�XQFHUWDLQW\�LQ�DQ\

JLYHQ�VDWHOOLWH�)29��.XPPHURZ��������7KHVH�VWDWLVWLFV�DUH�GHULYHG�IURP�VXUIDFH�EDVHG

UDGDUV�ZKLFK�DUH�FDSDEOH�RI�SURYLGLQJ�UDLQIDOO�GDWD�DW�KLJKHU�UHVROXWLRQ�WKDQ�WKH�VDWHOOLWH

)29��7KHUH�LV�D�WUDGHRII�EHWZHHQ�WKH�UHVROXWLRQ�RI�LQSXW�UDGDU�GDWD�DQG�WKH�DPRXQW�RI

DYDLODEOH�GDWD��6LQFH�WKH�UDGDU�EHDP�ZLGHQV�ZLWK�LQFUHDVLQJ�UDQJH��FKRLFH�RI�D�ILQHU

UHVROXWLRQ�GHFUHDVHV�WKH�PD[LPXP�UDQJH�DW�ZKLFK�GDWD�FDQ�EH�XVHG��UHGXFLQJ�WKH�VL]H�RI�WKH
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GDWD�VHW��.XPPHURZ��������XVHG���NP�UHVROXWLRQ�VLQFH�WKLV�UHVROXWLRQ�FRUUHVSRQGHG�WR�WKH

DQDO\]HG�72*$�&2$5(�VKLSERUQH�UDLQ�PDSV��6KRUW�HW�DO��������DQG�WKH�7500�*9��$�

���SURGXFWV��.XPPHURZ��������XVHG�WKH�*RGGDUG�&XPXOXV�(QVHPEOH�PRGHO��7DR�DQG

6LPSVRQ�������WR�FRQVWUXFW�PHDQ�K\GURPHWHRU�SURILOHV�DV�IXQFWLRQV�RI�VXUIDFH�UDLQIDOO�

7KHVH�K\GURPHWHRU�SURILOHV�ZHUH�XVHG�DV�LQSXW�LQ�WKH�UDGLDWLYH�WUDQVIHU�FDOFXODWLRQV�

$�PRUH�GLUHFW�HYDOXDWLRQ�RI�HUURUV�DVVRFLDWHG�ZLWK�KRUL]RQWDO�LQKRPRJHQHLW\�FDQ�EH�PDGH

XVLQJ�REVHUYHG��UDWKHU�WKDQ�PRGHOHG��K\GURPHWHRU�SURILOHV�REWDLQHG�LQ�FRQMXQFWLRQ�ZLWK

REVHUYHG�PLFURZDYH�UDGLDQFHV��7KHVH�PHDVXUHPHQWV�DUH�QHHGHG�DW���NP�KRUL]RQWDO�VFDOH

�L�H���KDOI�WKH�VFDOH�OHQJWK�IURP�WKH�VXUIDFH�WR�WKH���&�OHYHO��:LOKHLW��SHUVRQDO

FRPPXQLFDWLRQ���7KH�HQVHPEOH�RI�K\GURPHWHRU�SURILOHV�FDQ�DOVR�EH�XVHG�WR�FKDUDFWHUL]H�WKH

WLPH�DQG�VSDWLDO�VFDOHV�RI�WKH�KRUL]RQWDO�LQKRPRJHQHLWLHV�LQ�ERWK�FRQYHFWLYH�DQG�VWUDWLIRUP

SUHFLSLWDWLRQ�UHJLRQV�

.XPPHURZ��������IRXQG�WKDW�KRUL]RQWDO�LQKRPRJHQHLW\�RI�WKH�UDLQ�ILHOG�ZDV�D�ODUJHU

VRXUFH�RI�HUURU�WKDQ�XVH�RI�RQH�GLPHQVLRQDO�YHUVXV�WKUHH�GLPHQVLRQDO�UDGLDWLYH�WUDQVIHU

FDOFXODWLRQV��+H�IRXQG�WKDW�WKH�PLFURZDYH�EULJKWQHVV�WHPSHUDWXUH�RI�D�KRPRJHQHRXV�ILHOG�LV

KLJKHU�WKDQ�WKH�EULJKWQHVV�WHPSHUDWXUH�RI�DQ�LQKRPRJHQHRXV�ILHOG�ZLWK�WKH�VDPH�UDLQ�UDWH�

,Q�DGGLWLRQ��WKH�EULJKWQHVV�WHPSHUDWXUH�GRHV�QRW�UHVSRQG�WR�WKH�VXUIDFH�UDLQIDOO�UDWH�GLUHFWO\�EXW�LQVWHDG

UHVSRQGV�WR�WKH�LQWHJUDWHG�K\GURPHWHRU�FRQWHQW�LQ�WKH�FORXG��.XPPHURZ��������,Q�RWKHU�ZRUGV�

XQFHUWDLQW\�LQ�WKH�KRUL]RQWDO�UDLQ�ILHOG�LV��LQ�WKH�FRQWH[W�RI�SDVVLYH�PLFURZDYH�PHDVXUHPHQWV�

WKH�XQFHUWDLQW\�LQ�WKH�YHUWLFDO�SURILOH�RI�K\GURPHWHRUV�LQ�VSDFH�DQG�WLPH��7KXV��WKH

KRUL]RQWDO�VSDWLDO�YDULDWLRQ�RI�PLFURSK\VLFV�LQ�WKH�UDLQ�UHJLRQ��WKH�LFH�UHJLRQ��DQG�WKH�PL[HG�

SKDVH�UHJLRQ�DUH�DOO�LPSRUWDQW�LQ�DGGUHVVLQJ�HUURUV�DVVRFLDWHG�ZLWK�KRUL]RQWDO�LQKRPRJHQHLW\�

1.3 Precipitation radar (PR)

7KH�7500�.X�EDQG�3UHFLSLWDWLRQ�5DGDU��35��LV�VWURQJO\�DWWHQXDWHG�E\�UDLQIDOO��$

SRWHQWLDOO\�ODUJH�VRXUFH�RI�HUURU�LQ�7500�35�SURGXFWV�LV�WKH�HUURU�DVVRFLDWHG�ZLWK�WKH

DWWHQXDWLRQ�FRUUHFWLRQ�WKDW�LV�DSSOLHG�WR�WKH�VDWHOOLWH�GDWD�EHIRUH�LW�LV�IXUWKHU�SURFHVVHG�LQWR

UHIOHFWLYLW\�SURILOHV��FRQYHFWLYH�VWUDWLIRUP�PDSV��DQG�UDLQ�PDSV�
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6HYHUDO�PHWKRGRORJLHV�DUH�FRPPRQO\�XVHG�WR�FRQVWUDLQ�WKH�WRWDO�SDWK�LQWHJUDWHG

DWWHQXDWLRQ��7KH�ILUVW�W\SH�IROORZV�+LWVFKILHOG�DQG�%RUGDQ��������DQG�FDOFXODWHV�WKH

DWWHQXDWLRQ�IURP�WKH�WRS�RI�WKH�UDLQ�HFKR�WR�WKH�VXUIDFH��6XUIDFH�UHIHUHQFH�PHWKRGV�DUH�WKH

VHFRQG�W\SH�RI�DWWHQXDWLRQ�FRUUHFWLRQ��WKHVH�XVH�WKH�DWWHQXDWLRQ�RI�WKH�VXUIDFH�HFKR�WR

HVWLPDWH�WKH�DWWHQXDWLRQ�FRUUHFWLRQ�XSZDUG�WKURXJK�WKH�UDLQ�HFKR��6XUIDFH�UHIHUHQFH

PHWKRGV�DUH�VHQVLWLYH�WR�IDFWRUV�DIIHFWLQJ�WKH�VXUIDFH�URXJKQHVV�RI�WKH�RFHDQ�VXFK�DV�VXUIDFH

ZLQG�DQG�UDLQGURS�LPSDFW��7KH�'D\���35��$����DOJRULWKP��35�SURILOH��LV�D�K\EULG�DOJRULWKP

XVLQJ�D�FRPELQDWLRQ�RI�ERWK�WRS�GRZQ�DQG�ERWWRP�XS�WHFKQLTXHV�WR�FRUUHFW�WKH�REVHUYHG

UHIOHFWLYLWLHV�IRU�DWWHQXDWLRQ��$�WKLUG�W\SH�LV�WKH�PLUURU�LPDJH�DOJRULWKP��0HQHJKLQL�DQG�$WODV

������ZKLFK�XWLOL]HV�D�FRPELQDWLRQ�RI�GLUHFW�DQG�PLUURU�UHIOHFWHG�UHIOHFWLYLWLHV�WR�GHULYH�WKH

DWWHQXDWLRQ�FRUUHFWLRQ��7KH�PLUURU�LPDJH�DOJRULWKP�LV�UHVWULFWHG�WR�QDGLU�GDWD�DQG�LV�VHQVLWLYH

WR�VXUIDFH�URXJKQHVV��7KH�YHULILFDWLRQ�RI�WKH�DWWHQXDWLRQ�FRUUHFWLRQ�VFKHPHV�UHTXLUHV�´WUXHµ

QRQDWWHQXDWHG�UDGDU�UHIOHFWLYLW\�GDWD�VXFK�DV�IURP�DQ�6�EDQG�UDGDU�ZKLFK�RQO\�EHFRPH

QRWLFHDEO\�DWWHQXDWHG�LQ�KHDY\�KDLO�RU�UDLQ�PL[HG�ZLWK�KDLO��5\]KNRY�DQG�=UQLF�������

9HULILFDWLRQ�LV�LGHDOO\�GRQH�DW�WKH�VDPH�VSDWLDO�UHVROXWLRQ�DV�WKH�.X�EDQG�UDGDU�GDWD�

+RZHYHU��ZKHQ�WKLV�LV�QRW�SRVVLEOH��FRPSDULVRQV�FDQ�EH�PDGH�E\�GHJUDGLQJ�WKH�.X�EDQG

GDWD�WR�WKH�FRDUVHU�UHVROXWLRQ�RI�WKH�6�EDQG�GDWD�DQG�FRPSDULQJ�WKHP�DW�WKRVH�VFDOHV�

2EVHUYDWLRQDO�QHHGV�VSHFLILF�WR�WKH�35�DUH�QRQDWWHQXDWHG�UHIOHFWLYLW\��WR�FRPSDUH�WR�WKH

DWWHQXDWLRQ�FRUUHFWHG�35�GDWD�DQG�VHD�VXUIDFH�URXJKQHVV��,Q�SUDFWLFH��VHD�VXUIDFH�URXJKQHVV

LV�XVXDOO\�FUXGHO\�HVWLPDWHG�DV�D�IXQFWLRQ�RI�ZLQG�VSHHG�EXW�WKH�LQWHUDFWLRQ�RI�UDLQ�GURSV

ZLWK�WKH�VHD�VXUIDFH�DW�FDSLOODU\�ZDYH�VFDOH�LV�SRRUO\�GRFXPHQWHG��$WODV��������'LUHFW

REVHUYDWLRQV�RI�VHD�VXUIDFH�URXJKQHVV�DW�FDSLOODU\�VFDOH��IHZ�FP��DUH�QHHGHG�DV�D�IXQFWLRQ�RI

ZLQG�VSHHG�DQG�UDLQ�UDWH�WR�TXDQWLI\�WKLV�SDUDPHWHU��6FLHQWLILF�LVVXHV�UHODWHG�WR�WKH

FODVVLILFDWLRQ�RI�FRQYHFWLYH�DQG�VWUDWLIRUP�SUHFLSLWDWLRQ�DQG�WR�WKH�PDSSLQJ�RI�UHIOHFWLYLW\�WR

GURSVL]H�GLVWULEXWLRQ�DQG�UDLQIDOO�UDWH�DUH�GLVFXVVHG�XQGHU�*URXQG�9DOLGDWLRQ�GDWD�LQ�WKH

IROORZLQJ�VHFWLRQV�
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1.4 Ground validation algorithms

7KH�SULPDU\�JRDOV�RI�URXWLQH�7500�JURXQG�YDOLGDWLRQ�DW�*9�VLWHV�VXFK�DV�.ZDMDOHLQ�DUH

WR�SURYLGH�FRQYHFWLYH�DQG�VWUDWLIRUP�SUHFLSLWDWLRQ�PDSV���$��������'�SUHFLSLWDWLRQ�VWUXFWXUH

��$������DQG�UDLQ�PDSV���$������7KH�GHWDLOV�RI�WKH�URXWLQH�JURXQG�YDOLGDWLRQ�GDWD�VHWV�DW

.ZDMDOHLQ�DQG�WKHLU�DSSOLFDWLRQ�LQ�YDOLGDWLQJ�7500�VDWHOOLWH�GDWD�DUH�GLVFXVVHG�LQ�6HFWLRQ

�����7KLV�VHFWLRQ�ZLOO�GLVFXVV�WKH�VFLHQWLILF�LVVXHV�UHODWHG�WR�HDFK�RI�WKHVH�SURGXFWV�

a. Convective/stratiform precipitation

7KH�QHW�KHDWLQJ�RI�WKH�ODUJH�VFDOH�HQYLURQPHQW�E\�PHVRVFDOH�FRQYHFWLYH�V\VWHPV�LV

GRPLQDWHG�E\�FRQGHQVDWLRQ�DQG�HYDSRUDWLRQ�DVVRFLDWHG�ZLWK�YHUWLFDO�DLU�PRWLRQV��,Q�WKH

GLDJQRVWLF�IUDPHZRUN��´PHDVXUHPHQWVµ�RI�WURSLFDO�KHDWLQJ�HVVHQWLDOO\�FRQVLVW�RI�HVWLPDWHV�RI

YHUWLFDO�PDVV�IOX[��GHULYHG�LQ�WXUQ�IURP�HVWLPDWHV�RI�WKH�KRUL]RQWDO�GLYHUJHQFH�RI�PHDVXUHG

ZLQGV��H�J���<DQDL�HW�DO���������'LYHUJHQFH�SURILOHV�DUH�LQWHJUDWHG�YHUWLFDOO\�WR�\LHOG�YHUWLFDO

YHORFLW\�DQG�KHDWLQJ�SURILOHV�

+RX]H��������GLVFXVVHG�WZR�GLVWLQFW�W\SHV�RI�KHDWLQJ�SURILOHV��)LJ�����ZKLFK�KDYH�EHHQ

ODEHOHG�DV�´FRQYHFWLYHµ�DQG�´VWUDWLIRUPµ�EHFDXVH�RI�WKHLU�DVVRFLDWLRQ�ZLWK�FRQYHFWLYH�YHUVXV

VWUDWLIRUP�SUHFLSLWDWLRQ�DQG�YHORFLW\�VWUXFWXUHV��&RQYHFWLYH�UHJLRQV�KDYH�PHDQ�YHUWLFDO

PRWLRQ�SURILOHV�ZLWK�PHDQ�XSZDUG�PRWLRQV�DW�DOO�OHYHOV��H[FHSW�VRPHWLPHV�QHDU�WKH�VXUIDFH��

7KH�DOWLWXGH�RI�PD[LPXP�PHDQ�YHUWLFDO�YHORFLW\�YDULHV�LQ�KHLJKW�DV�WKH�FRQYHFWLYH�UHJLRQ

PDWXUHV��DQG�WKH�DOWLWXGH�RI�PD[LPXP�KHDWLQJ�IROORZV�WKH�YHUWLFDO�YHORFLW\�SHDN��+RX]H

������<XWHU�DQG�+RX]H��������9HUWLFDO�PRWLRQV�ZLWKLQ�VWUDWLIRUP�UHJLRQV�KDYH�D

FKDUDFWHULVWLF�SURILOH�RI�PHDQ�XSZDUG�PRWLRQ�LQ�WKH�XSSHU�WURSRVSKHUH�DQG�PHDQ�GRZQZDUG

PRWLRQ�LQ�WKH�ORZHU�WURSRVSKHUH�ZLWK�WKH�OHYHO�VHSDUDWLQJ�WKH�WZR�ORFDWHG�QHDU�WKH���&�OHYHO

�+RX]H�������%LJJHUVWDII�DQG�+RX]H�������������0DSHV�DQG�+RX]H�������<XWHU�DQG�+RX]H

�������'LDJQRVWLF�FDOFXODWLRQV�RI�VWUDWLIRUP�YHUWLFDO�PRWLRQ�SURILOHV�WKXV�LPSO\�KHDWLQJ�RI�WKH

XSSHU�WURSRVSKHUH�DQG�FRROLQJ�RI�WKH�ORZHU�WURSRVSKHUH�

:LWKLQ�WKH�7500�FRQWH[W��WKH�SULPDU\�SXUSRVH�RI�WKH�FRQYHFWLYH�VWUDWLIRUP�PDSV��ERWK

*9�DQG�VDWHOOLWH�GHULYHG��LV�WR�SDUWLWLRQ�WKH�YHUWLFDOO\�LQWHJUDWHG�KHDWLQJ��UDLQIDOO�PLQXV

HYDSRUDWLRQ��E\�LGHQWLI\LQJ�UHJLRQV�FKDUDFWHUL]HG�E\�RQH�RI�WKH�WZR�GLVWLQFW�KRUL]RQWDO
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GLYHUJHQFH�SURILOHV��,Q�WKH�FRQWH[W�RI�7500��D�´XVHIXOµ�GHILQLWLRQ�RI�FRQYHFWLYH�YHUVXV

VWUDWLIRUP�SUHFLSLWDWLRQ�FRUUHVSRQGV�WR�SUHFLSLWDWLQJ�UHJLRQV�WKDW�KDYH�´FRQYHFWLYHµ�YHUVXV

´VWUDWLIRUPµ�GLYHUJHQFH��DQG�KHQFH�KHDWLQJ��SURILOHV�

,Q�SK\VLFDOO\�EDVHG�SDVVLYH�PLFURZDYH�SUHFLSLWDWLRQ�UHWULHYDOV��WKH�FRQYHFWLYH�VWUDWLIRUP

FODVVLILFDWLRQ�KDV�DQ�DGGLWLRQDO�SXUSRVH��LW�LV�XVHG�WR�DFFRXQW�IRU�WKH�IDFW�WKDW�GLIIHUHQW

YHUWLFDO�K\GURPHWHRU�SURILOHV�FDQ�SURGXFH�WKH�VDPH�VXUIDFH�UDLQIDOO��$W�UDLQUDWHV�����

PP�KU��WKH�HQVHPEOH�FKDUDFWHULVWLFV�RI�PLFURSK\VLFDO�GDWD�LQ�FRQYHFWLYH�YHUVXV�VWUDWLIRUP

UHJLRQV�LQ�WURSLFDO�SUHFLSLWDWLRQ�DUH�D�VXEMHFW�RI�GHEDWH��7RND\�DQG�6KRUW�������<XWHU�DQG

+RX]H�������

7KH�LQWULQVLF�KRUL]RQWDO�VFDOH�RI�FRQYHFWLYH�DQG�VWUDWLIRUP�SUHFLSLWDWLRQ�UHJLRQV�LV�DOVR�D

VXEMHFW�RI�GHEDWH�ZLWK�VRPH�DUJXLQJ�WKDW�FRQYHFWLYH�DQG�VWUDWLIRUP�FKDUDFWHULVWLFV�DUH�D

UHVXOW�RI�WKH�HQVHPEOH�SURSHUWLHV�RI�UHJLRQV�RI�VHYHUDO�WR�WHQV�RI�NP�LQ�VFDOH��&KXUFKLOO�DQG

+RX]H�������6WHLQHU�HW�DO��������+RX]H�������<XWHU�DQG�+RX]H�������ZKLOH�RWKHUV�DUJXH�WKDW

FRQYHFWLYH�DQG�VWUDWLIRUP�FKDUDFWHULVWLFV�FDQ�EH�PDQLIHVW�RYHU�UHJLRQV�D�IHZ�KXQGUHG�PHWHUV

LQ�VFDOH�RU�OHVV��$WODV�HW�DO��������7RND\�DQG�6KRUW��������)RU�7500�70,��35��DQG

FRPELQHG�DOJRULWKPV�WKH�FRQYHFWLYH�VWUDWLIRUP�FODVVLILFDWLRQ�LV�QHHGHG�DW���NP�KRUL]RQWDO

VFDOH��6PLWK�DQG�:LOKHLW��SHUVRQDO�FRPPXQLFDWLRQ��

:KLOH�LW�LV�JHQHUDOO\�DJUHHG�WKDW�UHJLRQV�ZLWK�VWURQJ�XSGUDIWV�DQG�GRZQGUDIWV�DQG�YHUWLFDOO\

RULHQWHG�UHIOHFWLYLW\�PD[LPD�DUH�DVVRFLDWHG�ZLWK�´FRQYHFWLYHµ�GLYHUJHQFH�SURILOHV�DQG�WKDW

UHJLRQV�ZLWK�ZHDN�XSGUDIWV�DQG�GRZQGUDIWV�DUH�DVVRFLDWHG�ZLWK�´VWUDWLIRUPµ�GLYHUJHQFH

SURILOHV��WKH�FODVVLILFDWLRQ�RI�LQWHUPHGLDU\�RU�WUDQVLWLRQDO�UHJLRQV�ZKRVH�G\QDPLFDO�DQG

PLFURSK\VLFDO�FKDUDFWHULVWLFV�DUH�QHLWKHU�FOHDUO\�VWUDWLIRUP�QRU�FRQYHFWLYH�LV�D�VXEMHFW�RI

GHEDWH�

'DWD�FROOHFWHG�LQ�.:$-(;�ZLOO�EH�XVHG�WR�DGGUHVV�WKH�IROORZLQJ�FRQYHFWLYH�VWUDWLIRUP

DOJRULWKP�LVVXHV�LQ�WKH�FRQWH[W�RI�7500�

�� 7KH���'�KRUL]RQWDO�GLYHUJHQFH�GDWD�GHULYHG�IURP�GXDO�'RSSOHU�UDGDU�GDWD��VKLS�UDGDU

FRPELQHG�ZLWK�.ZDMDOHLQ�6�EDQG�UDGDU��ZLOO�EH�XVHG�WR�LPSURYH�DQG�YHULI\�WKH

FRQYHFWLYH�VWUDWLIRUP�FODVVLILFDWLRQ�RI�*9�UDGDU�GDWD�ZLWK�UHJDUG�WR�LQWHUPHGLDWH�DUHDV�

&RQYHFWLYH�DQG�VWUDWLIRUP�DUHDV�ZLOO�ILUVW�EH�LGHQWLILHG�E\�WKH�FXUUHQW�*9�DOJRULWKP�XVLQJ
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WKH�URXWLQH�*9�ORZ�OHYHO�UHIOHFWLYLW\�GDWD�DV�LQSXW��7KH�DYHUDJH�GXDO�'RSSOHU�KRUL]RQWDO

GLYHUJHQFH�SURILOHV�IRU�WKH�FRQYHFWLYH�DQG�VWUDWLIRUP�UHJLRQV�ZRXOG�WKHQ�EH�FRPSXWHG

DQG�H[DPLQHG��7KH�FRQYHFWLYH�VWUDWLIRUP�DOJRULWKP�ZLOO�WKHQ�EH�PRGLILHG�VOLJKWO\��UHUXQ�

DQG�WKH�DYHUDJH�KRUL]RQWDO�GLYHUJHQFH�SURILOHV�IRU�WKH�FRQYHFWLYH�DQG�VWUDWLIRUP�UHJLRQV

UHFRPSXWHG��DQ�LPSURYHPHQW�LQ�WKH�DOJRULWKP�ZRXOG�EH�GHILQHG�VXFK�WKDW�LW�ZRXOG

SURGXFH�PRUH�SXUH�FRQYHFWLYH�DQG�VWUDWLIRUP�KRUL]RQWDO�GLYHUJHQFH�SURILOHV��7KLV

LWHUDWLYH�SURFHVV�WR�UHILQH�WKH�FRQYHFWLYH�VWUDWLIRUP�DOJRULWKP�ZLOO�XVH�D�VXEVHW��H�J��RQH

KDOI��RI�WKH���'�KRUL]RQWDO�GLYHUJHQFH�ILHOGV�FROOHFWHG�GXULQJ�.:$-(;��7KH�RWKHU

LQGHSHQGHQW�KDOI�RI�WKH�GDWD�VHW�FRXOG�EH�XVHG�WR�FRPSDUH�WKH�SURSRVHG�QHZ�DOJRULWKP

WR�WKH�RULJLQDO�DOJRULWKP��7KLV�PHWKRGRORJ\�RI�UHILQLQJ�WKH��$����DOJRULWKP�ZRXOG�KDYH

WKH�DGGLWLRQDO�EHQHILW�RI�GHILQLQJ�WKH�FODVVLILFDWLRQ�HUURU�LQ�WHUPV�DQDORJRXV�WR�WKH�HUURU

LQ�LGHQWLI\LQJ�UHJLRQV�ZLWK�GLIIHUHQW�GLYHUJHQFH�SURILOHV�DQG�WKXV�ZLOO�DLG�LQ�TXDQWLI\LQJ

WKH�HUURU�LQ�D�IRUP�GLUHFWO\�DSSOLFDEOH�WR�WKH�YHUWLFDO�JUDGLHQW�RI�ODWHQW�KHDWLQJ

FDOFXODWLRQV�

�� 2QFH�WKH�FRQYHFWLYH�VWUDWLIRUP�FODVVLILFDWLRQ�KDV�EHHQ�VDWLVIDFWRULO\�UHILQHG��WKH

PDSSLQJ�RI�PLFURSK\VLFDO�FKDUDFWHULVWLFV�DQG�YHUWLFDO�K\GURPHWHRU�SURILOHV�LQWR

FRQYHFWLYH�DQG�VWUDWLIRUP�UHJLRQV�ZLOO�EH�REMHFWLYHO\�H[DPLQHG��7KH�PLFURSK\VLFDO�GDWD

FROOHFWHG�LQ�UHJLRQV�FODVVLILHG�DV�FRQYHFWLYH�YHUVXV�VWUDWLIRUP�ZLOO�EH�FRPSLOHG�DQG�WKH

HQVHPEOH�FKDUDFWHULVWLFV�DQDO\]HG�LQ�WHUPV�RI�MRLQW�SUREDELOLW\�GLVWULEXWLRQV�RI

K\GURPHWHRU�W\SH�DQG�QXPEHU�FRQFHQWUDWLRQ�E\�DOWLWXGH��WHPSHUDWXUH���,Q�WKLV�PDQQHU�

WKH�LQ�VLWX�PLFURSK\VLFV�GDWD�ZLOO�EH�XVHG�WR�GHULYH�REVHUYHG�YHUWLFDO�K\GURPHWHRU

SURILOHV�LQ�FRQYHFWLYH�DQG�VWUDWLIRUP�UHJLRQV�IRU�FRPSDULVRQ�WR�PRGHO�RXWSXW�DQG�IRU

SRWHQWLDO�XVH�LQ�UDGLDWLYH�WUDQVIHU�FDOFXODWLRQV��$GGLWLRQDOO\��WKH\�ZLOO�EH�XVHG�WR

LQYHVWLJDWH�WKH�LQYHUVH�SUREOHP��E\�ILUVW�GHWHUPLQLQJ�VWDWLVWLFDOO\�GLVWLQFW�JURXSLQJV�RI

PLFURSK\VLFV�GDWD�LQ�WHUPV�RI�K\GURPHWHRU�FKDUDFWHULVWLFV�DQG�WKHQ�H[DPLQLQJ�KRZ�WKHVH

JURXSLQJV�PDS�LQWR�FRQYHFWLYH�DQG�VWUDWLIRUP�UHJLRQV�
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b. Precipitation structure

'LIIHUHQW�VWRUP�VWUXFWXUHV�FDQ�SURGXFH�WKH�VDPH�VXUIDFH�SUHFLSLWDWLRQ��7KHUHIRUH�

YDOLGDWLRQ�RI�VDWHOOLWH�GHULYHG�UDLQIDOO�ZLWK�VXUIDFH�UDLQIDOO�DORQH�LV�QRW�VXIILFLHQW��7KH�7500

*9���'�UHIOHFWLYLW\�SURGXFW���$�����DGGUHVVHV�WKLV�LVVXH�LQ�WKH�URXWLQH�*9�GDWD��)URP�WKH

URXWLQH��$����SURGXFWV��LW�ZLOO�EH�SRVVLEOH�WR�GHWHUPLQH�WKH�YDULDELOLW\�RI�WKH���'�UHIOHFWLYLW\

VWUXFWXUH�ZLWKLQ�FRQYHFWLYH��VWUDWLIRUP��DQG�LQWHUPHGLDU\�SUHFLSLWDWLRQ�DUHDV��+RZHYHU��RQO\

ZLWK�WKH�ILHOG�FDPSDLJQ�GDWD�FDQ�ZH�DGGUHVV�WKH�SK\VLFDO�UHDVRQV�IRU�WKLV�REVHUYHG�YDULDELOLW\

RI�WKH���'�VWUXFWXUHV��7KHVH�UHDVRQV�PD\�EH�VRXJKW�YLD�DQVZHUV�WR�WKH�IROORZLQJ�TXHVWLRQV�

�� :KDW�LV�WKH�GLVWULEXWLRQ�RI���'�UHIOHFWLYLW\�VWUXFWXUHV�DVVRFLDWHG�ZLWK�UHJLRQV�ZLWK

GLVWLQFW�FRQYHFWLYH�DQG�VWUDWLIRUP�GLYHUJHQFH�SURILOHV"

�� :KDW�LV�WKH�GLVWULEXWLRQ�RI�WKH�YHUWLFDO�SURILOHV�RI�K\GURPHWHRU�W\SHV�DVVRFLDWHG�ZLWK

WKHVH�SUHFLSLWDWLRQ�VWUXFWXUHV"

�� :KDW�LV�WKH�VHTXHQFH�RI�G\QDPLFDO�DQG�PLFURSK\VLFDO�SURFHVVHV�DV�FRQYHFWLYH

SUHFLSLWDWLRQ�HYROYHV�LQWR�VWUDWLIRUP�SUHFLSLWDWLRQ"

�� :KDW�DUH�WKH�LQLWLDWLQJ�PHFKDQLVPV�DQG�KRZ�GR�WKH\�DIIHFW�VXEVHTXHQW�JURZWK�DQG

RUJDQL]DWLRQ"

7KH�GHYHORSPHQW�RI�DQVZHUV�WR�WKHVH�TXHVWLRQV�UHTXLUHV�LQIRUPDWLRQ�WKDW�LV�QRW�URXWLQHO\

DYDLODEOH�IURP�WKH�*9�GDWD�VWUHDP��KRUL]RQWDO�DQG�YHUWLFDO�ZLQGV��LQ�VLWX�FORXG�PLFURSK\VLFV�

KLJK�WHPSRUDO�UHVROXWLRQ�DWPRVSKHULF�VRXQGLQJV��DQG�KLJK�WHPSRUDO�UHVROXWLRQ�VQDSVKRWV�RI

WKH���'�VWUXFWXUH�RI�PLFURSK\VLFV�DQG�G\QDPLFV�ZLWKLQ�WKH�VWRUP��)OLJKW�OHYHO

WKHUPRG\QDPLF�PHDVXUHPHQWV�KDYH�YDOXH�LQ�WKDW�WKH\�DUH�VLPXOWDQHRXV�ZLWK�WKH�LQ�VLWX

PLFURSK\VLFV�DQG�FDQ�EH�XVHG�WR�YHULI\�WKH�UHWULHYDO�RI�YHUWLFDO�YHORFLWLHV�IURP�GXDO�'RSSOHU

GDWD��+RZHYHU��LQ�VLWX�WKHUPRG\QDPLF�PHDVXUHPHQWV�DORQJ�WKH�IOLJKW�WUDFN�UHSUHVHQW�D�YHU\

VPDOO�VDPSOH�RI�WKH���'�YROXPH�RI�WKH�VWRUP�DQG�WKXV�DUH�EHVW�XWLOL]HG�LQ�WKH�FRQWH[W�RI���'

YROXPHWULF�GDWD�FROOHFWHG�E\�RWKHU�VHQVRUV�
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c. Hydrometeor mapping

7KH�LGHQWLILFDWLRQ�RI�UHJLRQV�ZLWKLQ���'�YROXPHV�FRQWDLQLQJ�VQRZ��UDLQ��VXSHUFRROHG�OLTXLG

ZDWHU��DQG�JUDXSHO�LV�QHHGHG�WR�DGGUHVV�WKH�WHPSRUDO�DQG�VSDWLDO�YDULDELOLW\�RI�PLFURSK\VLFV

ZLWKLQ�SUHFLSLWDWLQJ�FORXGV�DQG�WR�XQGHUVWDQG�WKH�PHFKDQLVPV�RI�VWRUP�HYROXWLRQ��$LUFUDIW

LQ�VLWX�PHDVXUHPHQWV�SURYLGH�YHU\�GHWDLOHG�LQIRUPDWLRQ�DERXW�DWPRVSKHULF�FRQGLWLRQV�

K\GURPHWHRU�W\SHV��DQG�PL[LQJ�UDWLRV�DORQJ�WKH�IOLJKW�WUDFN��+RZHYHU��WKH�VDPSOH�DORQJ�WKH

IOLJKW�WUDFN�UHSUHVHQWV�RQO\�D�WLQ\�IUDFWLRQ�RI�WKH�YROXPH�RI�D�SUHFLSLWDWLQJ�FORXG��:KLOH�LQ

VLWX�GDWD�FROOHFWHG�GXULQJ�GLIIHUHQW�SDVVHV�DW�GLIIHUHQW�DOWLWXGHV�FDQ�EH�H[WUDSRODWHG�WR

FKDUDFWHUL]H�ODUJHU�UHJLRQV��VXFK�H[WUDSRODWLRQ�LV�VXEMHFW�WR�SRWHQWLDOO\�ODUJH�HUURUV�

,GHDOO\��LQ�RUGHU�WR�PDS�K\GURPHWHRU�W\SHV�LQ���'�YROXPHV����'�YROXPHWULF�GDWD�DUH

UHTXLUHG��5HIOHFWLYLW\�GDWD�FDQ�EH�XVHG�WR�PDS�UHJLRQV�ZKHUH�HFKRHV�GR�QRW�H[WHQG�DERYH�WKH

��&�OHYHO��H�J��ZDUP�UDLQ���3RODUL]DWLRQ�GLYHUVH�GDWD³='5�DQG�.'3 �VSHFLILF�GLIIHUHQWLDO

SURSDJDWLRQ�SKDVH��LQ�FRPELQDWLRQ�ZLWK�UDGDU�UHIOHFWLYLW\�FDQ�EH�SURFHVVHG�WR�LGHQWLI\�LFH�

SKDVH�DQG�PL[HG�K\GURPHWHRU�W\SHV��7KHVH�SRODULPHWULF�GDWD�DUH�URXWLQHO\�DYDLODEOH�DW�WKH

7500�*9�VLWHV�DW�'DUZLQ�DQG�.ZDMDOHLQ��2I�SDUWLFXODU�LPSRUWDQFH�WR�7500�PLFURZDYH

DQG�FORXG�PRGHOLQJ�REMHFWLYHV�LV�WKH�PDSSLQJ�RI�UHJLRQV�FRQWDLQLQJ�JUDXSHO��.'3�LV�QRW

VHQVLWLYH�WR�JUDXSHO��KRZHYHU��WKH�FRPELQDWLRQ�RI�=�DQG�.'3�FDQ�EH�XVHG�WR�PDS�JUDXSHO�

JUDXSHO�UDLQ��DQG�JUDXSHO�VQRZ�PL[WXUHV�ZLWKLQ�WKH�WKUHH�GLPHQVLRQDO�YROXPH�VFDQQHG�E\

WKH�UDGDU��7HFKQLTXHV�WR�GHULYH�K\GURPHWHRU�PDSSLQJV�IURP�SRODULPHWULF�GDWD�DUH�EHLQJ

GHYHORSHG�XVLQJ�&�3RO�GDWD�IURP�0F7(;�DQG�KDYH�VKRZQ�FRQVLGHUDEOH�SURPLVH��.HHQDQ�

SHUVRQDO�FRPPXQLFDWLRQ��=HQJ��SHUVRQDO�FRPPXQLFDWLRQ���,Q�VLWX�PLFURSK\VLFV�GDWD��ZKLFK

ZDV�QRW�DYDLODEOH�LQ�0F7(;��DUH�QHHGHG�WR�FDOLEUDWH�WKHVH�K\GURPHWHRU�PDSSLQJV�IRU�WKH

.ZDMDOHLQ�UHJLRQ��2QFH�WKH�K\GURPHWHRU�PDSSLQJ�DOJRULWKPV�DUH�FDOLEUDWHG��WKH�SRODUL]DWLRQ

GLYHUVH�GDWD�IURP�.ZDMDOHLQ�FDQ�EH�XVHG�WR�GHULYH�UREXVW���'�K\GURPHWHRU�FODVVLILFDWLRQV�RI

ERWK�WKH�6�EDQG�UDGDU�YROXPHWULF�GDWD�FROOHFWHG�GXULQJ�.:$-(;�DQG�WKH�URXWLQH�*9

YROXPHWULF�GDWD�

7KH�XVH�RI�DLUFUDIW�LQ�VLWX�PLFURSK\VLFV�GDWD�WR�FDOLEUDWH�WKH�UDGDU�EDVHG�LGHQWLILFDWLRQ�RI

UHJLRQV�FRQWDLQLQJ�VQRZ��UDLQ��VXSHUFRROHG�OLTXLG�ZDWHU��DQG�JUDXSHO�LV�DQ�H[DPSOH�RI�XVLQJ

SK\VLFDO�YDOLGDWLRQ�GDWD�IURP�WKH�ILHOG�FDPSDLJQ�WR�LPSURYH�LQWHUSUHWDWLRQ�RI�URXWLQH�*9

GDWD��7KH�UDGDU�GHULYHG�K\GURPHWHRU�ILHOGV�IURP�WKH�URXWLQH�SRODULPHWULF�*9�GDWD�ZLOO�WKXV
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PDNH�SRVVLEOH�D�PHDQV�RI�URXWLQH SK\VLFDO�YDOLGDWLRQ�RI�7500�VDWHOOLWH�DOJRULWKPV�GXULQJ

.ZDMDOHLQ�RYHUSDVVHV�

d. Surface precipitation estimation

:DOGYRJHO��������VKRZHG�WKDW�GLIIHUHQW�GURS�VL]H�GLVWULEXWLRQV��'6'V��SURGXFHG�IURP

GLIIHUHQW�SUHFLSLWDWLRQ�VWUXFWXUHV�FDQ�\LHOG�WKH�VDPH�UDLQIDOO�UDWH�DW�WKH�VXUIDFH��,I�RQH�KDV

PHDVXUHG�WKH�'6'�LQ�D�YROXPH�RI�DWPRVSKHUH�RQH�FDQ�FDOFXODWH�UDGDU�UHIOHFWLYLW\��=��DQG

UDLQIDOO�UDWH��5��GLUHFWO\�
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ZKHUH�1�'��LV�WKH�SDUWLFOH�VL]H�GLVWULEXWLRQ�IXQFWLRQ�VXFK�WKDW�1�'�G'�LV�WKH�QXPEHU�RI

SDUWLFOHV�RI�GLDPHWHU�'�WR�'���G'�SHU�XQLW�YROXPH�RI�DLU��9�'��LV�WKH�IDOO�VSHHG�RI�D�GURS

ZLWK�GLDPHWHU�'�DQG�ρ�LV�WKH�GHQVLW\�RI�OLTXLG�ZDWHU�

,GHDOO\��RQH�ZRXOG�WKHUHIRUH�PHDVXUH�'6'V�GLUHFWO\�LQ���'�YROXPHV�RI�DWPRVSKHUH�DQG

FDOFXODWH�UDLQ�UDWH��5���6LQFH�GLIIHUHQW�=s DVVRFLDWHG�ZLWK�GLIIHUHQW�GURS�VL]H�GLVWULEXWLRQV�FDQ

\LHOG�WKH�VDPH�5,�DQ\�GHULYDWLRQ�RI�D�RQH�WR�RQH�PDSSLQJ�RI�=�LQWR�5 PXVW�PDNH�VRPH

DVVXPSWLRQV�UHJDUGLQJ�WKH�QDWXUH�RI�WKH�GURS�VL]H�GLVWULEXWLRQ�

8VH�RI�PXOWLSOH�=�5�UHODWLRQV�WR�JHQHUDWH�7500�UDLQIDOO�PDSV���$�����EHJV�WKH�TXHVWLRQ

RI�ZKHWKHU�LW�LV�SUDFWLFDO�WR�GLVWLQJXLVK�UHJLRQV�ZLWK�GLIIHUHQW�'6'V�XVLQJ�URXWLQH�*9�GDWD

�L�H���UDGDU�UHIOHFWLYLW\�RQO\���<XWHU�DQG�+RX]H��������IRXQG�WKDW�IDOO�VWUHDNV�ZKLFK�DUH�D

XELTXLWRXV�IHDWXUH�RI�UHJLRQV�ZLWK�UDGDU�REVHUYHG�EULJKW�EDQGV��SURYLGLQJ�RQH�KDV�GDWD�RI

VXIILFLHQW�UHVROXWLRQ�WR�UHVROYH�WKHP��DUH�DVVRFLDWHG�ZLWK�GLIIHUHQW�GURS�VL]H�GLVWULEXWLRQV

WKDQ�WKH�SUHFLSLWDWLRQ�EHWZHHQ�WKH�IDOO�VWUHDNV��$OWKRXJK�GHILQLWLRQV�RI�VWUDWLIRUP

SUHFLSLWDWLRQ�YDU\��LW�LV�JHQHUDOO\�DJUHHG�WKDW�UHJLRQV�H[KLELWLQJ�D�UDGDU�EULJKW�EDQG�DUH

VWUDWLIRUP��+RUL]RQWDO�GLYHUJHQFH�GDWD�DQG�LQ�VLWX�PLFURSK\VLFV�GDWD�FROOHFWHG�GXULQJ
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.:$-(;�ZLOO�DLG�LQ�UHVROYLQJ�ZKHWKHU�WKH�FRQYHFWLYH�VWUDWLIRUP�FODVVLILFDWLRQ�LV�D�SUDFWLFDO

PHDQV�RI�LGHQWLI\LQJ�UHJLRQV�ZLWK�GLIIHUHQW�'6'V��6HFWLRQ����D��

(YHQ�LI�WKH�=�5�UHODWLRQ�LV�DSSURSULDWH��XVH�RI�REVHUYHG�UDGDU�UHIOHFWLYLW\�WR�GHULYH�UDLQIDOO

LV�SURQH�WR�HUURUV�DVVRFLDWHG�ZLWK�KRUL]RQWDO�LQKRPRJHQHLW\�RI�WKH�K\GURPHWHRU�ILHOG�RQ

VSDWLDO�VFDOHV�VPDOOHU�WKDQ�WKH�UHVROXWLRQ�YROXPH��6HFWLRQ����G���DQG�GLIIHUHQFHV�RZLQJ�WR

DWWHQXDWLRQ�EHWZHHQ�WKH�PHDVXUHG�UHIOHFWLYLW\�DQG�WKH�WUXH�UHIOHFWLYLW\�RI�WKH�SUHFLSLWDWLRQ

SDUWLFOHV��6HFWLRQ�������$QRWKHU�VRXUFH�RI�HUURU�LQ�UDGDU�GHULYHG�UDLQ�PDSV�LV�WKH�PRGLILFDWLRQ

RI�WKH�UDLQIDOO�IURP�EHORZ�WKH�ORZHVW�OHYHO�UDGDU�EHDP�WR�WKH�VXUIDFH��6HFWLRQ����F��

7KH�PXOWLSOH�SRODUL]DWLRQ�YDULDEOHV�VXFK�DV�='5��DYDLODEOH�DW�WKH�7500�*9�VLWHV�DW

'DUZLQ�DQG�.ZDMDOHLQ��SHUPLW�XV�WR�H[DPLQH�WKH�TXHVWLRQ�RI�ZKHWKHU�UHJLRQV�ZLWK�GLIIHUHQW

'6'V�FDQ�EH�LGHQWLILHG�ZLWK�UDGDU�GDWD��='5�LV�UHODWHG�WR�WKH�PHGLDQ�GLDPHWHU�RI�WKH�GURS

VL]H�GLVWULEXWLRQ��7KH�SRODUL]DWLRQ�GLYHUVH�YDULDEOH�.'3�SHUPLWV�HVWLPDWLRQ�RI�UDLQIDOO�ZLWKRXW

QHHGLQJ�WR�NQRZ�WKH�'6'�VLQFH�.'3�LV�UHODWHG�WR�WKH�OLTXLG�ZDWHU�FRQWHQW�GLUHFWO\�DQG�LV

LQGHSHQGHQW�RI�GURS�VL]H�GLVWULEXWLRQ�LQ�WKH�5D\OHLJK�UHJLPH��6DFKLGDQDQGD�DQG�=UQLF������

.HHQDQ�HW�DO���������7KH�VLJQDO�LQ�ERWK�='5�DQG�.'3�LV�VWURQJHVW�IRU�REODWH�OLTXLG�ZDWHU

GURSV��!�����PP�GLDPHWHU���7KXV�QHLWKHU�='5�QRU�.'3�FDQ�GLVWLQJXLVK�EHWZHHQ�ZHDN�UDLQ

UDWHV�ZKHQ�WKH�GURSV�DUH�VPDOOHU�WKDQ�����PP�DQG�VSKHULFDO��,W�LV�JHQHUDOO\�DJUHHG�WKDW�D

K\EULG�DOJRULWKP�XWLOL]LQJ�VRPH�FRPELQDWLRQ�RI�REVHUYHG�UDGDU�UHIOHFWLYLW\��='5��DQG�.'3

ZLOO�EH�QHHGHG�WR�PDS�WKH�IXOO�UDQJH�RI�REVHUYHG�UDLQUDWHV��,OOLQJZRUWK��SHUVRQDO

FRPPXQLFDWLRQ��:LOVRQ��SHUVRQDO�FRPPXQLFDWLRQ��=UQLF��SHUVRQDO�FRPPXQLFDWLRQ���,W�LV

WKHUHIRUH�OLNHO\�WKDW�WKH�7500�*9�'D\���DOJRULWKP�DW�*9�VLWHV�ZLWK�SRODUL]DWLRQ�UDGDUV�ZLOO

XVH�VRPH�FRPELQDWLRQ�RI�=��='5��DQG�.'3�

1.5 Cloud modeling

&ORXG�PRGHOLQJ�LV�WKH�O\QFK�SLQ�RI�7500��6LQFH�QHLWKHU�KRUL]RQWDO�QRU�YHUWLFDO�ZLQGV�DUH

URXWLQHO\�PHDVXUHG�DW�WKH�*9�VLWHV�QRU�E\�WKH�7500�VDWHOOLWH��PRGHOLQJ�LV�WKH�SULPDU\

PHDQV�E\�ZKLFK�WKH�YHUWLFDO�JUDGLHQW�RI�ODWHQW�KHDWLQJ�FDQ�EH�GHWHUPLQHG�URXWLQHO\�IURP

7500�REVHUYDWLRQV��$GGLWLRQDOO\��FORXG�PRGHOV�SOD\�D�NH\�UROH�LQ�SK\VLFDOO\�EDVHG�SDVVLYH

PLFURZDYH�UHWULHYDOV�E\�SURGXFLQJ�SK\VLFDOO\�FRQVLVWHQW�K\GURPHWHRU��WHPSHUDWXUH��PRLVWXUH�
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DQG�YHUWLFDO�YHORFLW\�SURILOHV�WKDW�DUH�XVHG�DV�LQSXW�WR�UDGLDWLYH�WUDQVIHU�FDOFXODWLRQV��6HFWLRQ

���F��

$�VWDQGDUG�DSSURDFK�WR�LPSURYLQJ�FORXG�PRGHOV�LV�WR�VLPXODWH�ZHOO�GRFXPHQWHG�FDVHV�RI

VWRUPV�XVLQJ�REVHUYHG�HQYLURQPHQWDO�FKDUDFWHULVWLFV��HVS��XSSHU�DLU�VRXQGLQJV��WR�LQLWLDOL]H

WKH�PRGHO��0RGHO�RXWSXWV�DUH�WKHQ�FRPSDUHG�WR�LQ�VWRUP�REVHUYHG�ILHOGV�VXFK�DV

PLFURSK\VLFDO�ILHOGV�GHULYHG�IURP�DLUFUDIW�DQG�UDGDU�GDWD��DQG�WKUHH�GLPHQVLRQDO�ZLQG�ILHOGV

GHULYHG�IURP�GXDO�'RSSOHU�UDGDU�GDWD��7KH�VHQVLWLYLW\�RI�WKH�PRGHO�WR�FKDQJHV�LQ�WKH�QDWXUH�

WHPSRUDO��DQG�VSDWLDO�UHVROXWLRQ�RI�LWV�LQSXWV�LV�DVVHVVHG�E\�YDU\LQJ�WKHVH�LQSXWV�DQG�WXUQLQJ

RQ�DQG�RII�YDULRXV�PRGHO�SK\VLFDO�SURFHVVHV��6SHFLILF�REVHUYDWLRQDO�GDWD�QHHGV�IRU�FORXG

PRGHOLQJ�IDOO�LQWR�WZR�PDLQ�FDWHJRULHV��WKRVH�UHODWHG�WR�LQLWLDOL]DWLRQ�DQG�WKRVH�UHODWHG�WR

YDOLGDWLRQ�

a. Initialization

7KH�SULPDU\�GDWD�XVHG�WR�LQLWLDOL]H�FORXG�PRGHOV�DUH�XSSHU�DLU�VRXQGLQJV��L�H���SUHVVXUH�

WHPSHUDWXUH��5+��DQG�ZLQGV��IURP�WKH�VXUIDFH�WR�DFURVV�WKH�WURSRSDXVH�DQG�LQWR�WKH�ORZHU

VWUDWRVSKHUH��6RXQGLQJV�DUH�QHHGHG�DW�GLIIHUHQW�ORFDWLRQV�LQ�WKH�VLPXODWLRQ�GRPDLQ�DQG�DW

KLJK�WLPH�UHVROXWLRQ����KUO\��LQ�RUGHU�WR�FKDUDFWHUL]H�WKH�KRUL]RQWDO�DQG�WHPSRUDO�YDULDWLRQ�RI

HQYLURQPHQWDO�FKDUDFWHULVWLFV��)UHTXHQW�SURILOHV�LQ�WKH�ORZHU�VWUDWRVSKHUH�DUH�QHHGHG�WR

UHVROYH�JUDYLW\�ZDYHV�ZKLFK�PRGXODWH�FRQYHFWLRQ��&ORXG�PRGHOV�FDQ�EH�HPEHGGHG�ZLWKLQ

PHVRVFDOH�PRGHOV�DV�D�PHDQV�RI�LQVXULQJ�ERXQGDU\�FRQGLWLRQV�SK\VLFDOO\�FRQVLVWHQW�ZLWK

ODUJH�VFDOH�FLUFXODWLRQV��0HVRVFDOH�PRGHOV�DUH�LQLWLDOL]HG�ZLWK�XSSHU�DLU�VRXQGLQJ�GDWD�VHYHUDO

KXQGUHG�NP�XSVWUHDP�DQG�GRZQVWUHDP�RI�WKH�FORXG�PRGHO�GRPDLQ�

7KH�*RGGDUG�&XPXOXV�(QVHPEOH�0RGHO�KDV�D�VWURQJ�VHQVLWLYLW\�WR�WKH�LQSXW�PRLVWXUH

ILHOGV�IURP�WKH�VXUIDFH�WR�WKH�WURSRSDXVH�DQG�SDUWLFXODUO\�LQ�WKH�ERXQGDU\�OD\HU��)HUULHU�

SHUVRQDO�FRPPXQLFDWLRQ���+LJK�WLPH�UHVROXWLRQ�REVHUYDWLRQV�RI�WKH�YDULDWLRQ�RI�ORZ�OHYHO

PRLVWXUH�LQ�WKH�FRQWH[W�RI�WKH�WURSRVSKHULF�YDULDWLRQ�RI�PRLVWXUH�DUH�QRW�DYDLODEOH�IURP

SUHYLRXV�ILHOG�VWXGLHV��7KH�YDULDWLRQ�RI�WKH�ORZ�OHYHO�PRLVWXUH�ILHOG�RYHU�DUHD�DQG�WLPH�QHHGV

WR�EH�GRFXPHQWHG�REVHUYDWLRQDOO\�DQG�DVVLPLODWHG�DV�LQSXW�LQWR�WKH�PRGHO�
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b. Validation

9DOLGDWLRQ�RI�PRGHO�FDOFXODWHG�K\GURPHWHRU�W\SHV�DQG�PL[LQJ�UDWLRV��WHPSHUDWXUH�

PRLVWXUH��DQG�YHUWLFDO�YHORFLW\�SURILOHV�GHPDQG�DLUFUDIW�DQG�GXDO�'RSSOHU�GDWD��7KHVH

REVHUYDWLRQDO�GDWD�VHUYH�D�GXDO�SXUSRVH�E\�ERWK�DLGLQJ�LQ�UHILQHPHQW�RI�WKH�FORXG�PRGHOV

DQG�LQ�TXDQWLWDWLYHO\�DVVHVVLQJ�WKH�XQFHUWDLQWLHV�RI�WKH�PRGHO�RXWSXW��)RU�7500�DOJRULWKP

SXUSRVHV��YDOLGDWLRQ�RI�WKH�VSDWLDO�VFDOHV�DVVRFLDWHG�ZLWK�GLVWLQFW�SURILOHV�LV�DOVR�SDUWLFXODUO\

LPSRUWDQW��:LOKHLW��SHUVRQDO�FRPPXQLFDWLRQ��

7KH�7500�SDVVLYH�PLFURZDYH�SUHFLSLWDWLRQ�UHWULHYDOV�DUH�GHSHQGHQW�RQ�WKH�TXDOLW\�RI�WKH

FORXG�PRGHO�PLFURSK\VLFV��:LWKLQ�WKH�FRQWH[W�RI�D�SDUWLFXODU�VHW�RI�DLU�PRWLRQV��FORXG

PRGHOV�NHHS�WUDFN�RI�WKH�PL[LQJ�UDWLRV�RI�XS�WR���ZDWHU�VXEVWDQFH�FDWHJRULHV��ZDWHU�YDSRU�

FORXG�OLTXLG�ZDWHU��GUL]]OH��UDLQZDWHU��FORXG�LFH��VQRZ��JUDXSHO��DQG�KDLO��+RX]H��������7KH

FDOFXODWLRQ�RI�WKH�LQWHUDFWLRQV�DPRQJ�ZDWHU�VXEVWDQFH�FDWHJRULHV�LV�FRPSXWDWLRQDOO\

LQWHQVLYH��SDUWLFXODUO\�ZKHQ�WKH�FDWHJRULHV�DUH�IXUWKHU�EURNHQ�GRZQ�LQWR�VL]H�GLVWULEXWLRQV�

7KH�FRPSOH[�QDWXUH�RI�FORXG�PLFURSK\VLFDO�FDOFXODWLRQV�PDNHV�YDOLGDWLRQ�ZLWK�REVHUYHG

PLFURSK\VLFV�WKH�RQO\�PHDQV�WR�GRFXPHQW�DQG�GLDJQRVH�HUURUV�LQ�WKH�FORXG�PLFURSK\VLFV��7R

EH�PRVW�XVHIXO��WKH�PLFURSK\VLFDO�YDOLGDWLRQ�QHHGV�WR�SURGXFH�GDWD�WKDW�FDQ�EH�UHDGLO\

FRPSDUHG�WR�PRGHO�RXWSXW��PL[LQJ�UDWLRV�DQG�QXPEHU�FRQFHQWUDWLRQV�RI�ZDWHU�VXEVWDQFH�LQ

DV�PDQ\�GLIIHUHQW�IRUPV�DV�SRVVLEOH�DQG�VLPXOWDQHRXV�PHDVXUHPHQWV�RI�OLTXLG�ZDWHU�FRQWHQW

DQG�VXSHUVDWXUDWLRQ�ZLWK�UHVSHFW�WR�ZDWHU�DQG�LFH�DV�DSSURSULDWH�

&ORXG�DQG�PHVRVFDOH�PRGHOV�WHQG�WR�RYHUSUHGLFW�JUDXSHO�DPRXQWV�DQG�GLVWULEXWLRQ��8QGHU

VRPH�FRQGLWLRQV��FORXG�PRGHOV�KDYH�LQGLFDWHG�JUDXSHO�ZLWKLQ�VWUDWLIRUP�UHJLRQV��DQ�DSSDUHQW

FRQWUDGLFWLRQ�VLQFH�PHDVXUHPHQWV�RI�LFH�PLFURSK\VLFV�ZLWKLQ�WURSLFDO�VWUDWLIRUP�UHJLRQV�KDYH

QRW�LQGLFDWHG�DQ\�JUDXSHO��+RX]H�DQG�&KXUFKLOO��������7KH�GHWHFWLRQ�RI�JUDXSHO�DERYH�DQG

EHORZ�WKH�IUHH]LQJ�OHYHO�LV�WKXV�D�SULRULW\�ZLWKLQ�ERWK�WKH�FRQYHFWLYH�DQG�VWUDWLIRUP�UHJLRQV�

:KLOH�FORXG�PRGHOV�RIWHQ�LQGLFDWH�WKH�SUHVHQFH�RI�VXSHU�FRROHG�OLTXLG�ZDWHU�DERYH�WKH

��&�OHYHO�LQ�VWUDWLIRUP�UHJLRQV��LQ�VLWX�PHDVXUHPHQWV�ZLWKLQ�WURSLFDO�FORXGV�KDYH�LQGLFDWHG

WKH�YLUWXDO�DEVHQFH�RI�OLTXLG�ZDWHU�DERYH�WKLV�OHYHO��+RX]H�DQG�&KXUFKLOO��������,Q�VLWX

PLFURSK\VLFV�PHDVXUHPHQWV�MXVW�DERYH�WKH���&�OHYHO�DUH�QHHGHG�WR�UHVROYH�WKLV�LVVXH��%HORZ

WKH���&�OHYHO��WKH�PL[LQJ�UDWLR�RI�OLTXLG�ZDWHU�DQG�GURS�VL]H�GLVWULEXWLRQV�RI�UDLQ�DUH�QHHGHG
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DV�D�IXQFWLRQ�RI�KHLJKW�WR�DVVHVV�WKH�PRGLILFDWLRQ�RI�'6'�E\�HYDSRUDWLRQ�IURP�EHORZ�WKH

PL[HG�SKDVH�OD\HU�WR�WKH�VXUIDFH�

7R�DGGUHVV�PRGHO�YDOLGDWLRQ�LVVXHV�UHODWHG�WR�VWRUP�HYROXWLRQ��WKH�MRLQW�YDULDWLRQ�RI�WKH���

'�YHUWLFDO�YHORFLW\�DQG�ZDWHU�VXEVWDQFH�PL[LQJ�UDWLRV�DUH�QHHGHG�DW�KLJK�WLPH��a��PLQ��DQG

VSDWLDO�UHVROXWLRQ��a����P�LQ�ERWK�WKH�YHUWLFDO�DQG�KRUL]RQWDO���6LQFH�FRQYHFWLYH�FHOOV�KDYH

DQ�LQGLYLGXDO�OLIH�WLPH�RI�DSSUR[LPDWHO\����PLQ��DLUFUDIW�ZRXOG�KDYH�WR�PDNH�VHYHUDO�SDVVHV

WKURXJK�D�FHOO�ZLWKLQ����PLQ��3UHYLRXV�LQ�VLWX�PLFURSK\VLFDO�PHDVXUHPHQWV�RI�WURSLFDO

FRQYHFWLYH�FORXGV�LQGLFDWH�KLJK�FRQFHQWUDWLRQV�RI�VPDOO�SDUWLFOHV�LQ�FRQYHFWLYH�XSGUDIWV

�*DPDFKH��������7KH�PHDVXUHPHQW�RI�LFH�SDUWLFOHV�YHUVXV�OLTXLG�ZDWHU�GURS�FRQFHQWUDWLRQV

UHTXLUHV�FORXG�SK\VLFV�PHDVXUHPHQWV�WKDW�FDQ�GLVWLQJXLVK�EHWZHHQ�VPDOO�GURSV�DQG�VPDOO�LFH�

6WUDWLIRUP�UHJLRQV�DUH�ORQJHU�OLYHG�DQG�FRQVLGHUHG�WR�EH�PRUH�VWHDG\�VWDWH�WKDQ�FRQYHFWLYH

FHOOV��:LWKLQ�VWUDWLIRUP�UHJLRQV��WHPSHUDWXUH�UHVROXWLRQ��YHUWLFDO�UHVROXWLRQ��LV�WKH�GULYLQJ

IDFWRU��0HDVXUHPHQWV�DUH�QHHGHG�HYHU\���WR����GHJUHHV�IURP���&�WR�²���&�DQG�DW�D�ORZHU

WHPSHUDWXUH�UHVROXWLRQ�XS�WR�WKH�WURSRSDXVH��²���&���7KH�UHJLRQV�EHORZ�WKH�����&�OHYHO

FRQWDLQ�WKH�PDMRULW\�RI�WKH�PDVV�RI�LFH�SDUWLFOHV�ZLWKLQ�WURSLFDO�VWRUPV��+RX]H�DQG�&KXUFKLOO

�������5HJLRQV�ZLWK�PRUH�LFH�ZRXOG�QHHG�WR�EH�VDPSOHG�PRUH�IUHTXHQWO\�WKDQ�UHJLRQV�ZLWK

VSDUVH�LFH�VLQFH�WKH�LQWHUDFWLRQV�RI�LFH�ZLWK�WKH�PRGHO�SK\VLFV�ZLOO�EH�SURSRUWLRQDOO\�ODUJHU

ZKHUH�PRUH�LFH�LV�SUHVHQW�

1.6 Budget studies

7KH�FDOFXODWLRQ�RI�WKH�DSSDUHQW�KHDW�VRXUFH��4���DQG�DSSDUHQW�PRLVWXUH�VLQN��4�� LQ

EXGJHW�VWXGLHV��H�J��/LQ�DQG�-RKQVRQ�������SURYLGH�DQ�LQGHSHQGHQW�PHDQV�RI�YDOLGDWLQJ�DUHDO

VXUIDFH�SUHFLSLWDWLRQ�HVWLPDWHV�RI�7500�VDWHOOLWH�DOJRULWKPV��%XGJHW�VWXGLHV�IRU�.:$-(;

DUH�H[WUHPHO\�LPSRUWDQW�IRU�YDOLGDWLRQ�RI�7500�70,�DQG�FRPELQHG�DOJRULWKPV�DSSOLHG�WR

ERWK�7500�VDWHOOLWH�RYHUSDVV�DQG�7500�VDWHOOLWH�OLNH�RYHUSDVV�GDWD�REWDLQHG�ZLWK�WKH�'&�

��DLUFUDIW��)RU�7500�SXUSRVHV��WKHVH�W\SHV�RI�EXGJHW�VWXGLHV�ZLOO�UHTXLUH���KRXUO\�XSSHU�DLU

VRXQGLQJ�SURILOHV�ZLWKLQ�D�FORVHG�DUUD\��DQG�HVWLPDWHV�RI�VXUIDFH�HYDSRUDWLRQ�GHULYHG�IURP

667�VNLQ�WHPSHUDWXUH�DQG�VXUIDFH�ZLQGV��7KH�GLPHQVLRQ�RI�WKH�FORVHG�VRXQGLQJ�DUUD\�VKRXOG

EH����NP�RU�PRUH�DORQJ�HDFK�VLGH��*UHFR�HW�DO���������7KH�UHJLRQ�ZLWKLQ�WKH�DUUD\�VKRXOG�EH
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REVHUYHG�E\�UDGDU�VR�WKDW�WKH�EXGJHW�VWXG\�GHULYHG�SUHFLSLWDWLRQ�HVWLPDWH�FDQ�EH�IXUWKHU

FRQVWUDLQHG�E\�UDGDU�GHULYHG�SUHFLSLWDWLRQ�HVWLPDWHV�DQG�KRUL]RQWDO�GLYHUJHQFH�SURILOHV

REWDLQHG�IURP�GXDO�'RSSOHU�UDGDU�GDWD�

2. Observational requirements

2.1 Summary of scientific objectives by section

7KH�REVHUYDWLRQ�UHTXLUHPHQWV�IRU�.:$-(;�DUH�VXPPDUL]HG�IURP�WKH�SUHYLRXV�VHFWLRQV�LQ

7DEOH����

2.2 Hydrometeor sampling

7KH�UHTXLUHPHQWV�IRU�VDPSOLQJ�LQ�VLWX�PLFURSK\VLFV�PHDVXUHPHQWV�DUH�D�IXQFWLRQ�RI

DOWLWXGH��6LQFH�WKH�YHUWLFDO�PDVV�WUDQVSRUW��DQG�KHQFH�DPRXQW�RI�ZDWHU�FRQGHQVHG��E\�DLU

PRWLRQ�RI�D�JLYHQ�YHUWLFDO�YHORFLW\�GHFUHDVHV�H[SRQHQWLDOO\�ZLWK�KHLJKW��PRVW�RI�WKH�ZDWHU

IDOOLQJ�DV�SUHFLSLWDWLRQ�DQG�DEVRUELQJ�DQG�VFDWWHULQJ�PLFURZDYH�UDGLDWLRQ�LV�LQ�WKH�ORZ�WR�PLG

WURSRVSKHUH��7R�GHWHUPLQH�ZKHWKHU�PRGHOV�DUH�SURSHUO\�GLVWLQJXLVKLQJ�OLTXLG�DQG�LFH�SKDVH

K\GURPHWHRUV�DQG�FRUUHFWO\�UHSUHVHQWLQJ�WKHLU�PL[LQJ�UDWLRV�IRU�LQSXW�LQ�UDGLDWLYH�WUDQVIHU

FDOFXODWLRQV��WKH�.:$-(;�REVHUYDWLRQV�QHHG�WR�HPSKDVL]H�WKH�YHUWLFDO�GLVWULEXWLRQ�RI

K\GURPHWHRUV�LQ�WKH�ORZ�WR�PLG�WURSRVSKHUH�

,Q�VLWX�PLFURSK\VLFDO�REVHUYDWLRQV�KDYH�LQGLFDWHG�WKDW�RQFH�JODFLDWLRQ�RFFXUV��WKH�LFH

SDUWLFOH�FRQFHQWUDWLRQ�ZLWKLQ�FORXGV�LV�QRW�VHQVLWLYH�WR�IXUWKHU�ORZHULQJ�RI�WHPSHUDWXUH

GHVSLWH�WKH�IDFW�WKDW�WKH�QXPEHU�RI�SRWHQWLDO�LFH�QXFOHL�LQFUHDVHV�ZLWK�GHFUHDVLQJ�WHPSHUDWXUH

�)LJ�������LQ�3UXSSDFKHU�DQG�.OHWW��������7KH�FDXVHV�RI�UDSLG�JODFLDWLRQ�DQG�SURGXFWLRQ�RI

ODUJH�QXPEHUV�RI�LFH�SDUWLFOHV�FRPSDUHG�WR�WKH�QXPEHU�RI�LFH�QXFOHL�DUH�DWWULEXWHG�WR�LFH�

PXOWLSOLFDWLRQ�PHFKDQLVPV��+DOOHWW�DQG�0RVVRS�������+REEV�DQG�5DQJQR��������%HFDXVH�RI

WKH�ODFN�RI�GRFXPHQWDWLRQ�RI�WKH�UHODWLYH�DPRXQWV�RI�OLTXLG�DQG�LFH�LQ�WKH�ORZHU�SRUWLRQV�RI

SUHFLSLWDWLQJ�FORXGV��PRGHOV�KDYH�JUHDW�GLIILFXOW\�DFFXUDWHO\�UHSUHVHQWLQJ�WKH�GLVWULEXWLRQ�RI

OLTXLG�DQG�LFH�K\GURPHWHRUV�LQ�WKH�ORZ�WR�PLG�OHYHOV�RI�FORXGV�ZKHUH�WKH�FRQFHQWUDWLRQ�RI

K\GURPHWHRU�PDVV�LV�JUHDWHU�DQG�SDUWLFOH�VL]HV�DUH�ODUJHU��+REEV�HW�DO��������

7KH�UHODWLYH�SULRULWLHV�RI�PLFURSK\VLFDO�PHDVXUHPHQWV�ZLWK�DOWLWXGH�DV�UHODWHG�WR�70,��35�

*9��DQG�FORXG�PRGHOLQJ�DUH�VXPPDUL]HG�LQ�)LJ�����)RU�PLFURZDYH�DQG�35�REMHFWLYHV��WKH
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KLJKHVW�SULRULW\�PHDVXUHPHQWV�DUH�LQ�WKH�UDLQ�UHJLRQ��WKH�PL[HG�SKDVH�UHJLRQ��DQG�WKH

SRUWLRQ�RI�WKH�LFH�UHJLRQ�ZLWK�WKH�ODUJHVW�VL]H�DQG�ODUJHVW�FRQFHQWUDWLRQ�RI�VFDWWHUHUV

�WHPSHUDWXUHV�KLJKHU�WKDQ�²���&���,QWHUHVW�LV�PRGHUDWH�LQ�WKH�UHJLRQ�EHWZHHQ��²���&�DQG

²���&�DQG�WKHQ�GHFUHDVHV�IRU�WHPSHUDWXUHV�OHVV�WKDQ�²���&�ZKHUH�WKH�PDVV�FRQFHQWUDWLRQ�LV

ORZHU��*URXQG�YDOLGDWLRQ�REMHFWLYHV�KDYH�KLJK�LQWHUHVW�LQ�PLFURSK\VLFV�IURP�WKH�VXUIDFH�WR

²���&�HVSHFLDOO\�LQ�WKH�ILUVW���NP�DERYH�WKH���&�OHYHO�ZKHUH�SDUWLFOHV�DJJUHJDWH�EHIRUH�IDOOLQJ

WKURXJK�WKH�PHOWLQJ�OD\HU��$W�DOWLWXGHV�DERYH�²���&��SDUWLFOH�FRQFHQWUDWLRQV�DUH�ORZHU�DQG

LQWHUHVW�LV�PRGHUDWH��&ORXG�PRGHOV�QHHG�YDOLGDWLRQ�RI�ZDWHU�VXEVWDQFH�PL[LQJ�UDWLRV

WKURXJKRXW�WKH�GHSWK�RI�WKH�VWRUP�EXW�HVSHFLDOO\�ZKHUH�ZDWHU�DQG�LFH��DQG�KHQFH�HIIHFWV�RI

ODWHQW�KHDWLQJ�DQG�FRROLQJ��DUH�FRQFHQWUDWHG�EHORZ�²���&��5DGDU�HFKR�WRSV�IRU�WKH�WDOOHU

.ZDMDOHLQ�SUHFLSLWDWLQJ�FORXGV�DUH�DW�a���NP�DOWLWXGH��²���&���VWUDWLIRUP�UHJLRQV�KDYH�HFKR

WRSV�RI�a���NP��²���&���DQG�WKH�WURSRSDXVH�LV�QHDU����NP��²���&���7KH�FRPELQHG�LQWHUHVW

RI�70,��35��*9��DQG�FORXG�PRGHOLQJ�LQ�PLFURSK\VLFDO�VDPSOHV�DV�D�IXQFWLRQ�RI�KHLJKW�LV

VXPPDUL]HG�LQ�)LJ����E\�ZHLJKWLQJ�LQWHUHVW�OHYHO�DV���IRU�ORZ����IRU�PRGHUDWH��DQG���IRU�KLJK

DQG�WKHQ�VXPPLQJ�IRU�HDFK�RI�WKH�IRXU�VFLHQWLILF�IDFHWV��,QWHUHVW�LQ�PLFURSK\VLFDO�VDPSOHV

KDV�WKH�VWURQJHVW�RYHUODS�EHORZ�WKH�²���&�OHYHO��DQG�GHFUHDVHV�VOLJKWO\�EHWZHHQ�²���&�DQG

²���&��$W�DOWLWXGHV�DERYH�²���&��FRPELQHG�LQWHUHVW�LV�DERXW�KDOI�ZKDW�LW�LV�LQ�WKH�UDLQ�OD\HU�

2.3 Needs for simultaneous measurements

7KH�7500�VDWHOOLWH�SURYLGHV�VLPXOWDQHRXV�PLFURZDYH�DQG�35�PHDVXUHPHQWV��$W�WKH

ODWLWXGH�RI�.ZDMDOHLQ��WKH�VDWHOOLWH�RYHUIOLHV�WKH�*9�VLWH�ZLWK�VLJQLILFDQW�RYHUODS�EHWZHHQ�WKH

VDWHOOLWH�VZDWK�DQG�*9�UHJLRQ�RQO\�DERXW����WLPHV�SHU�PRQWK��7R�VXSSOHPHQW�VLPXOWDQHRXV

GDWD�FROOHFWHG�GXULQJ�VDWHOOLWH�RYHUSDVVHV��VLPXODWHG�RYHUSDVVHV�ZLWKLQ�WKH�*9�UHJLRQ�ZLOO

QHHG�WR�EH�PDGH�ZLWK�7500�70,�OLNH�DQG�35�OLNH�LQVWUXPHQWV�PRXQWHG�RQ�DLUFUDIW��6LQFH

7500�DOJRULWKPV�DUH�GHVLJQHG�WR�XVH�WKHVH�GDWD�WRJHWKHU��LW�LV�RI�EHQHILW�WKDW�WKH�PLFURZDYH

DQG�35�PHDVXUHPHQWV�EH�DV�VLPXOWDQHRXV�DV�SRVVLEOH�LQ�WKH�VHQVH�WKDW�WKH�PHDVXUHPHQWV�DUH

REWDLQHG�IURP�WKH�VDPH�YROXPH�RI�DWPRVSKHUH�DW�WKH�VDPH�WLPH��7KH�HDVLHVW�ZD\�WR�LQVXUH

VLPXOWDQHLW\�LV�WR�PRXQW�WKH�LQVWUXPHQWV�RQ�WKH�VDPH�DLUFUDIW��,Q�WKLV�ZD\�DOO�WKH�PLFURZDYH

DQG�35�PHDVXUHPHQWV�ZLOO�EH�FRRUGLQDWHG��,I�WKH�PLFURZDYH�DQG�35�LQVWUXPHQWV�DUH
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PRXQWHG�RQ�VHSDUDWH�DLUFUDIW�WKHQ�VLPXOWDQHRXV�PHDVXUHPHQWV�ZLOO�RQO\�EH�DYDLODEOH�ZKHQ

WKH�IOLJKW�WUDFNV�RI�WKH�WZR�DLUFUDIW�DUH�SUHFLVHO\�FRRUGLQDWHG�

7KH�FRPSOH[LW\�RI�WKH�SUHFLSLWDWLQJ�FORXGV�PDNHV�XQDPELJXRXV�LQWHUSUHWDWLRQ�RI�DQ\�VLQJOH

REVHUYHG�YDULDEOH�GLIILFXOW�ZLWKRXW�RWKHU�LQIRUPDWLRQ�WR�SXW�LW�LQWR�FRQWH[W��7KXV��ZKHQ

IHDVLEOH��VLPXOWDQHRXV�PHDVXUHPHQWV�RI�GLIIHUHQW�YDULDEOHV�E\�WKH�VDPH�SODWIRUP�DQG�E\

GLIIHUHQW�SODWIRUPV�DUH�QRW�RQO\�SUHIHUDEOH�RYHU�PHDVXUHPHQWV�ZLWKRXW�RWKHU�REVHUYDWLRQDO

FRQWH[W�EXW�HVVHQWLDO��$V�D�PLQLPXP��WKH�VFDQQLQJ�6�EDQG�UDGDU�RQ�.ZDMDOHLQ�,VODQG�FDQ

SURYLGH�FRQWH[WXDO�LQIRUPDWLRQ�LQ�WHUPV�RI�WKH�URXWLQH�*9�SURGXFWV�IRU�REVHUYDWLRQV�PDGH

ZLWKLQ�����NP�RI�LWV�ORFDWLRQ��2QH�RI�WKH�JRDOV�RI�.:$-(;�LV�WR�HQKDQFH�SK\VLFDO

LQWHUSUHWDWLRQ�RI�WKH�URXWLQH�*9�GDWD�WKDW�ZLOO�EH�D�SULPDU\�VRXUFH�RI�WKH�ODUJH�GDWD�VDPSOHV

UHTXLUHG�E\�WHPSRUDO�VDPSOLQJ�VWXGLHV��6HFWLRQ�������.:$-(;�GDWD�FROOHFWLRQ�E\�PRELOH

SODWIRUPV�VXFK�DV�VKLSV�DQG�DLUFUDIW�ZLOO�KDYH�LWV�ODUJHVW�LPSDFW�RQ�WKH�VFLHQWLILF�REMHFWLYHV

ZKHQ�LW�LV�FROOHFWHG�ZLWKLQ�D�����NP�UDGLXV�IURP�.ZDMDOHLQ�LVODQG�

2.4 Tradeoffs

6RPH�W\SHV�RI�GDWD�FROOHFWLRQ�DUH�PXWXDOO\�H[FOXVLYH�RI�RWKHUV��6HYHUDO�RI�WKH�EDVLF�W\SHV�RI

WUDGHRIIV�IDFLQJ�.:$-(;�DUH�

�� 8VH�RI�D�VFDQQLQJ�UDGDU�LQ�YROXPH�VHFWRU�PRGH��QHFHVVDU\�WR�REWDLQ�KLJK�WLPH

UHVROXWLRQ�VDPSOHV��SUHFOXGHV�LWV�XVH�IRU�VFDQQLQJ������YROXPHV��7KXV��LI�WKH

.ZDMDOHLQ�,VODQG�6�EDQG�UDGDU�LV�XVHG�LQ�VHFWRU�PRGH�IRU�H[WHQGHG�SHULRGV�RI�WLPH�

WKH�URXWLQH�*9�SURGXFWV��ZKLFK�UHTXLUH������VFDQV��IRU�WKH�PRQWKV�RI�WKH�ILHOG

FDPSDLJQ�ZLOO�EH�FRPSURPLVHG�DQG�QRW�DEOH�WR�EH�XVHG�DV�LQSXW�WR�WHPSRUDO

VDPSOLQJ�VWXGLHV�

�� 7KH�UHVROXWLRQ�RI�GXDO�'RSSOHU�GDWD�LV�UHODWHG�WR�WKH�GLVWDQFH�EHWZHHQ�WKH�WZR�UDGDUV

�EDVHOLQH���7KH�VKRUWHU�WKH�EDVHOLQH��WKH�KLJKHU�WKH�UHVROXWLRQ��+RZHYHU��WKH�DUHD

FRYHUHG�E\�GXDO�'RSSOHU�PHDVXUHPHQWV�LV�UHODWHG�LQ�WKH�LQYHUVH�PDQQHU��WKH�VKRUWHU

WKH�EDVHOLQH��WKH�VPDOOHU�WKH�DUHD�VDPSOHG�DQG�WKXV�WKH�VPDOOHU�WKH�VDPSOH�VL]H�
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�� 6ORZHU�DLUFUDIW�VSHHGV�DUH�SUHIHUDEOH�IRU�KLJK�TXDOLW\�PLFURSK\VLFDO�VDPSOLQJ�EXW

KLJKHU�VSHHGV�ZLOO�VDPSOH�ORQJHU�DORQJ�WUDFN�GLVWDQFHV�DW�ORZHU�TXDOLW\�

�� ([DFW�VLPXOWDQHRXV�PHDVXUHPHQWV�FROOHFWHG�E\�WZR�DLUFUDIW�DW�GLIIHUHQW�DOWLWXGHV�DUH

GLIILFXOW�WR�REWDLQ�SDUWLFXODUO\�LI�WKHUH�LV�D�PLVPDWFK�LQ�VSHHG�RI�WKH�DLUFUDIW�

$GGLWLRQDOO\��WKH�SUHVHQFH�RI�RQH�DLUFUDIW�LQ�WKH�VDPSOLQJ�YROXPH�RI�DQ�LQVWUXPHQW

RQ�WKH�RWKHU�DLUFUDIW�FDQ�FRPSURPLVH�WKH�PHDVXUHPHQWV��H�J��VNLQ�SDLQWLQJ�RI�DLUFUDIW

E\�UDGDU��

3. Kwajalein Overview

3.1 Geography

7KH�0DUVKDOO�,VODQGV�OLH�LQ�WKH�WURSLFDO�FHQWUDO�3DFLILF�RYHU������NP�WR�WKH�VRXWKZHVW�RI

+DZDLL��)LJ������0RVW�RI�WKH�0DUVKDOO�,VODQGV�DUH�VPDOO�LQ�DUHD�DQG�IRUP�SDUW�RI�FRUDO�DWROOV�

:LWKLQ�WKH�0DUVKDOO�,VODQGV�WKHUH�DUH�WZR�PDLQ�LVODQG�FKDLQV��0DMXUR��WKH�FDSLWDO�RI�WKH

5HSXEOLF�RI�WKH�0DUVKDOO�,VODQGV��50,���LV�ZLWKLQ�WKH�5DWDN�&KDLQ��.ZDMDOHLQ�$WROO�LV�����NP

WR�WKH�QRUWKZHVW�RI�0DMXUR�DQG�LV�SDUW�RI�WKH�5DOLN�&KDLQ��)LJ�����

0XFK�RI�.ZDMDOHLQ�$WROO�LV�OHDVHG�WR�WKH�8QLWHG�6WDWHV�$UP\�DV�SDUW�RI�WKH�86�$UP\

.ZDMDOHLQ�$WROO�.ZDMDOHLQ�0LVVLOH�5DQJH��86$.$�.05���&LYLOLDQ�DFFHVV�WR�.05�LV�WLJKWO\

FRQWUROOHG�VLQFH�OLYLQJ�VSDFH�DQG�ZDWHU�DUH�OLPLWHG�UHVRXUFHV�RQ�WKHVH�VPDOO�LVODQGV��7KH�PDLQ

.05�IDFLOLWLHV�DUH�RQ�.ZDMDOHLQ�,VODQG�RQ�WKH�VRXWKHUQ�WLS�RI�WKH�DWROO�DQG�5RL�1DPXU

,VODQG����NP�WR�WKH�QRUWK�RQ�WKH�QRUWKHUQ�WLS�RI�WKH�DWROO��)LJ������%RWK�WKHVH�LVODQGV�KDYH

DLUVWULSV�IRU�IL[HG�ZLQJ�DLUFUDIW�DQG�WKH�IDFLOLWLHV�RQ�.ZDMDOHLQ�,VODQG�DUH�VXIILFLHQW�IRU�MHW

DLUFUDIW��.05�LV�WKH�SRLQW�RI�FRQWDFW�IRU�IDFLOLWLHV�DQG�UHVRXUFHV�RQ�WKH�LVODQGV�OHDVHG�WR�WKH

$UP\��$HURPHW�,QF��LV�WKH�PHWHRURORJLFDO�FRQWUDFWRU�IRU�.05�DQG�RSHUDWHV�WKH�ZHDWKHU�

UHODWHG�IDFLOLWLHV�VXFK�DV�WKH�6�EDQG�UDGDU�RQ�.ZDMDOHLQ�,VODQG��WKH�XSSHU�DLU�VRXQGLQJ

IDFLOLWLHV�RQ�.ZDMDOHLQ�DQG�5RL�1DPXU��DQG�D�VXUIDFH�PHVRQHW�ZLWK�VWDWLRQV�RQ�VHYHUDO

LVODQGV��3ODFHPHQW�RI�.:$-(;�IDFLOLWLHV�ZLWKLQ�.05�MXULVGLFWLRQ�UHTXLUHV�WKH�DJUHHPHQW

DQG�FRRSHUDWLRQ�RI�.05�DQG�$HURPHW�
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7KH�86�1DWLRQDO�:HDWKHU�6HUYLFH�KDV�D�FRRSHUDWLYH�DJUHHPHQW�ZLWK�50,�DQG�DGPLQLVWHUV

ZHDWKHU�UHODWHG�IDFLOLWLHV�VXFK�DV�XSSHU�DLU�VRXQGLQJV�DQG�UDLQ�JDXJHV�ZLWKLQ�50,�WKDW�DUH

QRW�XQGHU�WKH�MXULVGLFWLRQ�RI�.05��3ODFHPHQW�RI�IDFLOLWLHV�RQ�LVODQGV�RXWVLGH�.05

MXULVGLFWLRQ�UHTXLUHV�ORFDO�FRRSHUDWLRQ�ZKLFK�LV�FRPSOH[�DQG�GLIILFXOW�WR�REWDLQ��)RU

.:$-(;��WKHVH�UHTXHVWV�ZRXOG�EH�QHJRWLDWHG�WKURXJK�WKH�1:6�RIILFH�LQ�+RQROXOX�

3.2 Routinely collected TRMM GV data

7KURXJK�WKH�HIIRUWV�RI�WKH�7500�2IILFH��WKH�6�EDQG�UDGDU�RQ�.ZDMDOHLQ�,VODQG�ZDV

XSJUDGHG�IRU�XVH�DV�D�7500�*9�VLWH��7KHVH�XSJUDGHV�LQFOXGHG�D�QHZ�DQWHQQD�������P

GLDPHWHU���SURFHVVRU��DQG�WKH�DGGLWLRQ�LQ�0DUFK������RI�GXDO�SRODUL]DWLRQ�FDSDELOLW\��7KH�6�

EDQG�UDGDU�DW�.ZDMDOHLQ�KDV�D�VXIILFLHQWO\�ORQJ�ZDYHOHQJWK�������FP��VR�WKDW�DWWHQXDWLRQ�E\

WURSLFDO�SUHFLSLWDWLRQ�LV�PLQLPDO�DQG�VFDWWHUHUV�OHVV�WKDQ�a�����PP�LQ�GLDPHWHU�DUH�ZLWKLQ�WKH

5D\OHLJK�VFDWWHULQJ�UHJLPH��7KH�.05�UHTXLUHPHQWV�IURP�WKLV�UDGDU�DUH�VXUYHLOODQFH�VFDQV

HYHU\�a���PLQ��%HWZHHQ�WKH�VXUYHLOODQFH�VFDQV��WKH�UDGDU�FDQ�EH�XVHG�LQ�D�PDQQHU�VXLWHG�WR

7500�QHHGV��7KXV��XQOLNH�WKH�1(;5$'�UDGDUV�DW�WKH�*9�VLWHV�LQ�)ORULGD�DQG�7H[DV��WKH

VFDQ�VWUDWHJ\�RI�WKH�6�EDQG�UDGDU�DW�.ZDMDOHLQ�KDV�EHHQ�RSWLPL]HG�IRU�7500�*9

UHTXLUHPHQWV�

7KH�URXWLQH�*9�.ZDMDOHLQ�VFDQ�VWUDWHJ\�FRQVLVWV�RI�D�VXUYHLOODQFH�VFDQ��)LJ�����LQWHUVSHUVHG

ZLWK�D�VHW�RI�WKUHH������YROXPHV�UHSHDWHG�HYHU\����PLQ��7DEOH�����7KH�ILUVW�YROXPH�SURYLGHV

UHIOHFWLYLW\�DQG�UDGLDO�YHORFLW\�GDWD�DQG�FRQVLVWV�RI����HOHYDWLRQ�DQJOHV�VFDQQHG�DW�a��

GHJ�VHF��)LJ�������'XDO�SRODUL]DWLRQ�GDWD�UHTXLUHV�VDPSOHV�LQ�ERWK�KRUL]RQWDO�DQG�YHUWLFDO

SRODUL]DWLRQV��7KH�FXUUHQW�WUDQVPLWWHU�UHFHLYHU�V\VWHP�RQ�WKH�.ZDMDOHLQ�UDGDU�LV�VXFK�WKDW

VXIILFLHQW�VDPSOHV�DW�ERWK�SRODUL]DWLRQV�FDQ�RQO\�EH�FROOHFWHG�LI�WKH�VFDQ�UDWH�LV�VORZHG�WR�a�

GHJ�VHF�RU�OHVV��7KH�VHFRQG�DQG�WKLUG�YROXPHV�DUH�VFDQQHG�DW�WKLV�VORZ�UDWH�DQG�DUH����WLOWV

HDFK��)LJV�����DQG������7KHVH�VFDQV�SURYLGH�GXDO�SRODUL]DWLRQ�GDWD³�='5�DQG�3+,'3��Φ'3�

WRWDO�GLIIHUHQWLDO�SKDVH��DV�ZHOO�DV�UHIOHFWLYLW\�DQG�UDGLDO�YHORFLW\��7KH�YHUWLFDO�UHVROXWLRQ�RI

WKH�VHFRQG�DQG�WKLUG�YROXPHV�LV�VLPLODU�WR�WKDW�RI�1(;5$'�GDWD��WKH�UHVROXWLRQ�RI�WKH���

WLOW�YROXPH�LV�EHWWHU��7KH�VFDQV�IRU�WKH�VHFRQG�DQG�WKLUG�YROXPHV�DUH�LQWHUOHDYHG�DQG�WKH�GDWD

FDQ�EH�FRPELQHG�LQWR�KLJKHU�UHVROXWLRQ�YROXPHV�IRU�VWDWLVWLFDO�DQDO\VLV�
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'DWD�IURP�DOO�WKUHH�YROXPHV�DUH�SURFHVVHG�WR�SURGXFH�WKH�VWDQGDUG�7500�*9�UDGDU

SURGXFWV���&�����4XDOLW\�&RQWUROOHG�5DGDU�9ROXPH�6FDQV�IURP�*URXQG�9DOLGDWLRQ�6LWHV��

�$�����([LVWHQFH����$�����5DGDU�6LWH�5DLQ�0DS����$�����5DGDU�6LWH�&RQYHFWLYH�6WUDWLIRUP

0DS����$�����5DGDU�6LWH���'�5HIOHFWLYLWLHV����$�������GD\�5DGDU�6LWH�5DLQ�0DS����$���

�0RQWKO\�5DGDU�6LWH�5DLQ�0DS���DQG��$�����0RQWKO\���'�6WUXFWXUH���7KH�GXDO�SRODUL]DWLRQ

GDWD�DUH�QRW�SDUW�RI�WKH�'D\���7500�SURGXFWV�EXW�DUH�DYDLODEOH�LQ��&����IRUP�DV�LQSXW�WR

'D\���DOJRULWKP�GHYHORSPHQW�IRU�UDLQIDOO�PDSSLQJ�DQG�IRU�UHVHDUFK�LQWR�K\GURPHWHRU

W\SLQJ�

7KH�7500�2IILFH�ZDV�DOVR�LQVWUXPHQWDO�LQ�XSJUDGLQJ�WKH�UDLQ�JDXJH�QHWZRUN�LQ�WKH

YLFLQLW\�RI�.ZDMDOHLQ�DQG�IDFLOLWDWLQJ�UHJXODU�GDWD�FROOHFWLRQ�IURP�WKHVH�JDXJHV��'DWD�LV

UHJXODUO\�UHFHLYHG�IURP����WLSSLQJ�EXFNHW�JDXJHV�ZLWKLQ�WZR�QHWZRUNV��*DXJHV�RQ�LVODQGV

ZLWKLQ�.05�MXULVGLFWLRQ�DUH�DGPLQLVWHUHG�E\�$HURPHW�,QF��*DXJHV�RQ�RWKHU�LVODQGV�DUH

DGPLQLVWHUHG�E\�50,�DQG�WKHLU�GDWD�DUH�FROOHFWHG�E\�WKH�1:6�RIILFH�LQ�0DMXUR��:KLOH�WHQ�RI

WKHVH�UDLQ�JDXJHV�DUH�ZLWKLQ�����NP�RI�WKH�.ZDMDOHLQ�6�EDQG�UDGDU��WZR�JDXJHV�DUH�ZLWKLQ���

NP�UDQJH�DQG�UDGDU�GDWD�GLUHFWO\�RYHU�WKHLU�ORFDWLRQ�LV�VXEMHFW�WR�FRQWDPLQDWLRQ�IURP�JURXQG

FOXWWHU��7KXV�.ZDMDOHLQ�KDV���JDXJHV�ZLWKLQ�WKH�UHJLRQ�FRYHUHG�E\�WKH�7500�*9�SURGXFWV

IURP����NP�WR�����NP�UDQJH�RI�WKH�UDGDU��)LJ������

3.3 Kwajalein climatology

a. Annual

.ZDMDOHLQ�KDV�D�W\SLFDO�WURSLFDO�RFHDQLF�FOLPDWH��7KH�PHDQ�GDLO\�WHPSHUDWXUH�DW�.ZDMDOHLQ

LV�UHODWLYHO\�VWHDG\�DW����)�DOO�\HDU�ORQJ�ZLWK�KLJKV�QHDU����)�DQG�ORZV�QHDU����)��5HODWLYH

KXPLGLW\�LV�KLJKHVW�DW����/RFDO�7LPH����������DQG�ORZHVW�DW����/RFDO�7LPH�����������2Q

DYHUDJH��WKH�PRQWKO\�UDLQIDOO�JHQHUDOO\�LQFUHDVHV�IURP�0D\�WR�2FWREHU�DQG�LV�ORZHVW�LQ

)HEUXDU\��)LJ����D���6XUIDFH�PHDQ�ZLQGV�DUH�HDVWHUO\�WKURXJKRXW�WKH�\HDU��0HDQ�ZLQG�VSHHGV

DUH�QHDU�����P�V�WKURXJK�-XO\�2FWREHU�DQG�LQFUHDVH�WR�����P�V�GXULQJ�'HFHPEHU�0D\��)LJ�

��E���7KH�KLJKHVW�ZLQGV�PHDVXUHG�DW�.ZDMDOHLQ�DUH�DVVRFLDWHG�ZLWK�WURSLFDO�VWRUPV��2Q

DYHUDJH��WURSLFDO�VWRUPV�FURVV�.ZDMDOHLQ�RQFH�HYHU\���\HDUV��7KH�PRQWKV�ZLWK�WKH�ORZHVW

WURSLFDO�VWRUP�IUHTXHQF\��������DUH�-XQH�2FWREHU��7KH�PRQWKV�RI�1RYHPEHU�$SULO�KDYH�WZR
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WR�WKUHH�WLPHV�WKH�IUHTXHQF\�RI�WURSLFDO�VWRUPV�DV�WKH�UHVW�RI�WKH�\HDU��.ZDMDOHLQ�DYHUDJHV����

GD\V�D�\HDU�ZLWK�WKXQGHUVWRUPV��OLJKWQLQJ���VOLJKWO\�OHVV�WKDQ�=LSVHU·V��������HVWLPDWH�RI�RQH

WKXQGHUVWRUP�SHU�PRQWK�IRU�WURSLFDO�RFHDQLF�SUHFLSLWDWLRQ�

<HDUO\�DYHUDJH�SUHFLSLWDWLRQ�H[KLELWV�D�VWURQJ�PHULGLRQDO�JUDGLHQW�DFURVV�.ZDMDOHLQ�$WROO

ZLWK�5RL�1DPXU�WR�WKH�QRUWK�UHFHLYLQJ�RQO\�URXJKO\�����RI�WKH�SUHFLSLWDWLRQ�RI�.ZDMDOHLQ

,VODQG�WR�WKH�VRXWK��7KH�PRQWKO\�SUHFLSLWDWLRQ�DFFXPXODWLRQ�PDS�IRU�$XJXVW������LOOXVWUDWHV

WKLV�EDVLF�SDWWHUQ��)LJ��������7KH�EURDGHVW�UHJLRQ�RI�SUHFLSLWDWLRQ�LQ�WKH�YLFLQLW\�RI�.ZDMDOHLQ

DQG�WKH�VPRRWKHVW�JUDGLHQW�RI�UDLQIDOO�DFURVV�WKH�DWROO�RFFXUV�LQ�6HSWHPEHU�DQG�2FWREHU

DFFRUGLQJ�WR�SUHFLSLWDWLRQ�HVWLPDWHV�GHULYHG�IURP�660�,�GDWD��)LJ������

7KH�(162�ZDUP�HYHQW�RI������FRQWULEXWHG�WR�GURXJKW�FRQGLWLRQV�LQ�WKH�.ZDMDOHLQ�DUHD

GXULQJ�ODWH������DQG�������)LJXUH����VKRZV�WKH�UDLQIDOO�UHFRUGHG�DW�.ZDMDOHLQ�,VODQG�GXULQJ

�����DQG�������7KH�7500�VDWHOOLWH�DQG�*9�UDGDU�GDWD�VHWV�IRU�$XJXVW�6HSWHPEHU�����

UHSUHVHQW�FRQGLWLRQV�GXULQJ�GURXJKW�UHFRYHU\�DQG�DUH�OLNHO\�OHVV�UHSUHVHQWDWLYH�RI�FRQGLWLRQV

WR�EH�H[SHFWHG�GXULQJ�WKH�.:$-(;�SURMHFW�SHULRG�LQ������WKDQ�WKH�GDWD�REWDLQHG�GXULQJ

�����

b. Radar climatology

6LQFH�WKH�SXUSRVH�RI�.:$-(;�LV�WR�SURYLGH�SK\VLFDO�YDOLGDWLRQ�IRU�1$6$
V�7URSLFDO

5DLQIDOO�0HDVXULQJ�0LVVLRQ��WKH�H[SHULPHQWDO�REMHFWLYHV�DOO�UHYROYH�DURXQG�SUHFLSLWDWLQJ

V\VWHPV��.:$-(;�RSHUDWLRQV�ZLOO�EH�IRFXVHG�RQ�WKH�����NP�UDGLXV�DUHD�FHQWHUHG�RQ�WKH

.ZDMDOHLQ�6�EDQG�UDGDU�DW������1���������(��WKH�7500�*URXQG�9DOLGDWLRQ�UHJLRQ�IRU

.ZDMDOHLQ��7R�KHOS�GHYHORS�.:$-(;�H[SHULPHQWDO�SODQV�IRU�UDGDU�DQG�DLUFUDIW�DQG�WR

LPSURYH�EDVLF�XQGHUVWDQGLQJ�RI�ZHDWKHU�FRQGLWLRQV�LQ�WKH�.ZDMDOHLQ�UHJLRQ��DYDLODEOH

.ZDMDOHLQ�6�EDQG�UDGDU�GDWD�IURP�-XO\��$XJXVW��DQG�6HSWHPEHU������DQG�$XJXVW�DQG

6HSWHPEHU������KDYH�EHHQ�H[DPLQHG�WR�GHULYH�D�UDGDU�FOLPDWRORJ\�

)RU�D�YDULHW\�RI�UHDVRQV��WKH�H[DFW�FDOLEUDWLRQ�RI�WKH�.ZDMDOHLQ�UDGDU�ZDV�QRW�GHWHUPLQHG

IRU�WKH�GDWD�FROOHFWHG�LQ�WKH�VXPPHU�RI������SULRU�WR�WKH�7500�VDWHOOLWH�ODXQFK�LQ

1RYHPEHU�������,Q�RUGHU�WR�XWLOL]H�GDWD�IURP�ERWK������DQG�������VWDWLVWLFV�WKDW�DUH�OHVV

VHQVLWLYH�WR�FDOLEUDWLRQ�HUURU�DUH�H[DPLQHG��$�VLPSOH�PHWULF�RI�SUHFLSLWDWLRQ�LV�WKH�DUHD�RI
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HFKR�ODUJHU�WKDQ�D�SDUWLFXODU�G%=�WKUHVKROG��$�IHZ�G%�YDULDWLRQV�GR�QRW�FKDQJH�DUHDO

VWDWLVWLFV�EDVHG�RQ�G%=�WKUHVKROG�VLJQLILFDQWO\�EXW�FDQ�KDYH�D�PDMRU�LPSDFW�RQ�DUHDO�DYHUDJH

UDLQUDWHV�SDUWLFXODUO\�DW�KLJKHU�UHIOHFWLYLWLHV��)RU�RXU�SXUSRVHV�LQ�WKLV�FKDSWHU��ZH�ZLOO�XVH

UDGDU�HFKRHV�!����G%=�WR�LQGLFDWH�SUHFLSLWDWLQJ�DUHDV��.HHSLQJ�WKH�XQFHUWDLQWLHV�LQ

FDOLEUDWLRQ�LQ�PLQG�����G%=�FRUUHVSRQGV�WR�D�UDLQ�UDWH�RI�a����PP�KU�EDVHG�RQ�WKH�QRPLQDO

.ZDMDOHLQ�=�5�GHULYHG�IURP�KLVWRULFDO�GDWD�

Variation of precipitating area

7KH�IUDFWLRQ�RI�WKH�����NP�UDGLXV�*9�UHJLRQ�FHQWHUHG�RQ�.ZDMDOHLQ�FRYHUHG�E\

SUHFLSLWDWLQJ�HFKR�LV�SUHVHQWHG�DV�D�WLPH�VHULHV�LQ�)LJ������KLVWRJUDPV�LQ�)LJ������DQG�DV�D

FXPXODWLYH�SORW�LQ�)LJ������7KH�FRQWUDVW�EHWZHHQ�WKH�WLPH�VHULHV�IRU�$XJXVW������DQG�$XJXVW

�����DQG�EHWZHHQ�6HSWHPEHU������DQG�6HSWHPEHU������UHYHDOV�VXSSUHVVLRQ�RI�FRQYHFWLYH

DFWLYLW\�GXULQJ�WKH�VXPPHU�RI������DVVRFLDWHG�ZLWK�WKH�ZDQLQJ�LQIOXHQFH�RI�WKH�(162�ZDUP

HYHQW��2I�WKH�PRQWKV�H[DPLQHG��$XJXVW������ZDV�E\�IDU�WKH�PRVW�DFWLYH��6HYHQWHHQ�UDLQ

SHULRGV�ZLWK�FXPXODWLYH�HFKR�LQVWDQWDQRXVO\�FRYHULQJ�PRUH�WKDQ�����RI�WKH�*9�DUHD

RFFXUUHG�LQ�$XJXVW������FRPSDUHG�WR�URXJKO\���SHULRGV�LQ�6HSWHPEHU���������LQ�$XJXVW

������DQG���LQ�6HSWHPEHU�������,Q�ERWK�\HDUV��WKH�UDLQ�RIWHQ�RFFXUUHG�DW�����GD\�LQWHUYDOV�

7KLV�WLPH�VFDOH�LV�OLNHO\�UHODWHG�WR�WKH�SDVVDJH�RI�HDVWHUO\�ZDYHV��5HHG�DQG�5HFNHU��������$V

LV�FRPPRQ�WKURXJKRXW�WKH�ZRUOG��ODUJH�DUHDOO\�H[WHQVLYH�SUHFLSLWDWLQJ�UHJLRQV�KXQGUHGV�RI

NP�LQ�VFDOH�RFFXU�PXFK�OHVV�IUHTXHQWO\�WKDQ�VPDOOHU��OHVV�RUJDQL]HG�SUHFLSLWDWLRQ��)LJ������

7KH�FXPXODWLYH�IUHTXHQF\�SORWV�VKRZ�WKDW�IUDFWLRQDO�SUHFLSLWDWLRQ�FRYHUDJH������RI�WKH�*9

DUHD�RFFXUUHG�����RI�WKH�WLPH�GXULQJ�VXPPHU������DQG�����RI�WKH�WLPH�LQ�VXPPHU������

,Q�FRQVWUDVW��IUDFWLRQDO�FRYHUDJH�RYHU�����RI�WKH�*9�DUHD�RFFXUUHG�����RI�WKH�WLPH�LQ

VXPPHU������DQG�RQO\����RI�WKH�WLPH�LQ�VXPPHU�������,W�LV�IRUWXQDWH�WKDW�.:$-(;�GLG

QRW�WDNH�SODFH�LQ������

Diurnal cycle

7KH�GLXUQDO�F\FOH�RI�DUHDO�IUDFWLRQ�RI�SUHFLSLWDWLRQ�LV�UHODWLYHO\�ZHDN�GXULQJ�WKH�VXPPHU�

YDU\LQJ�OHVV�WKDQ�����IURP�WKH�PRQWKO\�KRXUO\�PD[LPXP�WR�KRXUO\�PLQLPXP��)LJ�������7KH
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ODFN�RI�FRQVLVWHQF\�EHWZHHQ�WKH�GLXUQDO�F\FOHV�LQ�WKH������DQG������GDWD�PDNHV

JHQHUDOL]DWLRQ�GLIILFXOW��'XULQJ�WKH�PRQWK�RI�$XJXVW�WKHUH�LV�D�WHQGHQF\�WR�IDYRU�FRQYHFWLYH

DFWLYLW\�IURP�������������ORFDO�WLPH�DQG�GLVIDYRU�LW�LQ�WKH�HDUO\�PRUQLQJ��'XULQJ�6HSWHPEHU�

WKH�OXOO�LQ�FRQYHFWLYH�DFWLYLW\�LV�ODWHU�LQ�WKH�GD\��FHQWHUHG�URXJKO\�DW�PLGGD\�

Storm morphology

6WRUPV�GXULQJ�6HSWHPEHU������DGYHFWHG�DFURVV�WKH�*9�UHJLRQ�IURP�WKH�QRUWK��QRUWKHDVW�

QRUWKZHVW��ZHVW��DQG�HDVW��6LQFH�VXUIDFH�PHWHRURORJLFDO�WLPH�VHULHV�DQG�XSSHU�DLU�GDWD�IRU�WKLV

SHULRG�LV�QRW�DYDLODEOH�DW�WKLV�WLPH��LW�LV�GLIILFXOW�WR�DVVHVV�LI�WKH�SUHYDLOLQJ�ZLQGV�VKLIWHG�ZLWK

VWRUP�SDVVDJH�RU�LI�VWRUP�PRWLRQ�ZDV�VRPHWLPHV�FRXQWHU�WR�WKH�ORZ�OHYHO�SUHYDLOLQJ�ZLQG�

3UHFLSLWDWLRQ�SDWWHUQV�GXULQJ�6HSWHPEHU������ZHUH�RIWHQ�FKDRWLF��7KUHH�PDLQ�FDWHJRULHV�RI

SUHFLSLWDWLRQ�SDWWHUQV�REVHUYHG�GXULQJ�WKLV�SHULRG�DUH�LOOXVWUDWHG�E\�WKH�H[DPSOHV�LQ�)LJ�

���D�N�

�� ODUJH�SUHFLSLWDWLRQ�UHJLRQV�ZLWK�ZHOO�GHILQHG��QDUURZ��������NP��FRQYHFWLYH�EDQGV�DQG

H[WHQVLYH�DUHDV�RI�PDWXUH�FRQYHFWLRQ�

�� QDUURZ�FRQYHFWLYH�EDQGV�������NP�LQ�ZLGWK�DQG�����NP�RU�PRUH�LQ�OHQJWK�ZLWKRXW

DVVRFLDWHG�PDWXUH�FRQYHFWLYH�UHJLRQV�

�� UHJLRQV�FRQWDLQLQJ�OHVV�RUJDQL]HG�FRQYHFWLYH�DFWLYLW\�ZLWK�SUHFLSLWDWLQJ�UHJLRQV�XS�WR�a��

NP�LQ�GLPHQVLRQ�

7KH�VDPSOLQJ�RI�WKHVH�GLVWLQFW�SUHFLSLWDWLRQ�VWUXFWXUHV�ZLOO�UHTXLUH�GLIIHUHQW�DLUFUDIW�IOLJKW

WUDFN�SDWWHUQV��3DUW�,,�RI�WKLV�GRFXPHQW��WKH�.:$-(;�([SHULPHQWDO�3ODQ��ZLOO�DGGUHVV�WKH

VSHFLILF�SODQV�IRU�JURXQG�EDVHG��RFHDQ�VXUIDFH��DQG�DLUFUDIW�VHQVRU�GHSOR\PHQW�DQG

FRRUGLQDWLRQ�WR�DFFRPSOLVK�WKH�REVHUYDWLRQDO�UHTXLUHPHQWV�GHULYHG�IURP�WKH�VFLHQWLILF

REMHFWLYHV�LQ�3DUW�,�



��

References

$GOHU��5��)���+��<��0��<HK��1��3UDVDG��:��.��7DR��DQG�-��6LPSVRQ��������0LFURZDYH
VLPXODWLRQ�RI�D�WURSLFDO�UDLQIDOO�V\VWHP�ZLWK�D�WKUHH�GLPHQVLRQDO�FORXG�PRGHO��-��$SSO�
0HWHRU���������������

$WODV��'���������)RRWSULQWV�RI�VWRUPV�RQ�WKH�VHD��$�YLHZ�IURP�VSDFHERUQH�V\QWKHWLF
DSHUDWXUH�UDGDU��-��*HRSK\��5HV�����������������

$WODV��'���3��:LOOLV��DQG�)��0DUNV��������7KH�HIIHFWV�RI�FRQYHFWLYH�XSGUDIWV�DQG�GRZQGUDIWV
RQ�UHIOHFWLYLW\�UDLQ�UDWH�UHODWLRQV�DQG�ZDWHU�EXGJHWV��3UHSULQWV����WK�&RQI��RQ�5DGDU
0HWHRU���9DLO��&2��$PHU��0HWHRU��6RF���������

%HOO��7��/���$��$EGXOODK��5��/��0DUWLQ��DQG�*��5��1RUWK��������6DPSOLQJ�HUURUV�IRU�VDWHOOLWH�
GHULYHG�WURSLFDO�UDLQIDOO��0RQWH�&DUOR�VWXG\�XVLQJ�D�VSDFH�WLPH�VWRFKDVWLF�PRGHO��-�
*HRSK\V��5HV�����������������

%HOO��7��/���DQG�3��.��.XQGX��������$�VWXG\�RI�WKH�VDPSOLQJ�HUURU�LQ�VDWHOOLWH�UDLQIDOO
HVWLPDWHV�XVLQJ�RSWLPDO�DYHUDJLQJ�RI�GDWD�DQG�D�VWRFKDVWLF�PRGHO��-��&OLPDWH����������
�����

%LJJHUVWDII��0��,���DQG�5��$��+RX]H��-U���������.LQHPDWLF�DQG�SUHFLSLWDWLRQ�VWUXFWXUH�RI�WKH
������-XQH������VTXDOO�OLQH��0RQ��:HD��5HY������������������

%LJJHUVWDII��0��,���DQG�5��$��+RX]H��-U���������.LQHPDWLFV�DQG�PLFURSK\VLFV�RI�WKH�WUDQVLWLRQ
]RQH�RI�D�PLGODWLWXGH�VTXDOO�OLQH�V\VWHP��-��$WPRV��6FL�����������������

&KXUFKLOO��'��'���DQG�5��$��+RX]H��-U���������'HYHORSPHQW�DQG�VWUXFWXUH�RI�ZLQWHU�PRQVRRQ
FORXG�FOXVWHUV�RQ����'HFHPEHU�������-��$WPRV��6FL���������������

*DPDFKH��-��)���������0LFURSK\VLFDO�REVHUYDWLRQV�LQ�VXPPHU�021(;�FRQYHFWLYH�DQG
VWUDWLIRUP�FORXGV��0RQ��:HD��5HY������������������

*RVVDUG��(��(���5��*��6WUDXFK��DQG�5��5��5RJHUV��������(YROXWLRQ�RI�GURSVL]H�GLVWULEXWLRQV�LQ
OLTXLG�SUHFLSLWDWLRQ�REVHUYHG�E\�JURXQG�EDVHG�'RSSOHU�UDGDU��-��$WPRV��2FHDQ��7HFK��
�����������

*UHFR��6���-��6FDOD��-��+DOYHUVWRQ��+��/��0DVVLH��-U���:��.��7DR��DQG�0��*DUVWDQJ�������
$PD]RQ�FRDVWDO�VTXDOO�OLQHV��3DUW�,,��+HDW�DQG�PRLVWXUH�WUDQVSRUWV��0RQ��:HD��5HY��
�������������

+DOOHWW��-���DQG�6��&��0RVVRS��������3URGXFWLRQ�RI�VHFRQGDU\�LFH�FU\VWDOV�GXULQJ�WKH�ULPLQJ
SURFHVV��1DWXUH�������������

+LWVFKILHOG��:���DQG�-��%RUGDQ��������(UURUV�LQKHUHQW�LQ�WKH�UDGDU�PHDVXUHPHQW�RI�UDLQIDOO�DW
DWWHQXDWLQJ�ZDYHOHQJWKV��-��0HWHRU�������������

+REEV��3��9���6��&KDQJ��DQG�-��'��/RFDWHOOL��������7KH�GLPHQVLRQV�DQG�DJJUHJDWLRQ�RI�LFH
FU\VWDOV�LQ�QDWXUDO�FORXGV��-��*HRSK\V��5HV�����������������

+REEV��3��9���DQG�$��/��5DQJQR��������,FH�SDUWLFOH�FRQFHQWUDWLRQV�LQ�FORXGV��-��$WPRV��6FL��
��������������

+RX]H��5��$���-U���������2EVHUYHG�VWUXFWXUH�RI�PHVRVFDOH�FRQYHFWLYH�V\VWHPV�DQG
LPSOLFDWLRQV�IRU�ODUJH�VFDOH�KHDWLQJ��4XDUW��-��5R\��0HW��6RF����������������

+RX]H��5��$���-U���������&ORXG�'\QDPLFV��$FDGHPLF�3UHVV��6DQ�'LHJR������SS�
+RX]H��5��$���-U���������6WUDWLIRUP�SUHFLSLWDWLRQ�LQ�UHJLRQV�RI�FRQYHFWLRQ��D�PHWHRURORJLFDO

SDUDGR["�%XOO��$PHU��0HW��6RF�����������������
+RX]H��5��$���-U���DQG�'��'��&KXUFKLOO��������0HVRVFDOH�RUJDQL]DWLRQ�DQG�FORXG�PLFURSK\VLFV

LQ�D�%D\�RI�%HQJDO�GHSUHVVLRQ��-��$WPRV��6FL�����������������



��

+XGORZ��0��'���DQG�9��/��3DWWHUVRQ��������*$7(�5DGDU�5DLQIDOO�$WODV��12$$�VSHFLDO
UHSRUW������SS���8��6��*RYHUQPHQW�3ULQWLQJ�2IILFH��:DVKLQJWRQ��'��&�

.HHQDQ��7��'���/��&DUH\��'��=UQLF��3��0D\��DQG�6��5XWOHGJH��������$�VHQVLWLYLW\�DQDO\VLV�RI�&�
EDQG�SRODULPHWULF�YDULDEOHV�LQ�UDLQ��VXEPLWWHG��-��$SSO��0HWHRU�

.LGGHU��6��4���DQG�7��+��9RQGHU�+DDU��������6DWHOOLWH�0HWHRURORJ\��$Q�,QWURGXFWLRQ��$FDGHPLF
3UHVV��6DQ�'LHJR������SS�

.XPPHURZ��&��������%HDPILOOLQJ�HUURUV�LQ�SDVVLYH�PLFURZDYH�UDLQIDOO�UHWULHYDOV��-��$SSO�
0HWHRU���������������

/LQ��;���DQG�5��+��-RKQVRQ��������+HDWLQJ��PRLVWHQLQJ��DQG�UDLQIDOO�RYHU�WKH�ZHVWHUQ�3DFLILF
ZDUP�SRRO�GXULQJ�72*$�&2$5(��-��$WPRV��6FL�����������������

0DSHV��%��(���DQG�5��$��+RX]H��-U���������'LDEDWLF�GLYHUJHQFH�SURILOHV�LQ�ZHVWHUQ�3DFLILF
PHVRVFDOH�FRQYHFWLYH�V\VWHPV��-��$WPRV��6FL�����������������

0HQHJKLQL��5���DQG�'��$WODV��������6LPXOWDQHRXV�RFHDQ�FURVV�VHFWLRQ�DQG�UDLQIDOO
PHDVXUHPHQWV�IURP�VSDFH�ZLWK�QDGLU�ORRNLQJ�UDGDU��-��$WPRV��2FHDQ��7HFK��������������

2JXFKL��7���������(OHFWURPDJQHWLF�ZDYH�SURSDJDWLRQ�DQG�VFDWWHULQJ�LQ�UDLQ�DQG�RWKHU
K\GURPHWHRUV��3URF��,(((����������������

3UXSSDFKHU��+��5���DQG�-��'��.OHWW��������0LFURSK\VLFV�RI�&ORXGV�DQG�3UHFLSLWDWLRQ��'��5HLGHO
3XEOLVKHUV��'RUGUHFKW������SS�

5HHG��5��-���DQG�(��(��5HFNHU��������6WUXFWXUH�DQG�SURSHUWLHV�RI�V\QRSWLF�VFDOH�ZDYH
GLVWXUEDQFHV�LQ�WKH�HTXDWRULDO�ZHVWHUQ�3DFLILF��-��$WPRV��6FL�����������������

5\]KNRY��$���DQG�'��6��=UQLF��������3UHFLSLWDWLRQ�DQG�DWWHQXDWLRQ�PHDVXUHPHQWV�DW�D����FP
ZDYHOHQJWK��-��$SSO��0HWHRU�����������������

6DFKLGDQDQGD��0���DQG�'��6��=UQLF��������5DLQ�UDWH�HVWLPDWHV�IURP�GLIIHUHQWLDO�SRODUL]DWLRQ
PHDVXUHPHQWV��-��$WPRV��2FHDQ�7HFK��������������

6KRUW��'��$���3��$��.XFHUD��%��6��)HUULHU��-��&��*HUODFK��6��$��5XWOHGJH��DQG�2��:��7KLHOH�
������6KLSERDUG�UDGDU�UDLQIDOO�SDWWHUQV�ZLWKLQ�WKH�72*$�&2$5(�,)$��%XOO��$PHU�
0HWHRU��6RF�����������������

6PLWK��(��$���$��0XJQDL��+��-��&RRSHU��*��-��7ULSROL��DQG�;��;LDQJ��������)RXQGDWLRQV�IRU
VWDWLVWLFDO�SK\VLFDO�SUHFLSLWDWLRQ�UHWULHYDO�IURP�SDVVLYH�PLFURZDYH�VDWHOOLWH
PHDVXUHPHQWV��3DUW�,��%ULJKWQHVV�WHPSHUDWXUH�SURSHUWLHV�RI�D�WLPH�GHSHQGHQW�FORXG
UDGLDWLRQ�PRGHO��-��$SSOLHG��0HWHRU��������������

6PLWK��(��$��-��(��/DPP��5��$GOHU��-��$OLVKRXVH��.��$RQDVKL��(��%DUUHWW��3��%DXHU��:��%HUJ�
$��&KDQJ��5��)HUUDUR��-��)HUULGD\��6��*RRGPDQ��1��*URG\��&��.LGG��'��.QLYHWRQ��&�
.XPPHURZ��*��/LX��)��0DUDQR��$��0XJQDL��:��2OVRQ��*��3HWW\��$��6KLEDWD��5�
6SHQFHU��)��:HQW]��7��:LOKHLW�DQG�(��=LSVHU��������5HVXOWV�RI�WKH�:HW1HW�3,3��
SURMHFW��-��$WPRV��6FL���LQ�SUHVV�

6WHLQHU��0���5��$��+RX]H��-U���DQG�6��(��<XWHU��������&OLPDWRORJLFDO�FKDUDFWHUL]DWLRQ�RI�WKUHH�
GLPHQVLRQDO�VWRUP�VWUXFWXUH�IURP�RSHUDWLRQDO�UDGDU�DQG�UDLQ�JDXJH�GDWD��-��$SSO�
0HWHRU�����������������

7DR��:��.���DQG�-��6LPSVRQ��������7KH�*RGGDUG�&XPXOXV�(QVHPEOH�0RGHO��3DUW�,��0RGHO
GHVFULSWLRQ��7HUUHVWULDO��$WPRVSKHULF�DQG�2FHDQLF�6FLHQFHV�����������

7RND\��$���DQG�'��$��6KRUW��������(YLGHQFH�IURP�WURSLFDO�UDLQGURS�VSHFWUD�RI�WKH�RULJLQ�RI
UDLQ�IURP�VWUDWLIRUP�YHUVXV�FRQYHFWLYH�FORXGV��-��$SSO��0HWHRU���������������



��

:DNDVXJL��.���$��0L]XWDQL��0��0DWVXR��6��)XNDR��DQG�6��.DWR��������$�GLUHFW�PHWKRG�RI
GHULYLQJ�GURS�VL]H�GLVWULEXWLRQ�DQG�YHUWLFDO�DLU�YHORFLWLHV�IURP�9+)�'RSSOHU�UDGDU
VSHFWUD��-��$WPRV��2FHDQ��7HFK��������������

:DOGYRJHO��$���������7KH�1R�MXPS�LQ�UDLQGURS�VSHFWUD��-��$WPRV��6FL�����������������

:DOODFH��-��0���DQG�3��9��+REEV��������$WPRVSKHULF�6FLHQFH��$Q�,QWURGXFWRU\�6XUYH\��$FDGHPLF
3UHVV��1HZ�<RUN������SS�

:LOKHLW��7��7���������6RPH�FRPPHQWV�RQ�SDVVLYH�PLFURZDYH�PHDVXUHPHQW�RI�UDLQ��%XOO�
$PHU��0HWHRU��6RF�����������������

<DQDL��0��6���6��(VEHQVHQ��DQG�-��+��&KX��������'HWHUPLQDWLRQ�RI�EXON�SURSHUWLHV�RI�WURSLFDO
FORXGV�FOXVWHUV�IURP�ODUJH�VFDOH�KHDW�DQG�PRLVWXUH�EXGJHWV��-��$WPRV��6FL���������������

<XWHU��6��(���DQG�5��$��+RX]H��-U���������7KUHH�GLPHQVLRQDO�NLQHPDWLF�DQG�PLFURSK\VLFDO
HYROXWLRQ�RI�)ORULGD�FXPXORQLPEXV��3DUW�,,��)UHTXHQF\�GLVWULEXWLRQV�RI�YHUWLFDO
YHORFLW\��UHIOHFWLYLW\��DQG�GLIIHUHQWLDO�UHIOHFWLYLW\��0RQ��:HD��5HY������������������

<XWHU��6��(���DQG�5��$��+RX]H��-U���������0HDVXUHPHQWV�RI�UDLQGURS�VL]H�GLVWULEXWLRQV�RYHU
WKH�3DFLILF�ZDUP�SRRO�DQG�LPSOLFDWLRQV�IRU�=�5�UHODWLRQV��-��$SSO��0HWHRU���������������

=LSVHU��(��-���������'HHS�FXPXORQLPEXV�FORXG�V\VWHPV�LQ�WKH�WURSLFV�ZLWK�DQG�ZLWKRXW
OLJKWQLQJ��0RQ��:HD��5HY������������������



Table 1. Mapping of specific types of measurements to scientific objectives by section. Relative scale of importance of measurement to
objective on scale from 1 to 10. v refers to validation portion of objective and i refers to initialization portion of objective.

Scientific Objectives
RTC
input
(1.2.3)

RTC
inhom
(1.2.4)

PR
(1.3
)

conv/
  sf
(1.4.1)

precip
struct
(1.4.2)

sfc
precip
(1.4.4)

budget
(1.6)

cloud
mode
l
(1.5)

Horiz Divergence Profiles
          at 500m-2 km res in 3D vol
          over areas

6 6 6 10 8 8 10
10

10v
10v

Vertical Velocity
          at 500m-2km res in 3d vol
          along flight tracks

5 10 10 7 8
8

8
8

10
5v

10v
8v

Thermodynamic Profiles
          sfc to stratosphere
          boundary layer
          within precip regions
          budget over closed array

10
10
10
8

3
3
3
NA

0
0
0
0

0
0
0
6

5
5
8
2

2
2
2
9

9
10
5
10

10i
10i
8v
10vi

Horiz spatial variability of water vapor at low levels 5 3 0 4 1 0 10 9vi
Surface evaporation 0 0 0 0 0 0 10 9i
Surface temperature (SST) 7 0 1 0 5 0 10 8i
Surface wind 7 3 10 0 5 7 10 8v
Incoming microwave radiation 4 4 0 0 0 0 0 0
Depth of rain layer 10 7 10 8 10 8 0 5v
Microwave scattering of regions with high concs of ice and
large ice at TMI freq
         Upward
         Downward

10
0

10
0

0
0

0
0

0
0

0
0

0
0

0
0

Microwave absorption of rain regions at TMI freq
         Upward
         Downward

10
10

10
10

5
5

0
0

0
0

0
0

0
0

0
0

Mixing ratios and num. conc. with height and their spatial
variability within precipitating cloud:
          water vapor
          cloud water
          cloud ice
          rain
          snow (aggregates)
          graupel

10
8
4
10
10
10

4
4
4
10
10
10

0
0
0
10
7
7

5
8
0
10
10
10

0
0
0
10
10
10

0
0
0
10
8
8

5
0
0
0
0
0

10vi
10v
10v
9v
10v
10v

Drop size distributions
          fine res vertical profiles
          fine res horiz variability

10
10

10
10

10
10

10
10

10
10

10
10

0
0

8vi
5v

Graupel detection NA NA NA 8 9 0 0 8v
3D vols of non-attenuated Z 8 10 10 10 10 6 0 10v
Surface rain rates 10 10 10 7 10 10 10 10v
3D volumes of ZDR, KDP and ρhv 0 6 6 8 10 10 0 10v



Table 2. Basic characteristics of nominal Kwajalein TRMM GV radar scan strategy.

a)

name variables
Scan speed
(deg/sec)

#
tilts

# samples
bin spacing

(m)
Max range

(km)
PRF (Hz)

Nyquist
velocity (m/s)

survellience Z 8 1 50 250 378.5 396 NA
Non-pol volume Z, Vr 18 22 52 250 160.5 934 25.0

dual-pol A
volume

Z, Vr, ZDR,
PHIDP

8 11
116 (58 H/

58 V)
250 160.5 934 25.0

dual-pol B
volume

Z, Vr, ZDR,
PHIDP

8 11
116 (58 H/

58 V)
250 160.5 934 25.0

b)
scan name set of elevation angles (deg)

surveillance 1
non-pol volume 0.4, 0.65, 0.9, 1.2, 1.5, 1.9, 2.3, 2.7, 3.1, 3.5, 4.3, 5.2, 6.0,

7.0, 8.1, 9.5, 11.1, 13.2, 15.7, 18.9, 23.1, 28.8
dual-pol A volume 0.4, 1.2, 1.9, 2.7, 3.5, 5.2, 7.0, 9.5, 13.2, 18.9, 28.8
dual-pol B volume 0.4, 0.9, 1.5, 2.3, 3.1, 4.3, 6.0, 8.1, 11.1, 15.7, 23.1



Figure 1.  Illustration of the radiative transfer calculation input and outputs.
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Figure 2.  Conceptual illustration of the beam filling issue.

Figure 3.  Characteristic heating profiles for convective and stratiform regions.
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Figure 4.  The relative interest in microphysical measurements at various altitudes by the
TMI, PR, GV, and cloud modeling facets of KWAJEX.
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Figure 6.  Map of central Pacific showing distances in km between various islands. Distance
is in km.
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Figure 7.  Map of atolls within the Marshall Islands.
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Figure 9. Range-height plot of 1° elevation angle surveillance scan to 380 km range. Minimum range for 
useable echo is 15 km. Height of freezing level (4.5 km) and nominal maximum echo top height (13 km) 
are indicated.
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Figure 10. Range-height plot of elevation angles in nonpolarization volume scan (Table 2) to 
150 km range. Minimum range for useable echo is 15 km. Height of freezing level (4.5 km) 
and nominal maximum echo top height (13 km) are indicated.
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Figure 11. As in Fig. 10 except for elevation angles in dual-polarization volume scan 
A (Table 2).
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Figure 12. As in Fig. 10 except for elevation angles in dual-polarization volume scan B 
(Table 2).
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Figure 14. Kwajalein climatological data based on records from 1945-1993. a) Monthly 
precipitation, average (thick line), maximum (thin line), minimum dotted line. b) Average wind 
speed. (Data courtesy of Aeromet Inc.)



Figure 15. Monthly precipitation accumulation in mm for Kwajalein GV region during period of radar 
operations during August 1998 similar to TRMM GV product 3A-54.



Figure 16.  Average monthly precipitation in western Pacific derived from satellite SSM/I data using 
GPROF (Goddard Profiling Algorithm) for period 1987-1996.  The 150 km radius TRMM GV area 
centered on Kwajalein Island is indicated by the circle in the center of the figure. (Figure courtesy of C. 
Kummerow and E. Nelkin.)
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Figure 17. Recorded monthly rainfall at Kwajalein Island for 1997 and 1998. (Data courtesy of 
Aeromet Inc.)
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Figure 18. Monthly time series of fractional GV 
area covered by precipitation > 20 dBZ. 
Discontinuous lines indicate when radar data 
were not available. Times corresponding to the 
examples in Fig. 22 are indicated by dots in (c).
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Figure 19. Histogram of the fraction of areal coverage of precipitation > 20 dBZ within the 
GV region tabulated at intervals of 5%. 
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Figure 20. Cumulative frequency as a function of instantaneous precipitating area. July, August, and 
September 1997 - thin line, August and September 1998 - heavy line.
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Figure 21. Diurnal cycle of relative 
percentage of maximum hourly areal fraction 
of precipitating regions computed from hourly 
averages. The absolute area of the maximum 
hourly coverage is given as a percentage of 
the GV area. The radar reflectivities from 
which these plots are derived were 
uncalibrated for the 1997 data and calibrated 
for the 1998 data.
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(a)

Figure 22. (a-k) Examples of precipitation patterns at Kwajalein from September 1997.



(b)

Figure 22.(continued)



(c)

Figure 22. (continued)



(d)

Figure 22. (continued)



(e)

Figure 22. (continued)



(f)

Figure 22.(continued)



(g)

Figure 22. (continued)



(h)

Figure 22. (continued)



(i)

Figure 22. (continued)



(j)

Figure 22. (continued)



(k)

Figure 22. (continued)


